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Abstract The dilute solution behaviour of the transmem-
brane domain (TMD) of the human erythrocyte anion ex-
changer Band 3 was studied by analytical ultracentrifuga-
tion. Sedimentation velocity and equilibrium studies of the
TMD solubilized with the detergent C,,Eg demonstrate that
the protein is a stable dimer in the concentration range 0.1
to 1 mg/ml. There is no evidence of a dissociation at low
concentrationsor of anassociation at higher concentrations.
Hydrodynamic cal culations applying a prolate ellipsoid of
revolution and assuming ahydration of w=0.35resultin an
asymmetrical particle with an axial ratio (a/b) of ~3.5.
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Introduction

Band 3, the erythrocyte anion exchange protein, consists
of two major domains, a soluble, cytoplasmic domain of
~42 kDaand atransmembrane domain (TMD) of ~55 kDa
(Reithmeier 1993). TMD retains its anion exchange func-
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tion after removal of the cytoplasmic domain with trypsin,
and may be purified in non-ionic detergents (Reithmeier
1979). Two-dimensional crystals have been grown from
TMD in C;,Eg and the structure solved to a resolution of
20 A (Wang et al. 1993; Wang et al. 1994). TMD shows an
elongated dimeric structure with a large stain-filled pore,
assumed to be the anion transport channel.

Although the transmembrane domain of Band 3 lacks
the solublecytoplasmicdomain, itismoresuitablefor crys-
tallization for a number of reasons. Firstly, the hinge be-
tween TMD and the cytoplasmic domain is very flexible
(Wang 1994) which would hinder packing of theintact pro-
teininto acrystal lattice. Furthermore, the cytoplasmic do-
main ishighly elongated and has another flexible hingere-
gion in the middle (Low 1986). TMD is also more stable
than the intact protein (Sami et al. 1992).

Intact Band 3 exhibits complex behaviour in non-ionic
detergent solution and has been reported to be dimeric
(Clarke 1975), a dimer-tetramer mixture (non-intercon-
verting) (Casey et al. 1991), a monomer-dimer-tetramer
equilibrium (Pappert and Schubert 1983), and adi mer-hex-
amer mixture (Wong 1993). Recently, the conditions under
which some of these oligomeric states exist have been de-
termined (Taylor et al. 1998), and it appearsthat the native
functional unit isthe Band 3 dimer.

We have previously investigated the oligomeric state of
the Band 3 cytoplasmic domain and concluded that it isdi-
meric, although it dissociates to monomers at |ow concen-
trations (Colfen et al. 1997). Recently, the self-association
of TMD to form denatured heterogeneous aggregates has
also been studied (Vince et al. 1997; Salhany et al. 1997).
Here we examine the oligomeric state of TMD in C;,Eg
by analytical ultracentrifugation, and conclude that the
protein forms stable dimers in solution.

Materials and methods

Material. Outdated human red blood cells were purchased
from the Tisch Hospital Blood Bank, New York. C,,Eg
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(octaethylene glycol n-lauryl monoether) was purchased
from Nikko Chemical Co. (Tokyo). All other materialswere
from Sigma Chemicals and were of analytical grade. Band
3 transmembrane domain (TMD) was prepared in 0.1%
C,,Eg according to the method described in Casey et al.
(1989).

Solvent densitiesand viscosities. Solvent densitieshave been
determined at (20.00+0.01) °C using an Anton-Paar model
DMA 60& DMA 602 precision density meter, calibrated
with CsCl solutions. Solvent viscosities at (20.00£0.01)°C
were determined using an automatic (Schott-Geréte,
Darmstadt, FRG) viscometer. For each density and viscos-
ity value, 10 consistent readings were obtained to permit
an estimation of experimental error to be made. The den-
sity was found to be p=(1.001258+0.000001) g/ml, the
viscosity n=(1.023+0.003) cP.

Partial specific volume v. The v of the pure TMD of Band 3
was calculated from the amino acid composition (Tanner
et al. 1988) to be 0.7642 ml/g (Perkins 1986). From the
0.945 g of bound detergent C,,Eg per g TMD (Casey et al.
1991), the v of the TMD-C,,Eg complex was cal cul ated to
be 0.866 ml/g assuming volume additivity.

Analytical ultracentrifugation. A Beckman (Palo Alto,
USA) Optima XL-I analytical ultracentrifuge equipped
with automatic scanning absorption optics and on-line
Rayleighinterferenceopticswasused for al investigations
at a temperature of (20.0+£0.1) °C. Standard 12 mm opti-
cal path length double sector cells were used with buffer
as reference solvent in every case.

