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The Orientation of Eosin-5-Maleimide on Human Erythrocyte Band 3
Measured by Fluorescence Polarization Microscopy

Scott M. Blackman, Charles E. Cobb, Albert H. Beth, and David W. Piston
Department of Molecular Physiology and Biophysics, Vanderbilt University, Nashville, Tennessee 37232 USA

ABSTRACT The dominant motional mode for membrane proteins is uniaxial rotational diffusion about the membrane normal
axis, and investigations of their rotational dynamics can yield insight into both the oligomeric state of the protein and its
interactions with other proteins such as the cytoskeleton. However, results from the spectroscopic methods used to study
these dynamics are dependent on the orientation of the probe relative to the axis of motion. We have employed polarized
fluorescence confocal microscopy to measure the orientation of eosin-5-maleimide covalently reacted with Lys-430 of human
erythrocyte band 3. Steady-state polarized fluorescence images showed distinct intensity patterns, which were fit to an
orientation distribution of the eosin absorption and emission dipoles relative to the membrane normal axis. This orientation
was found to be unchanged by trypsin treatment, which cleaves band 3 between the integral membrane domain and the
cytoskeleton-attached domain. This result suggests that phosphorescence anisotropy changes observed after trypsin
treatment are due to a rotational constraint change rather than a reorientation of eosin. By coupling time-resolved prompt
fluorescence anisotropy with confocal microscopy, we calculated the expected amplitudes of the e ' and e ~*P! terms from
the uniaxial rotational diffusion model and found that the e “P' term should dominate the anisotropy decay. Delayed
fluorescence and phosphorescence anisotropy decays of control and trypsin-treated band 3 in ghosts, analyzed as multiple
uniaxially rotating populations using the amplitudes predicted by confocal microscopy, were consistent with three motional

species with uniaxial correlation times ranging from 7 us to 1.4 ms.

INTRODUCTION

The erythrocyte anion exchange protein, band 3, is the
major integral membrane protein of the red cell, comprising
25-30% of the total membrane protein by weight (Fairbanks
et al., 1971). Band 3 consists of two structurally and func-
tionally distinct domains: a ~55-kDa carboxy-terminal
transmembrane portion, and a ~43-kDa amino-terminal
cytoplasmic portion (Tanner et al., 1988; Lux et al., 1989).
The transmembrane domain of band 3 traverses the mem-
brane an even number of times (probably 10-14; Lieberman
and Reithmeier, 1988) and is sufficient to catalyze the
electroneutral exchange of bicarbonate and chloride anions
(Lepke and Passow, 1976). The water-soluble cytoplasmic
domain does not have a strong association with the plasma
membrane; however, it contains binding sites for compo-
nents of the erythrocyte cytoskeleton (ankyrin and band 4.2)
as well as a number of other cytosolic proteins (reviewed in
Low, 1986). A substantial body of literature has provided
strong support for the importance of an intact cytoskeleton,
maintenance of its normal interaction with intrinsic mem-
brane proteins including band 3, and the proper flexibility of
these proteins, for the erythrocyte membrane to exhibit
normal shape and mechanical properties (see Palek and
Lambert, 1990, and Wang, 1994, for reviews).
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The global rotational dynamics of band 3 are expected to
be sensitive to the band 3-cytoskeleton interaction and to the
oligomeric state of band 3. The simplest model for the
rotational dynamics of integral membrane proteins is the
uniaxial rotational diffusion (URD) model (Saffman and
Delbriick, 1975; Jihnig, 1986), which approximates the
protein as a cylinder undergoing rotational diffusion about a
single axis, the membrane normal axis. One determinant of
the rate of this motion is the radius of the intramembrane
portion of the protein, which should be affected by the
formation of oligomers of band 3. Furthermore, association
of band 3 with the cytoskeleton may restrict the amplitude
of rotational excursions from an equilibrium position (com-
pared to the freely rotating untethered state) or may promote
interactions with itself or other proteins.

Because of the high viscosity of the lipid bilayer, spec-
troscopic techniques for measuring the global rotational
motions of membrane proteins must be sensitive to dynam-
ics on the microsecond to millisecond time scale. Tech-
niques used to measure band 3 rotational dynamics have
included saturation-transfer electron paramagnetic reso-
nance (ST-EPR) (Beth et al., 1986; Hustedt and Beth, 1995;
reviewed in Thomas, 1985, 1986) and a variety of time-
resolved triplet-state optical techniques, including transient
linear dichroism (e.g., Cherry et al., 1976; Nigg and Cherry,
1980), delayed fluorescence or phosphorescence anisotropy
(Tsuji et al., 1988; Matayoshi and Jovin, 1991, Matayoshi et
al., 1991; McPherson et al., 1992, 1993; Corbett and Golan,
1993), and fluorescence recovery spectroscopy (Johnson
and Garland, 1981). The best characterized fluorescent/
phosphorescent probe for band 3 is eosin-5-maleimide
(EMA), which has been shown to react covalently with band
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3 at a single amino acid, Lys-430, and compete with the
stilbenedisulfonate class of anion transport inhibitors at
approximately 1:1 stoichiometry (Cobb and Beth, 1990).

Although the rotational dynamics of band 3 have been of
considerable interest, the optical spectroscopic data remain
difficult to interpret. Anisotropy decay data indicate multi-
ple motional processes occurring over periods of microsec-
onds to milliseconds, which has been suggested to mean that
most of band 3 is aggregated to some degree (e.g., Mata-
yoshi and Jovin, 1991). It has been difficult to assign these
multiple decay components in the data to actual molecular
species, which would be consistent with the large body of
biochemical data on band 3. The URD model predicts two
exponential decay components for each molecular species,
and that the anisotropy at long times (r.) is generally
nonzero. The amplitudes of the two decay components and
r, depend on the orientation of the chromophore with
respect to the diffusion axis. Independent measurement of
the orientation of the EMA chromophore on band 3 would
provide a powerful constraint to test which of the multiple
decay modes is consistent with a species undergoing uniax-
ial rotational diffusion (e.g., Heyn et al., 1977; Cherry and
Godfrey, 1981; Lin and Mathies, 1989). Although the ori-
entation of EMA on band 3 has not been determined pre-
viously, the average angle between its absorption dipole and
the diffusion axis has been estimated from transient dichro-
ism decay curves (Morrison et al., 1986). Additionally, to
interpret emission anisotropy decays such as delayed fluo-
rescence, information about the fluorescence emission di-
pole orientation is required.

Recent EPR studies by Hustedt and Beth (1996) have
indicated that the major rotational diffusion axis of band 3,
as reported by a spin-labeled stilbenedisulfonate, is coinci-
dent with the membrane normal axis. Therefore, as a start-
ing point for a more detailed investigation of the multiex-
ponential anisotropy decays of band 3, a valid assumption
would be that the orientation of eosin relative to the diffu-
sion axis is equivalent to its orientation relative to the
membrane normal axis. This orientation distribution may be
measured by angle-resolved fluorescence spectroscopy on
macroscopically oriented systems such as muscle fibers
(e.g., Van der Heide et al., 1994; Burghardt and Ajtai,
1994), planar bilayers (e.g., Zannoni et al., 1983), or cell
membranes in a microscope field (e.g., Axelrod, 1979;
Florine-Casteel, 1990). In this work, we report the measure-
ment of the orientation distribution of the absorption and
fluorescence emission dipoles of eosin-5-maleimide on
band 3, by analysis of microscopic images of individual
erythrocyte ghosts. This represents the first measurement of
the orientation of EMA-labeled band 3 in erythrocyte
ghosts, the system in which most previous spectroscopic
experiments on band 3 have been performed. This result has
enabled prediction of the two preexponential amplitudes
and r, of the URD model. Although the source of the
multiple anisotropy decay components for band 3 is un-
known, time-resolved delayed fluorescence and phospho-
rescence anisotropy data were analyzed under the assump-
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tion that all decays arise from uniaxially rotating species,
using the preexponential amplitudes predicted from the
microscopy data. The fastest rotating populations had un-
iaxial rotational diffusion constants consistent with reason-
able estimates for a freely rotating band 3 dimer or tetramer.
Portions of this work have been published as abstracts
(Blackman et al., 1995, 1996).

