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Band 3 protein, the anion transport protein of the human erythrocyte membrane, was solubilized and purified 
in aqueous solutions of two nonionic detergents: Ammonyx-LO (dimethyl laurylamine oxide) and C I2E9 
(nonaethylene glycol lauryl ether). The state of association of the purified protein was studied by analytical 
ultracentrifugation. Band 3 protein solubilized and studied in solutions of Ammonyx-LO was found to be in a 
monomer /d imer / t e t ramer  association equilibrium. Band 3 protein freshly prepared in C 12 E9 showed the 
same behaviour; however, during aging the protein was converted into stable noncovalent dimers. The 
conversion was retarded by the presence of [3-mercaptoethanol or by treatment of the samples with 
iodoacetamide; it seems to be due to oxidation of the protein by degradation products of the detergent. It is 
concluded that a monomer /d imer / te t ramer  association equilibrium is the native state of association of band 
3 protein solubilized by nonionic detergents. Since nonionic detergents are assumed not to interfere with 
protein-protein interactions among membrane proteins, the results strongly support the claim that, in the 
erythrocyte membrane, band 3 is in a monomer /d imer / t e t ramer  association equilibrium (Dorst, H.-J. and 
Schubert, D. (1979) Hoppe-Seyler's Z. Physiol. Chem. 360, 1605-1618). 

Introduction 

There seems to be general agreement that the 
associations among integral membrane proteins 
will not, or at least not grossly, be disturbed if the 
proteins are solubilized by means of nonionic de- 
tergents [1-3]. Analysis of the state of association 
of integral membrane proteins in solutions of non- 
ionic detergents by analytical ultracentrifugation, 
which is based on firm physicochemical principles 
[2,4], has therefore become a main source of infor- 
mation on protein association in biological mem- 
branes [2-4]. In the present paper, this concept 
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has been applied to the study of the self-associa- 
tion of band 3, the main integral protein of the 
human erythrocyte membrane and the membrane's 
anion transport protein [5,6]. 

The self-association of band 3 protein both in 
the erythrocyte membrane and after solubilization 
has already been intensely studied. Earlier data, 
mainly from cross-linking experiments on intact 
membranes [5,7,8] and from band centrifugation 
of band 3 solubilized by the nonionic detergent 
Triton X-100 [9,10], seemed to indicate that the 
protein is a stable, noncovalent dimer under both 
conditions. The view of band 3 protein being 
dimeric has been widely accepted (despite a con- 
trary claim that the protein is a stable tetramer 
[11]), and it has even been used as a structural 
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basis of models of anion transport and other mem- 
brane transport processes [3,12]. However, during 
the last few years, the dimer model of band 3 
protein has been challenged [13-19]. It was con- 
cluded from electronmicroscopic observations on 
freeze-fractured erythrocyte membranes that band 
3 protein may be partly [13] or even predomi- 
nantly [14,15] tetrameric. In ultracentrifugation 
and gel electrophoresis studies on detergent- 
solubilized band 3 protein, it was observed that 
the protein exists as a mixture of stable dimers and 
stable tetramers [16,17], and other authors have 
detected, besides dimers, monomers of band 3 [18]. 
In addition, band 3 solubilized by means of acetic 
acid and afterwards transferred into aqueous solu- 
tions was found to be in a monomer/dimer/tetra- 
mer association equilibrium, and it was suggested 
that the protein would show the same behaviour in 
the erythrocyte membrane [19]. The present study 
tries to clarify this conflicting situation by rein- 
vestigating the state of association of band 3 
solubilized by nonionic detergents. Two different 
detergents were used: C l2E9 (nonaethylene glycol 
lauryl ether), a detergent of the Brij series which is 
a polyoxyethylene derivative like Triton X-100, 
but is transparent in the near-ultraviolet [1,2], and 
Ammonyx-LO (dimethyl laurylamine oxide), which 
lacks polyoxyethylene groups. Some of our results 
have been briefly reported [20-22]. 

Materials and Methods 

Materials. Ammonyx-LO was purchased from 
Onyx Chemical Co. (Jersey City, N J, U.S.A.) and 
C12E9 from Sigma Chemical Co. (St. Louis, MO, 
U.S.A.). Brij 58, fl-mercaptoethanol and the rea- 
gents for gel electrophoresis were obtained from 
Serva (Heidelberg, F.R.G.). Cellex D was from 
Bio-Rad (Richmond, CA, U.S.A.) and Sephadex 
G-25 from Pharmacia (Uppsala, Sweden). 2H20 
(99.7%) was a kind gift of the Karlsruhe Nuclear 
Research Center. All other reagents were frorfl 
Merck (Darmstadt, F.R.G.), and were of analyti- 
cal grade (if available). 

