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Band 3 of the human erythrocyte membrane was isolated from 32p-labelled erythrocytes in nonaethyleneglycol n-dodecyl ether 
(C12E9) , Triton X-100, and Brij 58 solutions, and its states of association were studied by sucrose gradient sedimentation and by 
Sepharose 4B column chromatography. The sedimentation and elution profiles indicated that Band 3 exists under two stable 
forms in each detergent solution, a slow form and a fast form. The fraction of the fast form in a Brij 58 solution was 2-3-times 
higher than those of the fast forms in C12E 9 and Triton X-100 solutions. Moreover, depending of the conditions of isolation, only 
the slow form or the fast form was present in a Brij 58 solution. The apparent values of sedimentation coefficients, Stokes radii, 
and effective masses of the slow and fast forms in C12E9, Triton X-100, and Brij 58 solutions were determined. On the basis of 
these values, we have concluded that the slow and fast forms of Band 3 were dimer and tetramer in C12E 9 and Triton X-100 
solutions but were dimer and hexamer in a Brij 58 solution. 

Introduction 

Band 3 of the human erythrocyte is a 93 kDa trans- 
membrane  glycoprotein with its carbohydrate moiety 
on the extracellular side [1]. It  represents 25% of the 
total erythrocyte membrane  protein. It  catalyzes a tight 
one-for-one anion exchange, and it binds the mem- 
brane skeleton to the cytoplasmic surface of the lipid 
bilayer through ankyrin [1,2]. Band 3 also appears  
involved in the water  transport  [3]. Its catalysis equili- 
brates chloride and bicarbonate across the membrane  
according to the Gibbs-Donnan equilibrium, thus al- 
lowing the transport  of  carbon dioxide from tissues to 
lungs as plasma bicarbonate. Band 3 can be divided 
operationally into two domains: a 50 kDa t ransmem- 
brane domain responsible for the anion exchange, and 
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a 43 kDa water-soluble domain binding ankyrin and 
other proteins [4]. 

The state of  association of Band 3 has been the 
subject of  several studies and of a number  of  reviews 
[4-14]. Widely different conclusions have been reached 
in the studies, but it is generally believed that Band 3 is 
either a dimer, a dimer- te t ramer equilibrium, or a 
te t ramer  in the membrane.  

We have undertaken studies on the state of  associa- 
tion of Band 3 in order  to define it more precisely. 
Toward this end, its states of  association were studied 
after its isolation in C12E9, Triton X-100 and Brij 58 
solutions. The first two nonionic detergents were se- 
lected because of different conclusions reached in pre- 
vious studies on its states of association in solutions of 
these detergents [5-10], while Brij 58 was chosen since 
it was not expected to be effective at breaking 
pro te in-pro te in  interactions of integral membrane  
proteins [15-18]. 

Materials and Methods 

Materials 
Human  blood (10, 50 or 100 ml) was freshly drawn 

in the presence of heparin. Concanavalin A-Sepharose 
4B and Sepharose 4B were obtained from Pharmacia; 
Brij 58, C12E9, a-methyl-D-mannoside (99% pure), 
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phenylmethanesulfonyl fluoride, Triton X-100 and 
Trizma base were purchased from Sigma; Coomassie 
blue R-250 and reagents for preparing the polyacryl- 
amide gels were obtained from Bio-Rad Laboratories; 
32p-labelled phosphoric acid, carrier free in 0.01 M 
HC1 (5 mCi), was obtained from New England Nuclear; 
water was distilled with a central distilling apparatus 
and then deionized with a Barnstead nanopure appara- 
tus; other reagents used were of analytical grade. 

32p-labelling of erythrocytes 
10 ml of blood were centrifuged at 3000 × g for 10 

min at 4°C. After removal of the supernatant and buffy 
coat, the erythrocytes were washed three times with a 
30 mM Tris-HCl, 130 mM KCI, 5.4 mM NaC1, 0.8 mM 
MgCI2, 1.0 mM EGTA, 5 mM glucose buffer (pH 7.5 
at 4°C) and suspended to a hematocrit of 25% [19]. 9 
ml of this suspension was added to a 40-ml centrifuge 
tube containing 9 /~mol of dried sodium [32p]phos- 
phate having a specific activity of 0.166 mCi//zmol. 
The tube was gently shaken at 37°C for 20-22 h, its 
content was diluted with 25 ml of an isotonic sodium 
phosphate buffer (pH 7.4 at 4°C) and centrifuged at 
12100 × g for 30 s at 4°C. The labelled erythrocytes 
were then washed five times with the diluting buffer. 