THEORY

A theoretical model has been developed to describe the
orientation-dependent, steady-state fluorescence signal, as a
function of the chromophore orientation, in the confocal
microscope field. The chromophore orientation is repre-
sented by two order parameters ({P,(cos 6,)) and (P,(cos
6,))) and three correlation functions, C,, C,, and C,, which
correspond in the URD model to the residual anisotropy and
the amplitudes of the e ™' and e~ *P* exponential decay
terms, respectively. There is a large body of theoretical
modeling and experimental data describing fluorescence in
oriented systems, using different experimental geometries
(e.g., Van der Meer et al., 1982; Zannoni et al., 1983; Van
der Heide et al., 1994; Burghardt and Ajtai, 1994). Whereas
some similar approaches have expanded C,, C,, and C, in
terms of orientational order parameters (e.g., Van der Meer
et al., 1982), we are primarily interested in these correlation
functions because of their appearance in the URD model.
Therefore, the goal of this section is to obtain the numerical
values of Cy(®), C,(), and C,(), leaving implicit their
dependence on orientational order parameters.

Orientation-dependent fluorescence intensities

For a polarized excitation pulse at t+ = 0, three intensity
functions /,, 1, I, are defined by

Iy(®) = S - a(0))*(e(r) - p)*) W
= S(r)(cos *6,, cos 26,,),

where S() is proportional to the total intensity of emission,
a(0) and e(¢) are the absorption and emission dipole vectors
at times O and f, respectively, 1 is the laser polarization
vector (laboratory X axis), p is the emission polarizer
direction vector (X, Y, or Z directions), and 6,, and 6,
denote the angles between the subscripted vectors. The
brackets denote an ensemble average over all fluorophores
within a given pixel. Here and below, the time dependence
is implicit: all absorption processes occur at time 0, and
emission at time ¢. The high numerical aperture (NA) of the
confocal microscope requires the use of correction factors
(Axelrod, 1979), and the observed intensities for emission
polarizer parallel and perpendicular to the laser polarization
are given by

=KL+ Kdy+ K, 1, =KJ,+ Kl + K[, (2)
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where the microscope optical axis is Z. In the limit of zero
NA, K, = 1, and K, = K, = 0. Using an expression similar
to equation 18 of Florine-Casteel (1990), it is also straight-
forward to extend this model to arbitrary emission polarizer
orientations.

Following the general outline of Van der Meer et al.
(1982), Eq. 1 is rewritten using the Wigner rotation matrix
elements (Edmonds, 1960), using the relation to the Legendre
polynomials: D3y(a B y) = P,(cos B) = Y2(3 cos?B — 1):

9 I[x.y,z] = S(t)<(1 + 2D(2)0(Qla))(1 + 2D(2)0(er))>
= S({1 + 2AD(M)) + ADj((ey)) 3
+ 4<D(2;0(Qla)D(?)0(er))},

where (), denotes the set of Euler angles that rotate the
laser polarization vector into the absorption dipole, and
., rotate the emission dipole into the polarizer direc-
tion. This expression consists of two time-independent
order parameters, and a correlation function that contains
information about the dynamics as well as the orientation
distribution.

To separate macroscopic (known) parameters from mi-
croscopic (unknown) parameters, these two Euler rotations
are decomposed into three successive rotations (see Fig. 1,
A and B): from the laser polarization direction (X axis) to the
laboratory Z axis ({); = (0 7/2 0)), from the laboratory Z
axis to the membrane normal vector ({2, = (0 a 7/2 —B)),
and from the membrane normal to the absorption dipole
Qna = (0 6, M). £, is decomposed similarly to get (.
= ~Qu = (—(n + ¢¥) -6, 0). Furthermore, because p can
represent the laboratory X, Y, or Z axis, rotations between
laboratory axes are used: {d;x = (0 —7/2 0), Oy = O
—m/2 —m/2). Using the closure relation of Wigner rotation
matrices, one obtains

FIGURE 1 Definitions of angles used in this study. (A) Angles « and S8,
which define the orientation of the membrane normal with respect to the
laboratory axes X, Y, Z. 8 is the half-angle over which the membrane angie
« is averaged due to finite slice thickness. The small axis system on the
surface represents the membrane reference frame, shown in detail in B. (B)
Parameterization used in model A. N is the membrane normal axis, a and
e are the absorption and emission dipole vectors, 1 represents a rotation
around N, 6, and 6, are the angles between N and the absorption and
emission dipoles, and ¢ is a rotation of e around N. (C) The parameter-
ization used in model B. 6,, is the interdipole angle, and ¢, is a rotation
of e around a.
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th)o(Qla) = Z D(z)j(le)Djzk(QZN)Dzko(QNa)- 4
ik

D(Z)O(er) = E D(Z)j(QeN)Djzk(QNz)Dio(QZp)- &)
jk

Because the membrane is a cylindrically symmetric system,
all expressions are averaged over one period of 7, which
denotes rotation around the membrane normal axis (see Fig.
1 B). After substitution and simplification, one obtains

9 I[x,y.z] = S(t){l + Q0<d200(oa)> + R0<d(g)0(0e)>
(6)

+ 2 QR d20(0.)d3(—B.)exp(—ike))},
k

where Q, and R, are functions of the (known) angles «
and B:

2

O = 2 Dﬁj(ﬂlZ)Djzo(QZN) (7a)
j=-2
2
R, = E Dlz(j(QNZ)Dij(QZp)' (7b)
j==2

Rearrangement of the summation in Eq. 6, noting that
Q_R_ = Q(R*, allows the five complex correlation
functions to be rewritten as five real correlation func-
tions.

In this work, experimental data are confined to a thin
optical cross section through the equator of the ghost mem-
brane. This is simulated by averaging o froma = /2 — &
to m/2 + 6, where 8 is a small angle related to the slice
thickness (see Fig. 1 A). In this experimental geometry, only
three of the five correlation functions contribute to the final
expressions

2
Cult) = o 0IB(60)
4
G = §<df0(03)d20,(0e)cos v) 8

4
G(t) = §<J§0(oa)¢zf32(0e)cos 2¥),

where the correlation functions have been normalized ac-
cording to their contribution to the anisotropy in isotropic
solution (see Eq. 14, below). Finally, the steady-state fluo-
rescence intensity is obtained by integrating the expressions
according to

7[,(_,‘,] =f Iy z(2) dt / j S() de, )
0 0

which yields equations in which Cy(f), C(), Cx(#) have
been replaced by time-averaged counterparts C,, C;, C,,
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defined by expressions similar to Eq. 9. No assumptions are
made here about the form of the S(f) decay. For the limiting
case of 6 = 0 (negligible optical section thickness), orien-
tation-dependent intensities are given by

I, < 1+ 10C, + 2(P,(cos 8,)) + 2(P,(cos 6.))
+ cos?B(—30C, + 15C, — 3(P,(cos 6,)) (10)

45 _ 15
— 3(Py(cos 6,))) + COSAB<7C0 - 15C, + ZCZ)
7y x 1 — 5C, + 2(P(cos 6,)) — (P,(cos 6.))

45 _ _ 15
+cos’B| 5 Co — 15C, + = G, = KPycos 6,)) (1)

45 _ - 15 _
+ 3(Py(cos 6,)) | + cos*B| — > Co + 15C, — vy oA
I, 1 = 5C, + 2(Py(cos 6,)) — (Py(cos 6,))
(12)

15 _ 15 _
+ cos?f 5 Co— vy C, — 3(P,(cos 6,)) ),

where the notation (ng(B)) has been replaced by its equiv-
alent, (P,(cos 6)). The derivations leading to Egs. 10-12
will be referred to as model A.