Isolation of band 3 protein. 20 ml of human 
erythrocyte membranes (prepared according to 
[23]) were mixed with 50 ml buffer A (50 MM 
NaC1/10 mM Tris-HCl (pH 8.0)) containing 1% 
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Brij 58, incubated (20 min, 0°C) and centrifuged 
for 20 min at 40000 × g (this solubilizes most of 
the glycophorin and some proteolytic activity). To 
solubilize band 3 protein, the pellet was resus- 
pended in 50 ml buffer A containing 0.3% Am- 
monyx-LO or, alternatively, 1% C12E9, incubated 
(20 min, 0°C) and centrifuged for 60 min at 40000 
× g [24]. If stability of band 3 against proteolytic 
degradation and irreversible aggregation for more 
than several hours was desired, the solutions ad- 
ded also contained 0.05% deoxycholate. The super- 
natant was applied to a column of Cellex D (1.5 × 
12 cm) equilibrated with buffer A plus 0.2% Am- 
monyx-LO (0.4% C12E9) [25]. For washing the 
column, the concentration of NaC1 was increased 
to 130 mM (100 ml), and band 3 protein was 
eluted by further increasing NaCI concentration to 
250 mM [25]. Immediately afterwards, the ionic 
strength in the sample was reduced by gel filtra- 
tion on a Sephadex G-25 column (2.6 × 30 cm) 
run in buffer A plus 0.2% Ammonyx-LO (0.4% 
CI2E9). All centrifugations and column runs were 
done at 3-5°C, and all detergent solutions were 
prepared immediately prior to use. 

Analytical ultracentrifugation. A Spinco Model 
E ultracentrifuge (Beckman Instruments (Palo 
Alto, CA, U.S.A.)) equipped with ultraviolet scan- 
ning system, monochromator and multiplexer was 
used. For technical details and the evaluation of 
the data see Ref. 19. The measurements were 
performed at 5°C. Protein concentration was be- 
tween 20 and 500 /~g/ml for solutions of Am- 
monyx-LO and between 20 and 1000 /~g/ml for 
solutions of C12E9 . When necessary, the protein 
was concentrated by ultrafiltration using the cell 
model 12 and filters XM 50 from Amicon (Lexing- 
ton, MA, U.S.A.). 

Other procedures. The determination of phos- 
phorus and sialic acid content and SDS gel elec- 
trophoresis were done as in Ref. 26. The de- 
termination of the amount of oxidizing impurities 
in the detergents used and the purification of 
C 12 E9 were performed as described by Chang and 
Bock [27]. Protein Concentration was determined 
from the ultraviolet absorbance of the samples 
[19]. Solution densities were measured by a Paar 
densitometer DMA 02 (Anton Paar (Graz, 
Austria)). 
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Results 

Purification of band 3 protein 
The procedure used by us is essentially a mod- 

ified version of that of Yu and Steck [25]. Several 
of the modifications introduced by us have, in 
similar form, already been applied by others 
[24,28,29], though not in combination. As in the 
original method, the isolated band 3 protein had a 
purity of 95% (Fig. 1), at a yield of approximately 
20% [25]. The average content of phosphorus and 
of sialic acid of the preparations was 2-3 tool of 
both components per mol protein; however, in 
some preparations it was below 1 mol per mol 
protein. The main improvement gained by the 
modifications was an increase in the stability of 
the isolated band 3 protein against proteolytic 
degradation and against the (irreversible) forma- 
tion of high molecular weight aggregates: partial 
degradation and aggregation became apparent only 
after 3-4  days in our preparations, but already 
after several hours if the original method was used. 