Sedimentation velocity analysis. The sedimentation vel oc-
ity experiments were carried out at speeds of 45000 and
50000 RPM using a wavelength of 280 nm as well as the
Rayleigh interferometer. The sedimentation coefficients
were measured in two ways. In the first, conventional de-
termination via the boundary movement was used. As a
second approach, the sedimentation vel ocity profileswere
fitted to approximate solutions of the Lamm differential
equation (in this case the Fujita (1973) function was used
together with the Fujita-MacCosham relation) to give the
sedimentation and approximate diffusion coefficient, and
thus a molar mass using the well known Svedberg equa-
tion (Svedberg and Pedersen 1940). For this purpose, we
used the program SVEDBERG (Philo 1994, 1997).

The sedimentation coefficients s,, ,, measured in buf-
fer, b, at atemperature of (20.0£0.1) °C were corrected to
standard conditions of solvent viscosity, n and density, p,
(water at 20.0£0.1°C) using the correction formula (Tan-
ford 1961).
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Sedimentation equilibrium analysis. Sedimentation equi-
librium measurements were performed at arotor speed of
10000 RPM. Scanning wavelengthsof 280 & 260 nmwere

S0,w (1)

1.5

280 nm

0.5

Absorbance A

0.0 | .‘ I ol ~--.'.;

1 T
6.2 6.4 6.6 6.8 7.0

Radius (cm)

Fig. 1 Sedimentation velocity profilesfor 0.6 mg/ml TMD of Band 3
in C,,Eg a 50000 rpm, 20.0°C and 280 nm, Scan interval 12 min.
(Not al scans shown for figure clarity)

used. Molecular weights were analysed using the QUICK -
BASICroutineMSTARA (Cdlfenand Harding 1997). This
routine, amongst other features evaluates (i) the apparent
(i.e. for agivenloading concentration) weight average mo-
lecular weight, M, 5o, Using the M* procedure of Creeth
and Harding (1982) and (ii) point weight average apparent
molar masses, M, 4. (1) as afunction of radial displace-
ment r.

As asecond independent evaluation, the radial equilib-
rium absorption profileswerefitted to the model of anideal
1 or 2 component system using the routines IDEAL1 &
IDEAL2 from Beckman instruments (McRorie and
Voelker 1993).

Results
Sedimentation velocity

From the sedimentation vel ocity profilesit can be seenthat
the Band 3 TMD preparation contains asignificant amount
(~30% of thetotal weight concentration) of apolydisperse
and high molecular weight aggregate sedimenting consid-
erably faster (sy ,,~14.5S) than the (macromolecular)
TMD component. The macromolecular component how-
ever appearsto be sedimenting uniformly asasingle stable
Species.

Attempts were made to fit the velocity profiles (Fig. 1)
as atwo component system with the SVEDBERG routine,
but the fits were of poor quality probably because of the
ill-defined nature of the aggregates. Thus, only scanswere
used for the fits to a one component system where the ag-
gregates had sedimented completely: this still left 13—24
scansfor analysis. Fits performed in thisway were of good
guality and yielded small and statistically distributed re-
siduals. The weight average molar mass estimated from
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Fig. 2 Concentration dependence of 1/s,,,,. for TMD of Band 3 in
C,,Eg. The concentrations were corrected for radial dilution. See
materials and methods for experimental details. o Absorption op-
tics 280 nm from fitting; o Absorption optics 280 nm from bound-
ary movement; A Interference optics from boundary movement

the derived sedimentation and translational diffusion (D)
coefficientsviathe Svedberg equationis(224,000+ 17,000
g/mol). This value is in reasonable agreement with the
theoretically expected molar massof 239,000 g/mol for the
dimeric TMD-C;,Eg complex (see sedimentation equilib-
rium) although estimations of the molar mass from sedi-
mentation velocity data are only approximate due to the
possible high errorsin D. In the fitting procedure applied,
monodispersity is assumed and thus D is overestimated if
the sample exhibits slight polydispersity, which in turn
leads to an underestimate of M.

In Fig. 2, the sedimentation coefficients derived from
the fitting procedure are plotted together with those from
the conventional evaluation of absorption and interference
records, giving good agreement.

Eval uation of the concentration dependence of theinverse
sedimentation coefficients yields an sy, ,, of (4.99+0.07) S.
The concentration dependence shows no evidence of dis-
sociative behaviour at low concentrations.

Sedimentation equilibrium

The sedimentation equilibrium experimentsyield aweight
average molar mass of (278,000+4,900) g/mol for the
TMD-C,,Eg complex from the concentration dependence
of YMyy, app (Fig. 3).