We define model B as an extension to model A, in which
a functional form for the orientation distribution is assumed,
and the five parameters of model A are calculated from that
distribution (e.g., equation 1 in Van der Meer et al., 1982).
The functional form used below is a Gaussian distribution,
the five parameters of which are 6,, ¢, their standard
deviations A6, and A¢,,, and the interdipole angle 6,, (see
Fig. 1 C). Shown in Fig. 2 are simulated fluorescence
intensity profiles for chromophore dipoles oriented parallel
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FIGURE 2 Simulated orientation-dependent intensities for immobile
fluorophores oriented parallel (A) and perpendicular (B) to the membrane
normal axis. Curves were simulated using co-linear absorption and emis-
sion dipoles, whose angles to the membrane normal axis were 0° and 90°,
respectively. Parameters were (A) Py(cos 8,) = 1, Py(cos 6,) = 1, C, = 1,

C, =0, C, = 0; and (B) P,(cos 8,) = —0.5, P,(cos 6,) = =05, C, = 1,
C,=0,C,=1
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(0, = 6. = 0°) and perpendicular (6, = 6, = 90°) to the
membrane normal axis.

By averaging over the angles o and 3, Eq. 6 simplifies to
an expression for the anisotropy (r) in an isotropic sample
(equivalent to equation 8 in Van der Heide et al., 1994):

- 1
I[x.y,z](t) = Ejf I[x‘y‘zl(t)sin ada dB (13)

I(n) — I(0)
L) + I() + L(1)

r(t) = = Co(t) + C(1) + Cy(0), (14)
noting that iy is equal to 7,. By using this, a measurement of
fluorescence anisotropy (steady-state or time-resolved)
from an isotropic sample may be related to Cy, C;, and C,.

Connection to global uniaxial rotational diffusion

The expression for the delayed fluorescence/phosphores-
cence anisotropy according to the URD model is a simpli-
fication of a model describing rotational diffusion of an
ellipsoid (Rigler and Ehrenberg, 1973; equation 3.7 in
Szabo, 1984), after setting D, = 0:

5 2
E (DiO(QNe)D(Z)k(QaN)>exp(_k2 D||t)

k=-2

rt) =

W

(15)

2
= E Ck(t)exp(—kant),
k=0

where Dj is the rate constant for URD, and the expressions
for C, () are given by Eq. 8. Because prompt and delayed
fluorescence utilize the same absorption and emission di-
poles, the orientation parameters determined by confocal
microscopy can be used to constrain the delayed fluores-
cence anisotropy measurements. To do this, two methods
have been used to calculate values for the two preexponen-
tial amplitudes and the r., of the URD model. For both, it is
necessary to make the assumption that the global rotational
diffusion is dominated by motions about the membrane
normal axis, which are much slower than the independent
probe motions. In this case, the URD amplitudes are given
by Ci (). The first method assumes that all significant
independent probe motion occurs on the prompt fluores-
cence time scale (~12 ns). The residual anisotropy observed
in time-resolved prompt fluorescence is used as the initial
delayed fluorescence anisotropy, which equals Cy(®) +
Ci(®) + C,(=), according to Eq. 14. The Cy(%) term is
determined by the two order parameters of model A:

Culo) = 1. = Pifcos ONPicos 6)).  (16)

Although this method provides no insight into the relative
amplitudes of C;(%) and C,(«), as a starting point in this
study, their ratio is approximated by the ratio C,/C,, which
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determines all three Ci (). The second method makes the
approximation that the true orientation distribution is rea-
sonably modeled by a Gaussian distribution, and calculates
the three C, () using the parameters of model B. By using
this combination of confocal microscopy and time-resolved
fluorescence anisotropy, all three preexponential amplitude
parameters may be fixed in the analysis of delayed fluores-
cence anisotropy data.

MATERIALS AND METHODS
Preparation of labeled erythrocyte ghosts

Experimental protocols followed those of Cobb and Beth (1990), except
that 113 mM sodium citrate, pH 7.4 (113cit7.4), was substituted for
phosphate-buffered saline. Briefly, fresh whole human blood was drawn
into heparinized Vacutainer tubes and washed in ice-cold citrate buffer
(suspended, centrifuged, and supernatant aspirated). Unsealed ghost mem-
branes were prepared by hypotonic lysis in 20 volumes of 5 mM phosphate,
pH 7.4 (5P7.4). When overnight storage was necessary, ghosts were purged
with nitrogen gas and stored at 4°. Trypsin treatment of ghosts was
performed with 5 pg/ml trypsin (12,600 U/mg; Sigma, St. Louis, MO) for
30 min on ice and was verified to be greater than 90% by gel electrophore-
sis (Laemmli, 1970). The treated ghost membranes were washed once with
30 pg/ml phenylmethylsulfonyl fluoride in 5P7.4, then washed three times
with 5P7.4.

Labeling of intact erythrocytes with eosin-5-maleimide (Molecular
Probes, Eugene, OR) was performed according to the method of Cobb and
Beth (1990). For preblocking, packed erythrocytes were incubated with
100 M H,DIDS (4,4'-diisothiocyanatodihydrostilbene-2,2’ -disulfonate;
Moilecular Probes), 1 h at 37°C; unreacted H,DIDS was removed using the
same procedures for removing free EMA (wash with 0.2% bovine serum
albumin in 113cit7.4, then 113cit7.4). For labeling with Dil (1,1’-diocta-
decyl-3, 3,3',3'-tetramethylindocarbocyanine perchlorate; Molecular
Probes), a 1.25 mg/ml ethanol solution of Dil was slowly injected into
citrate buffer to 2.5 or 5 ug/ml final concentration. For each label, one drop
of erythrocytes (diluted 1:1 in 113cit7.4) was added to 0.5 ml of the
solution of Dil vesicles. After 5 min, 0.5 ml citrate was added, and the cells
were pelleted and washed once more.

Confocal microscopy

A Zeiss LSM 410 confocal microscope, with a 40X, N.A. 1.3 Plan-
Neofluar oil-immersion objective, was used to collect all image data.
Excitation was at 488 nm using a standard fluorescein filter set, which
provided off-peak excitation of eosin samples, but allowed efficient emis-
sion collection through a long-pass (>515 nm) filter. Both excitation and
emission passed through film polarizers, and when needed, a half-wave
plate was used to rotate the excitation polarization 90°. Vertical and
horizontal positions of the excitation and emission polarizers are abbrevi-
ated as vv, vh, hv, and hh; parallel positions are hh and vv and perpen-
dicular positions are vh and hv. Excitation polarization, measured by
reflection confocal microscopy of a highly scattering sample, was greater
than 500:1. The inherent vertical/horizontal detection bias of the apparatus
(g-factor) was measured using four images (polarizer orientations vv, vh,
hv, hh) of deep-well solution samples of varying viscosity. The g-factor
was calculated from the equation vv/(g - vh) = (g - hh)/hv, derived from the
end-on detection geometry of the microscope. Because the g-factor was
found to be emission wavelength dependent, the value was confirmed using
images of individual labeled erythrocyte ghosts. The thickness of confocal
optical slices at the experimental pinhole setting was determined by mea-
suring the point-spread function of 0.1-um gold beads (Sandison et al.,
1994, 1995), which had a full width at half-maximum (FWHM) of 0.7 um
along the optical axis. Using the average cell diameter of 6.4 um, this
corresponds to a half-angle of 8 = 6° (see Fig. 1 A). Because out-of-focus
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fluorophores are not all located along the optical axis, the effective FWHM
is probably slightly greater (8 was set to 9° for this work), but fit results
were not significantly altered by using values of & up to 15°. The lateral
FWHM (determined from the same point-spread function) was 0.2 um, and
the pixel size (0.2083 um) was chosen to match the resolution limit. All
data were taken within the dynamic range of the instrument, measured by
the method of Dix and Verkman (1990), and absolute numbers of photons
were determined following the method of Sandison et al. (1995).