Isolation of Band 3 
Labelled and unlabelled erythrocyte membranes 

were isolated according to the procedure of Dodge et 
al. [20] using a 5 mM sodium phosphate, 0.1 mM 
PMSF buffer (pH 8.0 at 4°C) as the lysis buffer. They 
were warmed at room temperature and solubilized 
with 1 vol. of a freshly prepared 10% detergent solu- 
tion either of C12E 9, Triton X-100 or Brij 58 (weight 
ratio of detergent to protein were 65:1 and 35:1 for 
labelled and unlabelled erythrocyte membranes, re- 
spectively). After diluting with 1 vol. of a 200 mM 
Tris-HC1 buffer (pH 7.5), 0.2 mM each of CaCI 2, 
MgC12 and MnCI z, the solution was applied at a flow 
rate of 20-30 ml /h  to a 3-5 ml Con A-Sepharose 4B 
column equilibrated with a 100 mM NaCI, 10 mM 
Tris-HCl buffer (pH 7.5) containing either 0.2% C12E9, 
0.2% Triton X-100 or 0.5% Brij 58. The column was 
rapidly washed with 20-30 bed volumes of the equilib- 
rium buffer and the fraction of Band 3 specifically 
retained on the column was eluted with the equilib- 
rium buffer containing 300 mM a-methyl-o-mannoside 
[21]. The isolated Band 3 was 80-85% pure, as indi- 
cated by densitometry following SDS-PAGE and 
Coomassie blue staining (gel not shown). The same 
degree of purity was also obtained by a 10-times de- 
crease of NaCI concentration, a pH variation between 
6.5 and 8.5, a 2.5-times increase of detergent concen- 
tration in the solubilization, or a prior spectrin extrac- 
tion. Contaminants were residual peripheral mem- 
brane proteins spectrin, ankyrin and its degradation 

products and Band 4.2, and residual integral mem- 
brane protein glycophorin A, as detected by a PAS 
staining of the gel (gel not shown). These contaminants 
have been previously observed and are not unexpected 
since they specifically interact with Band 3 [2,22-24]. 
The isolated Band 3 represented 10% of the total 
Band 3 assuming that it represents 25% of the total 
membrane protein [22], and migrated on a SDS-poly- 
acrylamide gel in the presence or absence of /3-mer- 
captoethanol at the same position. No phospholipids 
were found bound to the isolated Band 3, as measured 
by a colorimetric phosphate assay [25]. 

Sepharose 4B chromatography 
The chromatography on a Sepharose 4B column was 

done as previously described [26]. The detergents C12E9 
and Triton X-100 and Brij 58 were present at concen- 
trations of 0.2% or 0.5% in the columns. At these 
concentrations they had no effect on the chromato- 
graphic characteristics of the column. Samples of 32p. 
labelled and unlabelled Band 3 were applied to the 
column at a cpm/ml and protein concentrations of 
1000-70000 and 0.8-1 mg/ml, respectively. The Band 
3-SDS complex sample was prepared by mixing 0.5 ml 
of an isolated Band 3 sample (0.8 mg/ml) with 0.5 ml 
of a 6% SDS solution and 10/~1 of/3-mercaptoethanol. 
Band 3 concentrations of collected fractions were de- 
termined spectrophotometrically at 230 nm or by 
Cerenkov radioactivity counting. Elution volumes of 
the detergent micelles were determined as previously 
described [26]. 

Sedimentation in a sucrose gradient 
Linear gradients of 11 ml of 5-20% sucrose (w/w) 

buffered at pH 7.5 with a 100 mM NaCI, 10 mM 
Tris-HC1 solution containing either 0.2% C12E9, 0.2% 
Triton X-100 or 0.5% Brij 58 were prepared in cen- 
trifuge tubes for the S.W. 41 rotor. 0.5-ml samples of 
32p-labelled Band 3 having 12 000-25 000 cpm/ml were 
layered on top of the gradients and the tubes were 
centrifuged at 34000 rpm for 16 h at 20°C. The solu- 
tion was then pumped out from the bottom of the 
centrifuge tube and equal volume fractions were col- 
lected in 3-ml polyethylene counting vials. Band 3 
concentrations in the fractions were then determined 
by Cerenkov radioactivity counting. The standards were 
centrifuged in parallel with the Band 3 samples, but 
occasionally they were centrifuged with the Band 3 
samples. The calibration curve was linear and the 
detergents had no effect on its position at concentra- 
tions used. 