There s no indication of a dissociation at low concen-
tration or of an association at higher concentrations. The
calculated molar mass of the TMD-dimer from the amino
acid composition (Tanner et al. 1988) is 122,800 g/mol.
Taking into account the amount of bound detergent (0.945 g
detergent/g TMD) (Casey et al. 1991) this gives atheoret-
ical molar mass of 238,846 g/mol for the detergent com-
plex of the dimer. The molar mass derived from sedimen-
tation equilibrium data is some 40,000 g/mol higher than
the crude estimate from sedimentation velocity but both
may clearly be assigned as dimeric. The difference may be
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Fig. 3 Concentration dependence of the reciprocal apparent molar
mass (M, 5pp) for TMD of Band 3 in C,,Eg, determined by sedi-
mentation equilibrium at 20°C

attributable to the small amount of high molar mass con-
taminants which was detected in sedimentation velocity
experiments, but not used in the analysis of s (see Fig. 1):
these aggregates would however make a contribution to
the weighted averaged M,, from sedimentation equilib-
rium.

Fitting the sedimentation equilibrium concentration
profiles to different models showed that the ideal 1 com-
ponent system describes the experimental data best. The
results from these fits agree well with the results from the
independent M* evaluation and are therefore included in
Fig. 3. All fits were of good quality as indicated by the
small and statistically distributed residuals.

Hydrodynamic calculations

From the molar mass and %, ,,, one can calculate the fric-
tional ratio f/f, (see e.g. Tanford, 1961) by using:
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fisthefrictional coefficient of the macromolecule and
f, the corresponding coefficient for a sphere of the same
mass and anhydrous volume as the macromolecule. N, is
Avogardo’s number and the subscript “20,w” for viscosity
and density refersto pure water at 20.0°C. From the fric-
tional ratio, the Perrin shape function P can be calcul ated
(Perrin 1936; Squire and Himmel 1979; Harding 1995):
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with w the so called “hydration” (Tanford 1961).

Using the molar mass of adimer complex of 240,000 g/
mol and an s, ,, of (4.99+0.07) S, one obtainsf/fy=(1.29+
0.02). Taking the apparent hydration w (italic) as ~0.35
(Tanford 1961; Zhou 1995) then P=(1.15+0.05). Using the
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routine ELLIPSL for a prolate ellipsoid (Harding and
Colfen 1995; Harding et al. 1997), this gives an axial ra-
tio (a/b)~ (3.5+0.8). This axial ratio can only be an esti-
mate as the exact hydration is not known. If the hydration
is less than 0.35, then the asymmetry would be much
higher. Nonetheless, thisaxial ratio isin reasonable agree-
ment with that found for the 20 A resolution structure, es-
timated from two-dimensional crystalsby electron micros-
copy and image reconstruction to be 110x40 A (a/b=2.8)
and for asecond conformation 120x 35 A (a/b=3.4) (Wang
et al. 1993). However, in a more recent paper, the dimen-
sionsfor a3D structureweregivenas110x60x80 A which
would correspond to (a/b)~1.6 (Wang et al. 1994).

Discussion

The results from the sedimentation equilibrium experi-
ments clearly indicate that TMD of Band 3isadimer, with
no evidence of dissociation to monomers at lower cencen-
trations (at | east downto 0.1 mg/ml). Thedissociation con-
stant must therefore be less than 10° M. Thisisin con-
trast to the behaviour observed for the cytoplasmic domain
of Band 3 (Cdlfen et al. 1997) with a dissociation at low
concentrationwithakK 4 of ~3 pum. Our finding of astrongly
bound dimer for the Band 3 TMD in C,,Eg is consistent
with recent observationsof Vinceet al. (1997) and Salhany
et al. (1997) who have used chromatographic based ap-
proaches. The different K's of the cytoplasmic and trans-
membrane domain of Band 3 would appear to confirm that
it is the transmembrane domain, and not the cytoplasmic
domain, which dictates the strong binding of the intact
Band 3 into dimers.

Sedimentation velocity experiments (Fig. 1) indicate
also a proportion (~30% of the extinction at 280 nm) of
high molecular weight material (s, wv~14.5S). The pres-
ence of this material may explain why the M,, from sedi-
mentation equilibrium was found to be 40,000 g/mol
higher than the value of ~240,000 g/mol calculated from
the amino acid sequence and the amount of bound deter-
gent.

Itis possible to obtain afurther estimate for M, 4, by
analysing the sedimentation profiles of Fig. 1 in terms of
the Lamm equation, according to the procedure described
by Philo (1997): this procedure, in addition to providing a
check on the sedimentation coefficient obtained by con-
ventional boundary analysis, also yieldsan estimatefor the
apparent tranglational diffusion coefficient and hencefrom
the Svedberg equation (Svedberg and Pedersen 1940) an
estimate for the molar mass. The molar mass for the TMD
found by this method is lower (M,,=224,000+17,000
g/mol) than that from sedimentation equilibrium and shows
a much higher standard deviation but also confirms the
TMD dimer.

Although the concentration range studied here is still
relatively low compared with that required for other bio-
physical studies (NMR & crystallization trials), we have
confirmed a tight dimer formation with an asymmetric

structureof axial ratio consistent with theresultsfromelec-
tron microscopy (Wang et al. 1993, 1994). This gives a
possible basis for further investigations of the quaternary
structure.
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