Ghost samples for microscopy were diluted 1:10 in 5P7.4 (approx-
imately 0.25 mg/ml total protein concentration). For 10°C and 34°C
experiments, the sample temperature was controlled by running coolant
from a refrigeration/heating unit through the microscope stage. The
amount of background labeling was determined by quantitating emis-
sion from ghosts that were treated with H,DIDS before EMA labeling,
and was less than 2%.

Images were obtained of spatially isolated, approximately circular
EMA-labeled ghosts, with the confocal slice positioned at the ghost equa-
tor. Irreversible photobleaching (10—-15% per scan) was observed at the
experimental settings (15 us exposure time per pixel). To correct for
photobleaching, a series of image pairs (with the emission polarizer parallel
or perpendicular to the excitation) was obtained for each field of ghosts.
The average intensity for each ghost was fit to an exponential decay (using
different initial values for parallel and perpendicular, but the same decay
constant), and the pixel values were corrected before analysis. Equivalent
numbers of ghosts were imaged, starting with the polarizer parallel and
perpendicular. Only the first image pair of the bleach series was used for
further analysis.

Image analysis

In each microscope field, one to five spatially isolated ghosts were selected
for analysis. The ghost border was defined by an ellipse that maximized the
pixel intensities on its boundary. The ellipse was described by five param-
eters (center coordinates, major and minor axes, rotation), which were
optimized by using a downhill simplex algorithm (Press et al., 1992). All
selected ghosts were ellipsoid, with an average diameter of 6.4 * 0.7 um
and an average eccentricity of 0.36. The most eccentric ghost used was
0.69 (corresponding to a major:minor axis ratio of 1.9:1), the data of which
overlaid those from more circular ghosts. For each pixel on the ellipse, a
membrane tilt angle (8) was calculated from the ellipse parameters. Data
from multiple ghosts were fit simultaneously without signal averaging to
the theoretical models developed here, using a set of Marquardt-Levenberg
least-squares analysis routines (Beechem et al., 1991; Beechem, 1992;
Bevington, 1969). To account for unknown contributions to the signal
amplitude (laser power at the sample, dye concentration, etc.), simulations
were multiplied by a constant factor (not required to be the same for each
ghost) determined by linear least-squares. Rigorous confidence intervals
were generated by fixing the parameter of interest and allowing minimi-
zation to proceed over the remaining parameters.

Fluorescence spectroscopy

Time-resolved fluorescence anisotropy measurements were obtained using
a time-resolved fluorimeter described elsewhere (Cobb et al., 1993). For
this work, excitation was 568 nm, and the emission monochrometer was set
to 610 nm. Ghost samples exhibited a fast (100 ps) scattering component,
which was measured on turbidity-matched unlabeled ghosts and subtracted
during data analysis. Anisotropy (r) and total intensity (S) were calculated
as described by Cobb et al. (1993). Total intensity and anisotropy data were
simultaneously fit by using a Marquardt-Levenberg global analysis pack-
age (Beechem et al., 1991; Beechem, 1992; Bevington, 1969) to an
empirical model containing multiple exponential decay components:

r(t) = ro + 2, Bexp(—t/dy). (17
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To compare time-resolved anisotropy data (excitation 568 nm) with
confocal microscope and delayed fluorescence data (excitation 488 and
523 nm), the ratio of steady-state anisotropy values (taken at all three
wavelengths) was used as an approximate correction factor to account for
the changing absorption dipole position (Van der Heide et al., 1992).
Steady-state fluorescence anisotropy measurements of EMA-labeled
ghosts were performed on a SPEX 1681 Fluorolog spectrometer with a
250-W xenon arc lamp (Edison, NJ), which gave values of 0.273 (488 nm),
0.267 (523 nm), and 0.328 (568 nm).

Time-resolved delayed fluorescence
and phosphorescence

Time-resolved delayed fluorescence and phosphorescence measurements
were performed on an instrument similar to that described by Cobb et al.
(1993). Excitation at 523 nm was provided by a TFR-523Q (Spectra-
Physics) pulsed laser (~7-ns pulse width). The beam was routed through
neutral density filters, an excitation polarizer, and, optionally, a half-wave
plate used during g-factor determination. The emission was detected with
right-angle geometry (L-format) through a saturated K,Cr,O, solution
filter, an emission polarizer, and either a 515-565-nm bandpass (delayed
fluorescence) or a 700-nm long-pass (phosphorescence) filter. The emis-
sion photons were collected via a Hamamatsu R928 photomultiplier tube
(PMT) in single photon counting mode, housed in a Hamamatsu C1392-08
gated photomultiplier tube base. The gate width and delay were controlled
by a Tennelec (Oak Ridge, TN) gate and delay generator, and an external
signal generator was used as a trigger source for both the laser and
detection electronics. The PMT signal was amplified by a Stanford Re-
search Systems SR445 300 mHz amplifier and passed to a Stanford
Research Systems SR430 multichannel scalar, and data were stored on a
controlling DOS-compatible computer. Triggering was set at 70 Hz to
allow EMA-band 3 emission to decay to background and the multichannel
scalar to cycle. At experimental settings, the PMT was gated 215 ns after
the multichannel scalar began collecting, and the laser pulse occurred 175
ns into the gate period. At minimum gate time, the PMT fully recovered by
I s after the laser pulse. Data were collected in 15,360 bins (640 ns wide;
total decay time recorded was 9.83 ms). Prompt fluorescence emission
arising from the trailing edge of the sharp excitation pulse was detected at
early times, which contaminated the delayed fluorescence anisotropy data
before ~20 us. In the phosphorescence experiments, the time resolution
was limited to ~5 us by a small amount of prompt fluorescence contam-
ination, which was absent in experiments that used a monochrometer to
select wavelengths of ~715-745 nm (data not shown). The sample tem-
perature was set and maintained by running water from a refrigerating/
heating water bath through the water jacket of the cuvette holder.

Samples were purged of molecular oxygen using procedures described
previously (Cobb et al., 1993). Erythrocyte ghost samples, prepared by the
addition of 50 ul of eosin-labeled packed ghosts to 3 ml 5P7.4 (which
contained 5 ug/ml PMSF), were equilibrated to 37° for 15 min in the sample
chamber before data collection. No decrease in signal intensity was observed
during the collection; separate decays were recorded every 25 min to verify
data stability and were added together after collection. Anisotropy () and total
intensity (S) were calculated as described by Cobb et al. (1993). The correction
factor A (Jovin and Vaz, 1989), which corrects S(t) for a finite detection
aperture, was estimated from our instrumental geometry to be 1.96. By using
subroutines incorporated into a Marquardt-Levenberg least-squares analysis
package (Beechem et al., 1991; Beechem, 1992; Bevington, 1969), data sets
were fit to either an empirical model (Eq. 17) or a multiple-population URD
model, in which each population is described by Eq. 15, and all populations
have the same preexponential amplitudes.

RESULTS
Orientation of a model system

Experimental verification of NA effects and their correction
was provided by measurements on solutions of known an-
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isotropy while varying the NA of the objective (data not
shown). Erythrocyte membranes labeled with Dil were an-
alyzed to test the orientation model developed in this work.
In artificial membranes, the long axis of Dil has been
reported to lie approximately perpendicular to the mem-
brane normal axis (Badley et al., 1973; Timbs and Thomp-
son, 1990, 1993), and in Dil-labeled human erythrocytes, a
polarized fluorescence, wide-field microscopic approach
yielded an orientation estimate of 8, = 62°, 6, = 90°,
including a randomly oriented fraction of 0.15 (Axelrod,
1979); these values correspond to {P,(cos 6,)) = —0.14,
(P,(cos 6,)) = —0.43. Shown in Fig. 3 are confocal micro-
scopic data from Dil-labeled erythrocytes, and fits using
model A, which yield orientation parameters for the Dil
fluorescence transition dipoles (e.g., {P,(cos 6,)) = —0.28,
(Py(cos 8,)) = —0.44). Fit parameters were constrained (Eq.
14) by using the steady-state anisotropy of 0.19 (data not
shown). Considering the uncertainties about a randomly
oriented fraction (Axelrod, 1979) and a collective lipid tilt
and/or wobbling motion (discussed in Timbs and Thomp-
son, 1993), there is clearly reasonable agreement with the
previous studies.