Other methods 
Protein concentrations were determined by the pro- 

cedure of Lowry et al. using a sodium carbonate solu- 
tion containing 3% SDS, and bovine serum albumin as 



Calculations 
The effective masses were calculated with this equa- 

tion: 
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where M o and (1 - $'p) are the molecular weight and 
the effective buoyancy of the protein; R s and s are the 
protein Stokes radius and sedimentation coefficient; N 
and ~7 represents the Avogadro's number and solvent 
viscosity [15]. 

Results 

Band 3 concentrations 
Band 3 concentrations in fractions collected after 

sucrose gradient sedimentation and during Sepharose 
4B column chromatography could be determined by 
Cerenkov radioactivity counting after its isolation from 
32p-labelled erythrocytes. However, the ability to de- 
termine its concentrations by this method was not due 
to its phosphorylation by an endogenous protein ki- 
nase, but to 32p-labelled nonpolar phospho-organic 
substances bound noncovalently to Band 3 since almost 
all the radioactive substances eluted on a SDS-Sep- 
harose 4B column at the same position as that of the 
SDS micelle having a Stokes radius of 3.5 nm and that 
Band 3 eluted on a SDS-Sepharose 4B column with a 
Stokes radius of 10 nm (data not shown). 

A feature of the 32p-labelled nonpolar phospho- 
organic substances is that their binding to Band 3 is not 
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standard [27]. Phospholipid concentrations were deter- 
mined by the procedure of Bartlett [25]. Amounts of 
[32p]phosphate in Band 3 fractions were determined by 
Cerenkov radioactivity counting with a Beckman LS 
7000 model spectrophotometer. Band 3 fractions were 
counted twice for 2 or 3 min, but those having less than 
200 cpm were recounted for at least 10 rain. SDS-PAGE 
was done in glass tubes of 0.6 × 15 cm according to the 
procedure of Weber and Osborn [28]. Protein samples 
(30-60/zg) were submitted to electrophoresis at 25-30 
volts overnight in 6.5% bisacrylamide gels. The gels 
were stained with a 0.01% Coomassie blue, 25% iso- 
propanol and 10% acetic acid solution overnight at 
room temperature, and destained with a 5% methanol, 
7.5% acetic acid solution. The gels were stained with 
the PAS reagent according to the procedure of Zac- 
charius et al. [29]. Coomassie blue stained protein were 
quantitated using an Isco gel scanner connected to an 
Isco UA-5 recorder or by a procedure previously de- 
scribed [30]. 
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Fig. 1. Sucrose gradient sedimentation profiles of Band 3 isolated in C12E9, Triton X-100 and Brii 58 solutions from 32p-labelled erythrocytes. 
Samples of Band 3 in C12E9, Triton X-100 and Brij 58 solutions with cpm of 12000, 17000 and 6000 were centrifuged, respectively. The different 
Band 3 samples were prepared at different times, and larger size fractions were collected in the Brij 58 solution. The positions of sedimentation 
of the standards for each centrifugation are indicated. The standards were: fl-galactosidase (15.9 S), catalase (11.3 S), aldolase (7.4 S), bovine 

serum albumin (4.3 S), lysozyme (1.9S) and cytochrome c (1.7 S). Count recoveries were 70-75%. 
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tight in the nonionic detergent  solutions used, as mainly 
indicated by the presence of radioactive peaks after 
sucrose gradient sedimentation and Sepharose 4B col- 
umn chromatography at sedimentation and elution po- 
sitions of the detergent micelles. The fraction of 32p. 
labelled phospho-organic substances unbound to Band 
3 in a Brij 58 solution was relatively low, but in C12E9 
and Triton X-100 solutions could represent  30-50%. 
The 32p-labelled phospho-organic substances have not 
been identified. However, they are likely to be 
phospholipids since phospholipids extracted from 32p. 
labelled erythrocyte membranes  eluted on a SDS-Sep- 
harose 4B column at the same elution position as that 
of the SDS micelle. Presumably, they would be phos- 
phatidic acid and phosphatidylinositol derivatives since 

almost all the 32p-labeUed inorganic phosphate incor- 
porated into phospholipids is found in these two groups, 
which represent  1 - 3 %  of the total phospholipids [31]. 