Confocal microscopy and orientation of eosin
covalently reacted with band 3

Shown in Fig. 4, A and B, are a sample polarized image pair
of an eosin-labeled erythrocyte ghost membrane, demon-
strating the intensity pattern that varies with the membrane
tilt angle B. To exhibit this capping pattern, EMA must
adopt a nonrandom orientation distribution when reacted
with band 3. Because the intensity pattern has maxima at 8
= 0° and 180° when excitation and emission polarizations
are parallel (Fig. 4 A; compare to Fig. 2), it is expected that
the absorption and emission dipole orientations are closer to
90° (perpendicular to the membrane normal axis) than to 0°

FIGURE 3 Orientation-dependent fluorescence intensities from 3 Dil-
labeled erythrocyte ghosts at 20°C, and best-fit simulations. Shown are
data collected using parallel ( ) and perpendicular (-++) polarizer ori-
entations. Fit was obtained using (P,(cos 6,)) = -0.284 [—0.305,
—0.262], (Px{(cos 6.)) = —0.443 [—0.477, —0.408], C, = 0.071 [0.061,
0.081], C, = 0.063 [0.049, 0.077], C, = 0.056 [0.041, 0.072], where
brackets denote 68% confidence intervals.
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FIGURE 4 Polarized fluorescence images of a single EMA-labeled
erythrocyte ghost at 20°C. Excitation polarization direction was horizontal,
as denoted by arrows, and B is equal to O at the top of the membrane.
Images were obtained using polarizer orientations parallel (A) and perpen-
dicular (B) to the excitation. (C and D) Best-fit ellipse overlaid on the
parallel (C) and perpendicular (D) polarized fluorescence images. Scale is
1 pixel = 0.2083 pm.

(parallel to the membrane normal). The data from the mem-
brane border pixels (ellipse shown in Fig. 4, C and D) were
adequately fit to model A (x*> = 0.992), as shown in Fig. 5
(solid lines). Because of the Iow signal-to-noise ratio, it was
necessary to simultaneously analyze data from 125 ghost
membranes. The model’s parameters contain orientational
information ({P,(cos 6,)) and {P,(cos 8.))) and a combina-
tion of dynamics and orientation (Cy, C,, C,). When the five
parameters were freely varied, the data were adequately fit
by a range of parameter values, all at identical values of x*.
After constraining the correlation functions C,, C,, and 6‘2
according to Eq. 14 (r = 0.273), unique solutions were
found. The order parameters (P,(cos 6,)) = —0.096 and
(P,(cos 6,)) = —0.292 indicate that the absorption and
emission dipoles of EMA are, on average, oriented at an
angle greater than 54.7° to the membrane normal axis. The
predicted r,, for uniaxial rotational diffusion (Eq. 16) is
0.011, which is similar in magnitude to the apparent r,,
observed in time-resolved anisotropy measurements on
trypsin-treated ghosts. The ratio C,/C,, which will be used
as one approximation for C,(%)/C (), is 4.5. This result
indicates that, when the rotational diffusion of band 3 is
modeled as URD, the e~ *P' term makes the greatest contri-
bution to the anisotropy decays. Data obtained at 10°C and
34°C had essentially identical fit parameters (not shown).
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FIGURE 5 Orientation-dependent fluorescence intensity from 125
EMA-labeled erythrocyte ghosts (——) and the best-fit simulation (- —-).
(A) Parallel polarizer orientation; (B) perpendicular. Fit to model A (si-
multaneous fit to parallel and perpendicular emission intensities) was
obtained by using (P,(cos 6,)) = —0.096 [—0.134, —0.056], (P,(cos 6,))
= —0.292 [—-0.340, —0.241], C, = 0.017 [0.001, 0.033]; C, = 0.047
[0.025, 0.068], C‘z = (.209 [0.185, 0.234], where brackets denote 68%
confidence intervals. For display, data was signal-averaged after baseline
interpolation. For comparison with results from reconstituted band 3 (see
Discussion), dotted lines (----) represent the best-fit simulation if the
parameter 6, is constrained to be 50°, {P,(cos 8,)) = 0.12. Best-fit x* is
1.13, which is significantly above the 95% confidence level for the uncon-
strained fit.

It is instructive to consider what kinds of orientation
distributions could give rise to the five parameters observed
in this fit to model A. A single fixed chromophore orienta-
tion was found not to fit the data well, which is not surpris-
ing, because EMA has a restricted-amplitude independent
motion (see below). However, a good fit was obtained by
assuming a Gaussian distribution of orientations (model B)
and calculating the order parameters and correlation func-
tions from that distribution (x> = 0.992; fit not shown). In
this fit, the interdipole angle, 8,., was constrained to be 24°
(based on time-resolved fluorescence anisotropy measure-
ments, below), and the best-fit values were 8, = 65°, Ag, =
23°, ¢,. = 0°, and A¢,, = 0°, although the fit was relatively
insensitive to the values of ¢,. and A¢,. between 0° and
50°. Although the actual orientation distribution of EMA
may be more complicated than a symmetric Gaussian dis-
tribution, this analysis shows that the order parameters and
correlation functions found above can be derived from at
least one physically reasonable orientation distribution.

Orientation studies on trypsin-treated ghosts

Mild trypsin treatment of erythrocyte ghosts has been
shown to produce significant changes in the transient di-
chroism (Nigg and Cherry, 1980) and phosphorescence
anisotropy decays, including a reduction in the apparent 7.,
(Matayoshi and Jovin, 1991). Trypsin-treated ghosts were
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smaller than untreated ghosts (average diameter 5.1 * 0.4
wm), and some fluorescent debris was visible in the micro-
scope field. However, trypsin treatment produced no signif-
icant change in the confocal microscope data or the best-fit
parameters (Fig. 6 A). This is also demonstrated by the
rigorous confidence intervals shown in Fig. 6 B for the
predicted fluorescence r,, calculated from Eq. 16 for tryp-
sin-treated (dashed lines) and untreated (solid lines) ghosts.

Measurement of independent probe
motion and estimation of the URD model
preexponential amplitudes

The correlation functions (_JO, C,, and 52 depend on the rates
and amplitudes of the independent dynamics of EMA on band
3, which have been measured with time-resolved prompt flu-
orescence anisotropy. Fig. 7 A shows the normalized time-
resolved total intensity decay for EMA-band 3, without cor-
recting for the ~100-ps scattering artifact. As demonstrated in
Fig. 7 B (upper curve), the fluorescence anisotropy data are
adequately fit by a single exponential decay component of 2.9
ns, with an apparent r,, of 0.36 and r,, of 0.27. This motion is
too slow for a freely mobile probe (e.g., free EMA in solution;
Fig. 7 B, lower curve) but is appropriate for a limited-ampli-
tude protein segmental motion (compare to Bicknese et al.,
1995). Identical results were obtained for trypsin-treated EMA-
labeled ghosts (data not shown).
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FIGURE 6 Effect of trypsin treatment on EMA orientation. (A) Com-
parison of orientation-dependent fluorescence anisotropy data from 125
EMA-labeled erythrocyte ghosts (—, same data as in Fig. 5), and 30
trypsin-treated EMA-labeled ghosts (- — —). For display, data was signal-
averaged after baseline interpolation (see Materials and Methods). Best-fit
parameters to model A (fit not shown) obtained for trypsin-treated ghosts
were (P,(cos 8,)) = —0.097 [—0.163, —0.025), (P,(cos 6.)) = —0.317
[-0.401, —0.226], C, = 0.023 [—0.008, 0.051], C, = 0.047 [0.008,
0.084], 6‘2 = (.204 [0.161, 0.250], where brackets denote 68% confidence
intervals. (B) Confidence interval plot for r.,, as predicted by the URD
model (Eq. 16), with error bars calculated from 68% confidence levels
(). Best-fit values of this r,, are 0.011 [0.006, 0.017] (control, ) and
0.012 [0.003, 0.022] (trypsin-treated, — — -).
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FIGURE 7 Time-resolved fluorescence anisotropy of EMA-labeled
erythrocyte ghosts at 20°C. (A) The fluorescence intensity decay contained
a fast scattering spike, which was subtracted using unlabeled ghost sam-
ples. Lifetimes were adequately fit by two exponential decays of charac-
teristic time 1.39 ns (amplitude 21%) and 2.96 ns (amplitude 79%). (B)
Background-subtracted fluorescence anisotropy data (upper curve) were
adequately fit by the equation r(t) = 0.089 exp(—#2.9 ns) + 0.271. (Lower
curve) Fluorescence anisotropy decay recorded for free EMA in solution,
fit by a single anisotropy decay component of 0.2 ns.

Because there is a limited amplitude motion during the
fluorescence lifetime, the correlation functions reported by
confocal microscopy (above) represent weighted averages over
this motional process. As discussed in the Theory section, the
preexponential amplitudes of the URD model correspond to
the values after the motion has completely averaged the ori-
entation distribution, Cy(), C,(%), and Cy(). Two ap-
proaches were taken to estimate these values from their time-
averaged counterparts. First, without making assumptions
about the form of the orientation distribution, the values were
estimated from the r,, of the time-resolved fluorescence anisot-
ropy. The anisotropy data were scaled (see Materials and
Methods, above) to obtain a predicted r,, at 488 nm of 0.300
(which is approximately consistent with the 22° interdipole
angle found in Van der Heide et al., 1992) and a predicted ..
of 0.226. By using the procedure described above (Theory
section), the amplitudes for the URD model were determined
to be Cy(0) = 0.011, C,(%) = 0.039, and Cy(®) = 0.175. A
second method of estimating the URD amplitudes uses the
functional form of the EMA orientation distribution, approxi-
mated as a Gaussian distribution (model B, above). The am-
plitude parameters may be calculated from that distribution and
are Cy() = 0.011, Ci(0) = 0.005, and Cy(0) = 0.190.
Although the resulting numbers differ in the two approaches,
in both cases C,(), which corresponds to the e ** decay
component in the URD model, dominates the delayed fluores-
cence anisotropy decays.

Microsecond to millisecond rotational dynamics
analyzed using known URD amplitudes

The time-resolved delayed fluorescence anisotropy decay of
EMA-labeled erythrocyte ghosts, representing the micro-
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second to millisecond rotational dynamics of band 3, is
shown in Fig. 8. From Eq. 17, three exponential decay
components were required to adequately fit the data (x* =
0.982; fit not shown), and the apparent r,, is 0.066. Trypsin
treatment produced a marked change in the delayed fluo-
rescence anisotropy decay data and fit parameters ()} =
0.985, fit not shown), and the apparent r,, decreased to
0.035. Fits to a multiple-oligomer URD model (based on
Eq. 15), using the amplitudes determined in this work,
required three URD populations and one immobile popula-
tion (X2 = 0.985, control, solid line; X2 = 0.986, trypsin,
dashed line). The good fits at early times support the as-
sumption that the prompt fluorescence anisotropy reports all
significant submicrosecond motions. The fastest popula-
tions in both samples are approximately consistent with
freely rotating band 3 dimers or tetramers (1 = 1/6D = 16
us (control) or 19 us (trypsin-treated)).

By using the instrumentation described, earlier time res-
olutions and higher signal-to-noise ratios were obtained in
phosphorescence anisotropy decay experiments. Although
the orientation of the phosphorescence emission dipole re-
mains unknown, according to the working model of multi-
ple URD populations, the phosphorescence anisotropy

Delayed Fluorescence
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FIGURE 8 Overlaid are (A) delayed fluorescence anisotropy data and
fits for EMA-labeled erythrocyte ghosts (upper decay fit is solid line), and
for trypsin-treated ghosts (lower decay fit is dashed line). (A, inser) The
first 200 us of data and fits. (B) Residual ((data — fit)/variance) for control
ghosts. (C) Residual for trypsin-treated ghosts. For clarity, every other data
point is plotted, except in the inset, where every data point is plotted. Each
decay represents 1 h of data collection. Fit parameters to the multiple-
population URD model using the known EMA orientation are: control (*
= 0.985), 16 us (30%), 113 ps (11%), 683 ps (35%), immobile (24%); and
trypsin (x* = 0.986), 19 us (53%), 131 us (23%), 921 us (13%), immobile
(10%). Fit results using a sum of exponential decay components (Eq. 17,
fits not shown) are: control (32 = 0.982), decay constants 19 us, 149 us,
1214 ps, amplitudes 0.067, 0.035, 0.074, respectively, and r,, = 0.066;
trypsin (x> = 0.985), 35 us, 196 us, 1457 ps, amplitudes 0.092, 0.056,
0.033, respectively, and r,, = 0.035.
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should report identical decay times, which enables simuita-
neous analysis of the two data sets. Phosphorescence an-
isotropy decays of control and trypsin-treated (Fig. 9, A and
D, respectively; dashed lines) ghosts were qualitatively
similar to the delayed fluorescence anisotropy data pre-
sented here and those in previous reports (Matayoshi and
Jovin, 1991). At 523 nm excitation, the delayed fluores-
cence anisotropy was numerically greater than the phospho-
rescence anisotropy, in contrast to the result obtained with
385-nm excitation (Matayoshi and Jovin, 1991). For each
experimental treatment (control and trypsin-treated), the
phosphorescence (dashed lines) and delayed fluorescence
(solid lines and dots) anisotropy decays were simulta-
neously analyzed with the constraint that identical diffusion
constants be used, whereas preexponential amplitudes were
allowed to differ. The amplitudes for delayed fluorescence
were fixed at Cy() = 0.011, C,(®) = 0.039, and C,() =
0.175, as determined above. For each sample, three URD
and one immobile population must be invoked to obtain a
flat residual curve over the entire time range. As before, the
fastest populations in each sample are approximately con-
sistent with freely rotating band 3 dimers or tetramers (7 =
1/6D = 6.5 ps (control) or 19 us (trypsin-treated)).

DISCUSSION

Optical spectroscopic measurements of the rotational diffu-
sion of human erythrocyte band 3 have indicated multiple
motional processes. However, correlation of these processes
with actual molecular species has proved difficult. Accord-
ing to the URD model, the orientation of the optical probe
eosin-5-maleimide on band 3 is expected to play a major
role in the observed anisotropy decays. To facilitate analysis
of optical data by the URD model, we have measured the
orientation of eosin relative to the membrane normal axis.
Analysis of anisotropy data using the measured orientation
shows that the rotational rate of the fastest population is
consistent with a band 3 dimer or tetramer, but that uncer-
tainties remain about the true nature and source of the
slower motions.