Band 3 in C12E9, Triton X-IO0 and Brij 58 solutions 
The sucrose gradient sedimentation profiles of Band 

3 isolated in C12E9, Triton X-100 and Brij 58 solutions 
from about 2 ml of 32p-labelled erythrocytes indicated 
the presence of two forms of Band 3 in each detergent 
solution, a slow form and a fast form (Peaks A and B): 
the peaks observed at the tops of the gradients in 
C12E 9 and Triton X-100 solutions (peaks C) were due 
to 32p-labelled phospho-organic substances in the mi- 
celles of these detergents (Fig. 1). The elution profiles 
of Band 3 in the three detergent  solutions were typical, 
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Fig. 2. Elution profiles of the fast and slow forms of Band 3 in C12E9, Triton X-100 and Brij 58 solutions on Sepharose 4B columns after their 
separation by sucrose gradient sedimentation. The fast and slow forms of Band 3 in the different detergent solutions that were applied on the 
Sepharose 4B columns were the same as those observed in the sucrose gradient sedimentation profiles shown in Fig. 3. Peaks A and B in some 
elution profiles of the slow forms of Band 3 are at the positions of elution of the slow form of Band 3 and of the detergent micelle, respectively. 
The positions of elution of the standards are indicated. The standards were: thyroglobulin (8.6 rim), ~-galactosidase (6.9 nm), ferritin (6.4 rim), 
catalase (5.2 nm), aldolase (4.6 rim), bovine serum albumin (3.5 nm), and cytochrome c (1.7 nm), respectively. Different Sepharose 4B colunms 

were used in the different detergent solutions. Count recoveries were 70-85%. 



except that two of the four sedimentation profiles ot 
Band 3 obtained in a Brij 58 solution suggested the 
presence of a third peak near the fast form peak. Peak 
area measurements indicated that fractions of the slow 
and fast forms of Band 3 in Ct2E 9 and Triton X-100 
solutions were 80-85% and 15-20% while in a Brij 58 
solution they were about 55% and 45%. 

The following observations further confirmed that 
Band 3 exists under two stable forms in the different 
detergent solutions. (1) After sucrose gradient sedi- 
mentation, each form eluted on a Sepharose 4B col- 
umn as a single species with an apparent Stokes radius 
consistent with its apparent sedimentation coefficient: 
peak B in some of the elution profiles is due to 
32p-labelled phospho-organic substances in the deter- 
gent micelle (Fig. 2, Table I). (2) The elution profile on 
a Sepharose 4B column of Band 3 isolated in a Brij 58 
solution from 32p-labelled erythrocyte, showed the 
presence of two forms of Band 3 whose positions and 
relative proportions were the same as those observed 
after sucrose gradient sedimentation (data not shown). 
(3) SDS-PAGE of Band 3 isolated in a Triton X-100 
solution from unlabelled erythrocyte indicated the 
presence of two forms of Band 3 whose proportions 
and relative positions were the same as those isolated 
from labelled erythrocytes (Fig. 3). (4) The sedimenta- 
tion coefficients and Stokes radii of the two forms of 
Band 3 in the C12E9 solution were the same as those 
of the two forms of human and bovine Band 3 previ- 
ously observed in the same detergent solution, which 
have been shown to be dimer and tetramer [7,8]. 

Table I summarizes apparent values of sedimenta- 
tion coefficients, Stokes radii and calculated effective 
masses of the slow and fast forms of Band 3 in the 
different detergent solutions. 
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Fig. 3. The sucrose gradient sedimentation profile of Band 3 isolated 
in a Triton X-100 solution from unlabelled erythrocyte membranes. 
A 0.5 ml of an isolated Band 3 sample was centrifuged (approx. 1 
mg) and fractions of equal volume collected. Aliquotes of 250 ~1 of 
each fraction were submitted to SDS-polyacrylamide gel elec- 
trophoresis. Gels 1 and 29 represent the bottom and top fractions of 
the gradient, respectively. Gel 30 is the isolated Band 3 sample 
centrifuged. The markers catalase (11.3 S) and aldolase (7.4 S) were 
in maximum amounts in the fractions 9 and 19, respectively. A 
quantitation of the amounts of Coomassie blue bound to Band 3 
indicates that the relative proportion of the two forms of Band 3 is 
the same as those observed with Band 3 isolated from 32p-labelled 

erythrocytes. 

TABLE I 

Apparent values of sedimentation coefficients, Stokes radii and effec- 
tive masses of the slow and fast forms of Band 3 in different detergent 
solutions 

Average values :t: average deviations in n determinations (n given in 
parentheses). The apparent Stokes radii (nm) of the CI :E  9, Triton 
X-100 and Brij 58 micelles were 4.9±0.4 (3), 4.9±0.2 (3), 6.4±0.2 
(6), respectively, while their apparent sedimentation coefficients (S) 
were 0.53, 1.49 and 0.92, respectively. The latter were calculated on 
the basis of the molecular weights, partial specific volumes and 
Stokes radii of the detergent micelles [7,15,33]. 