Complexities of band 3 rotational dynamics

Multiple exponential decays have been observed in the
microsecond to millisecond optical anisotropy data for eo-
sin-labeled band 3 in a number of independent studies (e.g.,
Nigg and Cherry, 1980; Tsuji et al., 1988; Matayoshi and
Jovin, 1991; McPherson et al., 1992). These decays have
been attributed to a heterogeneous mix of oligomers under-
going URD and/or to constraints on rotational diffusion
imposed by interactions of the cytoplasmic domain of band
3 with the erythrocyte cytoskeleton. Consideration of the
wealth of biochemical and ultrastructural data that have
been reported in the literature over the past two decades
should serve as the starting point for understanding the
molecular bases for the various decay components (see
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FIGURE 9 Simultaneous fits of delayed fluorescence and phosphorescence anisotropy data. (A) EMA-labeled control ghosts: delayed fluorescence (replot
of Fig. 8 data, data are dots, fit is solid line) and phosphorescence anisotropy (lower decay, fit is dashed line). (A, inset) The first 200 us of data and fits.
(B and C) Residuals for control ghosts: phosphorescence and delayed fluorescence fits, respectively. (D) Trypsin-treated ghosts: delayed fluorescence
(replot of Fig. 8 data, data are dots, fit is solid line) and phosphorescence anisotropy (lower decay, fit is dashed line). (D, inset) The first 200 us of data
and fits. (E and F) Residuals for trypsin-treated ghosts: phosphorescence and delayed fluorescence fits, respectively. For clarity, every other data point is
plotted, except in the insets, where every data point is plotted. Each decay represents 1 h of data collection. Simultaneous fit parameters to the
multiple-population URD model for delayed fluorescence (orientation known) and phosphorescence (orientation unknown) are: control (x*> = 1.006), 6.5
us (22%), 78 us (19%), 704 us (35%), immobile (24%), phosphorescence amplitudes C, = —0.003, C, = 0.070, C, = 0.128; and trypsin (¢ = 0.995),
19 s (55%), 158 us (24%), 1440 us (13%), immobile (9%}, phosphorescence C,, = 0.006, C, = 0.070, C, = 0.109. Fit results for phosphorescence
anisotropy data using a sum of exponential decay components (Eq. 17, fits not shown) are: control (x> = 1.010), decay constants 55 us, 441 us, 2136 us,
amplitudes 0.033, 0.039, 0.050, respectively, and r, = 0.047; and trypsin ()(2 = 0.992), 39 ws, 212 ps, 2143 us, amplitudes 0.069, 0.053, 0.031,

respectively, and r, = 0.024.

Jennings, 1984; Low, 1986; Salhany, 1990; Wang, 1994; for
representative reviews). First, the number of copies of band
3 monomer exceeds the apparent number of copies of
ankyrin, the protein that mediates the link to the cytoskel-
eton, by approximately an order of magnitude (Steck, 1974;
Bennett and Stenbuck, 1979). Thus, it is expected that at
least a subpopulation of band 3 should exhibit rotational
diffusion characterized by the size and shape of the trans-
membrane domain of the predominant stable oligomer. Sec-
ond, a population is expected to be restricted in its rotational
diffusion via interaction of the cytoplasmic domain with the
cytoskeleton (reviewed in Low, 1986). The nature of this
restriction could range from complete immobilization of the
transmembrane domain if the linkage is rigid, to a restriction
in amplitude of rotational motion with a flexible linkage, the
latter case being suggested in a number of studies (reviewed
in Wang, 1994). Third, even though studies have demon-
strated that the dimer of band 3 is likely to be the funda-
mental unit (e.g., Staros and Kakkad, 1983; Wang et al.,
1993, 1994), evidence has been presented for the existence
of tetramers (e.g., Benz et al., 1984; Casey and Reithmeier,
1991) and possibly higher order aggregates (Rodgers and
Glaser, 1993), although the latter interpretation appears to
conflict with freeze-fracture electron microscopy results
(Weinstein et al., 1980). The size of the rotating unit in the
membrane can also be influenced by interactions between
band 3 and other intrinsic membrane proteins, with glyco-

phorin A being one candidate for such interactions (Che and
Cherry, 1995). Finally, the possibility exists for limited
amplitude off-axis rotations of band 3 and/or the eosin
moiety, due to segmental motions within the protein or to
interconversion of the distal xanthine moiety of eosin be-
tween different regions of the protein structure.

Despite this potential complexity, it should be empha-
sized that the first four situations described in the previous
paragraph would be expected to lead to species whose
rotational diffusion is dominated by motions about the
membrane normal axis. As discussed further below and as
described in Results, we have employed the restrictions
placed upon the amplitudes and residual anisotropy from the
microscope studies to address the question of how many
URD species must be invoked to account for the observed
anisotropy decays. Moreover, we have asked the pertinent
question, which diffusion coefficients obtained from these
analyses are consistent with the various expected molecular
species described above?

Orientation model

We have developed a theoretical model to predict the angle-
dependent polarized fluorescence emission, given two order
parameters and three correlation functions of the fluoro-
phore orientation distribution. Whereas microscopic polar-
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ized fluorescence images of single cells have been used
previously to determine chromophore orientation (Axelrod,
1979; Florine-Casteel, 1990), the models used in those
studies make specific assumptions about the form of the
nanosecond time scale motion that do not apply to eosin-
labeled band 3. Other previous work provides examples of
determination of transition dipole orientations by angle-
dependent fluorescence measurements (e.g., Van der Meer
et al., 1982; Van der Heide et al., 1994; Burghardt and Ajtai,
1994). However, the experimental geometries used to derive
the previous models are not compatible with our instrument.
Furthermore, where previous work expanded the correlation
functions in terms of orientational order parameters, our
primary interest was the values of the correlation functions
themselves, because they also appear as the preexponential
amplitudes of the URD model. Ultimately, the orientation
measurements made by confocal microscopy have been
used to constrain the URD model for dynamics measure-
ments made in bulk solution.

Orientation of EMA on band 3

Good fits to the present confocal microscope data have
been obtained with two orientation distribution models:
one that makes no assumptions about the distribution but
yields limited information about the distribution (model
A), and one that approximates the orientation distribution
as Gaussian (model B). This information may be com-
pared to a number of biochemical and biophysical studies
that offer insight into the nature of the EMA binding site.
The covalent reaction site, Lys-430, is thought to lie in
the first extracellular loop of the integral membrane
domain of band 3 (Wang et al.,, 1994). However, the
EMA chromophore appears to be bound within a protein
pocket that is separated from the bulk solution (Pan and
Cherry, 1995) and appears to lie deep within the mem-
brane permeability barrier (Macara et al., 1983). The
stilbenedisulfonate binding site, which is not identical to
but is thought to overlap with the EMA binding site, also
appears to lie in a pocket deep within the protein (Pimp-
likar and Reithmeier, 1986; Landolt-Marticorena et al.,
1995; Rao et al., 1979), protected from solvent exposure
(Scothorn et al., 1996). Whereas low-resolution structural
information only hints at the location and disposition of
these binding sites (Wang et al., 1994), we may make
some reasonable guesses as to the orientation of the eosin
chromophore. With the maleimide group reacted with
Lys-430 at the extracellular surface, and the eosin chro-
mophore bound deep within the transmembrane core of
the protein, a reasonable orientation for the long axis of
xanthine moiety would be approximately perpendicular
to the membrane normal axis. This study shows that the
emission dipole of EMA, which lies along the long axis
of the xanthine moiety (Van der Heide et al., 1992), is
approximately perpendicular to the membrane normal
axis, consistent with this rough orientation model.
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Exponential decay components of the
URD model

The URD model approximates membrane protein rotational
dynamics as uniaxial rotation about the membrane normal
axis (Saffman and Delbriick, 1975; Jdhnig, 1986). Written
explicitly for fixed-orientation absorption and emission di-
poles (see Fig. 1 B), the time-resolved anisotropy predicted
by the URD model (Eq. 15) becomes

r(t) = CO + Cle—Dt + Cze_“D‘

1
Co= T(—)(3 co0s’8, — 1)(3 cos?6. — 1)
(18)

C = 5 sin6, cos, siné, cosh, cosV

3

C:=1 sin*@, sin0, cos 2.
The finding that the preexponential amplitude C, is much
larger than C, (and that C; may in fact be negligible) is very
important for interpreting the time-resolved anisotropy de-
cays of band 3. According to this result, the URD model
predicts that anisotropy decays for EMA band 3 are domi-
nated by the e *P' decay term instead of the ¢~ ™' term.
Calculations performed assuming the orientation distribu-
tion is Gaussian predict that this result should be true for
phosphorescence anisotropy decays as well. On the other
hand, fluorescence depletion experiments (Johnson and
Garland, 1981) suggested that the e " term was significant.
However, potential difficulties with probe labeling and ex-
perimental setup in the previous study (discussed in Wege-
ner, 1984; and Hellen and Burghardt, 1994) make it difficult
to compare those results with the current work.