Detergent Form s R s Mp(1-~b'p) Mass 
(S) (nm) ( × 10- 3) ratio 

C12E9 slow 6.5±0.4(4) 7.2+0.2(3) 53.1 
fast 9.7+0.2 (4) 8.6+0.1 (2) 94.7 1.78 

TX100 slow 7.7 ± 0.4 (4) 7.5 + 0.2 (4) 65.5 
fast 10.9±0.4(4) 8.9±0.1(2) 110.1 1.68 

Brij 58 slow 5.2±0.3 (4) 8.5±0.2 (9) 50.2 
fast 13.7±0.6(4) 9.9±0.1(9) 153.9 3.06 

The fractions of the slow and fast forms of Band 3 
in a Brij 58 solution depended of the weight ratio of 
detergent to protein used for membrane solubilization. 
In one experiment, Band 3 was isolated in a Brij 58 
solution after solubilization of 3zp-labelled erythrocyte 
membranes with a 25% C12E9 solution instead of a 
10% Brij 58 solution. The sedimentation and elution 
profiles indicated only the presence of the slow form of 
Band 3 (data not shown). In another experiment, Band 
3 was isolated in a Brij 58 solution in an amount 25-50 
times greater from unlabelled erythrocyte membranes 
solubilized with a weight ratio of detergent to protein 
of 35:1 instead of 65:1. The elution profiles of two 
Band 3 samples indicated only the presence of the fast 
form while that of a third one showed that the fraction 
of the fast form was about 60% instead of 45% ob- 
served when the isolation was done from 32p-labelled 
erythrocyte membranes (data not shown). These results 
are not entirely unexpected since an increase of the 
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weight ratio of detergent to protein would promote the 
dissociation of Band 3 subunits or prevent their associ- 
ation. 

Discussion 

The studies of the states of association of Band 3 in 
Ct2E9 ,  Triton X-100, and Brij 58 solutions by sucrose 
gradient sedimentation and by Sepharose 4B column 
chromatography show that Band 3 in each detergent 
solution exists in two stable forms. The similarities of 
the Stokes radii and sedimentation coefficients of the 
two forms of Band 3 in C12E 9 and Triton X-100 
solutions with those of human and bovine Band 3 
previously isolated in these detergent solutions clearly 
indicate that they are dimer and tetramer (Table I) 
[7,8]. 

Concerning the two forms of Band 3 in the Brij 58 
solution, the following pieces of evidence indicate that 
they are dimer and hexamer. (1) The Band 3 dimers in 
C12E 9 and Triton X-100 solutions were the smallest 
species observed when Band 3 was isolated at a low 
concentration from 32p-labelled erythrocyte mem- 
branes, indicating a very tight binding between the 
Band 3 dimer subunits which is unlikely to be broken 
by the nonionic detergent Brij 58. (2) The size of the 
fast form of Band 3 in the Brij 58 solution is inconsis- 
tent with that of a tetramer since its sedimentation 
coefficient is higher than that of the corresponding 
form of Band 3 in Triton X-100 and C12E 9 solutions, 
while the sedimentation coefficient of the slow form of 
Band 3 in the Brij 58 solution is lower than those of the 
corresponding forms of Band 3 in Triton X-100 and 
C12E9 solutions (Table I). (3) It appears unlikely that 
the Stokes radius of the fast form of Band 3 in the Brij 
58 solution has been grossly overestimated since the 
Stokes radii of the fast forms of Band 3 are both 
significantly higher than those of slow forms in C12E9 
and Triton X-100 solutions (Table I). (4) The ratio of 
the effective mass of the fast form to that of the slow 
form of Band 3 in each detergent solution is about two, 
except that in a Brij 58 solution which is about three. 
(5) The effective mass of a protein is the product of its 
molecular weight (Mp) and buoyancy factor (1 - ~b'p), 
which depends on the amounts of phospholipids and 
detergent bound to the protein and their partial spe- 
cific volumes [15]. It is unlikely that the buoyancy 
factor differs significantly for the different detergents 
since the effective masses of the slow forms of Band 3 
in different detergent solutions, are about the same 
(Table I). 

While the data of Band 3 in C12E 9 and Triton 
X-100 solutions further support the view that Band 3 is 
a mixture of stable dimer and tetramer in these deter- 
gent solutions [7,8], the data of Band 3 in the Brij 58 
solution are potentially of greater interest since they 

suggest for the first time that Band 3 may exist as a 
hexamer in the membrane. However, further works 
would be required to confirm this possibility since 
relatively little is known of factors affecting Band 3 
states of association in the membrane and in detergent 
solutions. Toward this end the radiochemieal method 
described in this article for monitoring Band 3 in 
detergent solutions may prove useful for investigating 
them. 
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