Comparison of the orientational r_,
with values observed in time-resolved
anisotropy experiments

If band 3 motion is modeled as URD, the orientation results
in this study offer a prediction of the residual anisotropy
(r.). Because prompt and delayed fluorescence utilize the
same transition dipole moments, this predicted r,, may be
directly compared to the value observed in a delayed fluo-
rescence experiment. The r, predicted from microscopy
data is 0.011 (68% confidence interval of {0.006, 0.017]). In
contrast, the delayed fluorescence anisotropy of eosin-la-
beled ghosts reaches an apparent r, of 0.066 in 10 ms. This
suggests that rotational motion is hindered in some way,
such as the amplitude of rotational diffusion is constrained
by interaction with cytoskeletal proteins, or a population of
band 3 exists in aggregates that are immobile on this time
scale. However, if we assume that the radius of a band 3
aggregate increases approximately as the square root of the
number of monomers involved and take the confocal r,, of
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0.011 to represent the r,, in the absence of aggregation, this
result would require that about 25% of band 3 be present in
the form of aggregates that are immobile on a 10-ms time
scale (=5000 copies per aggregate).

Anisotropy decays of trypsin-treated ghosts are signifi-
cantly different from controls (Nigg and Cherry, 1980). In
the present work we have shown that the orientation of
eosin and the predicted uniaxial r,, are not altered by trypsin
treatment, which indicates that the changes in anisotropy
decays represent a dynamic rather than orientational pro-
cess. This also suggests that the motional processes between
~100 ws and ~10 ms, which are significantly altered by
trypsin treatment, do not perturb Cy, C,, and C, and are
dominated by motions about the membrane normal axis.
The delayed fluorescence r, of trypsin-treated ghosts is
0.035, which is on the same order of magnitude, but is larger
than the predicted r,.. Assuming that this difference is
significant, two possibilities are suggested: first, hindrance
to uniaxial motion (such as through oligomerization or
association with the cytoskeleton) may remain, even in
trypsin-treated ghosts, or second, motions outside the mea-
surement windows might contribute to the orientation dis-
tribution (reducing the predicted r.,) without affecting time-
resolved measurements.

The orientation measurements in this study can poten-
tially be used to interpret transient dichroism data according
to the URD model. Expressions for the preexponential am-
plitudes Cy, C,, and C, may be obtained by replacing 6, in
Eq. 18 with 6,, and setting = 0. First, the predicted r.,, or
Co, is given by 2/5 (P,(cos 8,))*. Second, examination of the
trigonometric form of the equations reveals that for this
special case, C, = (1 — (P,(cos 6,))*/6. Third, C, is
determined by the difference in r, and the sum C, + C, (Eq.
14). Assuming that the amount of fast depolarization of
dichroism is equal to that observed for fluorescence in this
study (0.27/0.36), the predicted r,, for transient dichroism is
0.3. This determines the three amplitudes C,, C,, and C, to
be 0.004, 0.096, and 0.200, respectively. As expected, these
amplitudes are not consistent with any single fixed orienta-
tion of the eosin molecule, but are consistent with a limited-
amplitude independent probe motion. As with delayed flu-
orescence anisotropy, C,, the amplitude of the e~ *P* decay
term, is larger than C,. These predicted preexponential
amplitudes are reasonably consistent with a reported tran-
sient dichroism r., of 0.02 at 2 ms (Morrison et al., 1986)
and one of their two possible values of the angle between
the absorption dipole and the membrane normal (66°). In
contrast, a preliminary steady-state linear dichroism mea-
surement on reconstituted eosin-labeled band 3 suggested
that this angle between the absorption dipole and the mem-
brane normal was 50° (Miihlebach, 1984). As that previous
experiment used band 3 reconstituted into vesicles and
flattened before absorption measurements, it is possible that
artifacts were introduced at some point during the proce-
dure. The orientation data shown in Fig. 5, with the fit
obtained when the parameter 6, is constrained to be 50°

Orientation of Eosin Maleimide on Band 3 205

(dotted lines), demonstrate that the result obtained in eryth-
rocyte ghost membranes is significantly different.

Uniaxial rotational diffusion constants for band 3
rotational dynamics

The complexity of band 3 optical spectroscopic data has
prevented the assignment of exponential decay components
to specific physical models. Although a model that postu-
lates large quantities of band 3 aggregates is capable of
describing the experimental data, independent verification
of this model’s predictions are still forthcoming. Neverthe-
less, we have attempted to answer two specific questions:
Using the chromophore orientation results in this work, how
many uniaxially rotating species are required to fit the
experimental data, and what are their rotational diffusion
constants?

It is useful first to estimate the rotational diffusion con-
stant of a band 3 dimer, which is given by (Saffman and
Delbriick, 1975)

kT

D” = W}‘l, (19)
where 7 is the membrane effective viscosity, 4 is the mem-
brane thickness, and r is the effective radius of the in-
tramembrane portion of band 3. Different values have been
reported for the effective membrane viscosity, with a value
of 1 poise appearing to be a reasonable estimate at 37°C,
and low-resolution crystal structures indicate an average
radius of a band 3 dimer of ~55 A (Wang et al., 1994).
From these figures, a rough estimate for the rotational
diffusion constant at 37°C for a band 3 dimer is 23,500 s~ !,
which corresponds to a rotational correlation time (defined
as 7 = 1/6D) of 7 us.

Delayed fluorescence anisotropy data were obtained for
trypsin-treated and untreated erythrocyte ghost samples at
37°C. Fits to an empirical sum-of-exponentials model (Eq.
17) show a spread in decay constants over three orders of
magnitude, similar to previous results obtained from tran-
sient dichroism and phosphorescence anisotropy. Reanaly-
sis of these data using a multiple-population URD model
(based on Eq. 15) required three URD and one immobile
population for adequate fits. The rotational correlation times
(1/6Dy) for the fastest component in each sample are 16 and
19 us for control and trypsin-treated ghosts. When the
phosphorescence anisotropy data, which have greater sig-
nal-to-noise and a earlier time resolution but an unknown
emission dipole orientation, are included in this analysis, the
fastest correlation times are 7 and 19 us for control and
trypsin-treated ghosts. Within the uncertainties outlined
above, these values are consistent with freely rotating band
3 dimers or tetramers. Furthermore, as with previous optical
spectroscopic results, this analysis according to multiple
populations might be taken to suggest that 50-70% of band
3 is aggregated to some degree. Other potential sources of
the slower decays have been discussed above.
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Comparison of rotational correlation times and
ST-EPR results

Recent studies by Hustedt and Beth (1995), using a newly
developed spin-labeled stilbenedisulfonate as an affinity
probe, have indicated that the rotational diffusion of band 3
in ghost membranes can be adequately described by a URD
model with a correlation time of 8 us. This result is remark-
ably consistent with the fastest decay time observed in the
current studies. However, fitting of the ST-EPR data did not
require the inclusion of a major fraction of slowly rotating
or immobile species. In fact, when such a two-component
model was tested, the nonlinear least-squares fitting con-
verged to a single uniaxial species (Hustedt and Beth,
1995). The authors discussed several potential explanations
for different sensitivities of optical anisotropy and ST-EPR
to very slow and to constrained diffusion models. Although
most of this discussion will not be repeated here, it is worth
reemphasizing that the ST-EPR work strongly suggested
that most, if not all, of the copies of band 3 present were
undergoing rotational motion, of relatively large amplitude,
in the 8-us time window. Therefore, one must consider the
possibility that the fastest decay observed in these studies
arises from a motional mode common to most of the copies
of band 3 present, and that the additional longer decays
represent other motional processes that occur on a slower
time scale.

Much work remains to be done to rigorously assign the
various decay components to molecular species present and
potentially build a unifying model that is consistent with
optical, ST-EPR, and biochemical data. One approach that
deserves serious attention is the expression of band 3, in-
cluding mutants lacking the cytoplasmic domain, in other
cell types in which one might hope to have some control
over the number of copies of protein expressed on the cell
surface. The comparison of ST-EPR and optical anisotropy
data from such a system would undoubtedly add substan-
tially to our current understanding of the nature and extent
of the interactions between band 3 and other proteins of the
erythrocyte membrane.
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