State of aggregation of band 3 protein prepared and 
studied in solutions of Ammonyx-LO 

Solubilized band 3 protein shows an association 
equilibrium. In sedimentation velocity runs in the 
analytical ultracentrifuge, band 3 protein as iso- 
lated by us showed a single broad boundary, the 
sedimentation coefficient of which increased 
strongly and reversibly with increasing protein 
concentration, c (Fig. 2). This is evidence for the 
occurrence of an association equilibrium between 
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Fig. 1. SDS gel electrophoresis pattern of band 3 protein sam- 
ples isolated by the use of Ammonyx-LO (A) and CI2E9 (B) 
after staining by Coomassie brilliant blue. 50 #g protein ap- 

plied per gel. 

different band 3 oligomers, the relaxation of which 
towards equilibrium is intermediate or rapid on 
the time scale of the experiment [30,31]. The smal- 
lest s20.w value observed (for c < 70 ffg/ml) was 
(3.5 + 0.3) S; the highest values were approxi- 
mately 11 S (c = 500 ffg/ml). Virtually identical 
results were obtained: (1) when deoxycholate was 
omitted from the preparation procedure of the 
protein; (2) when, for the ultracentrifugation ex- 
periments, the concentration of the detergent was 
varied between 0.1 and 0.5%; or (3) when the 
NaC1 concentration in the samples was lowered to 
10 mM or increased to 150 mM. 

Since the yield of our isolation procedure for 
band 3 protein is only 20%, there remained the 
possibility that the data described may be repre- 
sentative for a minor subpopulation of band 3 
only. We have therefore performed sedimentation 
velocity runs on the crude band 3 extracts which 
contained approx. 80% of the band 3 protein 
originally present. Though these samples also con- 
tained significant amounts of lipids, band 4.5 and 
glycophorin and traces of bands 1, 2 and 4.2, band 
3 undoubtedly was the dominating component in 
their near ultraviolet absorption spectra and thus 
in the sedimentation diagrams. The results ob- 
tained were virtually identical to those described 
for the purified protein, both with respect to the 
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Fig. 2. Dependency of s20.w on protein concentration, c, for 
band 3 protein isolated by the use of Ammonyx-LO and 
diluted from a stock solution (c o = 270 #g /ml )  (e) or con- 
centrated up to 3-fold after dilution to c = 65/.tg/ml (©). 

Fig. 3. Plots of In c versus r 2 from sedimentation equilibrium 
runs at low protein concentration (c o = 45 #g /ml )  for protein 
isolated in Ammonyx-LO. The solutions contained either t H 20 
(O)  or I H 2 0 / 2 H 2 0  (1 : 1, v /v )  (O). Rotor speed was 15000 

r p m .  



sedimentation coefficients and to the shape of the 
boundaries. The occurrence of an association equi- 
librium in the samples of purified band 3 protein, 
as isolated by us, is thus a characteristic property 
of the whole band 3 population, or at least of its 
major part. 

Identification of the smallest component of the 
association equilibrium. Plots of In c versus r 2 ob- 
tained from sedimentation equilibrium runs of 
samples with s20,w = 3.5 S showed straight lines 
(Fig. 3). This demonstrates that the particle popu- 
lation studied is homogeneous. The slope of the 
straight lines yielded Mc(1 - ~cP) = 29 700 + 500 if 
~H20 was used as a solvent (buffer density p = 
1.0022 g/ml),  whereas corresponding runs in 
I H 2 0 / 2 H 2 0  (1 : 1 v /v ,  p = 1.0513 g /ml)  yielded 
Mc(l - e c p ) =  24000 + 500, where M~ is the par- 
ticle molecular weight (protein plus bound deter- 
gent) and f5¢ the partial specific volume of the 
particles [2]. From this, one obtains M~ = 140000 
+ 23000 and ~c = (0.79 + 0.03) ml/g.  Since the 
molecular weight of band 3 protein is approx. 
97000 [5,19], it follows that the protein particle 
with an S2o.w value of 3.5 S described above, and 
thus the smallest component of the association 
equilibrium of band 3, is the monomer of the 
protein which has bound, per g, approx. 0.4 g of 
Ammonyx-LO. 

Identification of the higher oligomers contributing 
to the association equilibrium. Equilibrium sedi- 
mentation runs performed at initial protein con- 
centration above 100 /~g/ml (in IH20 ) yielded 
curvilinear In c(r  2) plots, which shows that the 
samples contained a heterogeneous population of 
band 3 particles. Apparent weight average molecu- 
lar weights, Mw, derived from runs at different 
rotor speeds a n d / o r  different initial protein con- 
centrations, when plotted versus c, led to overlap- 
ping curves, which again demonstrates the ex- 
istence of an association equilibrium of band 3 
[30]. The Mw-values obtained were between 180 000 
and > 500000 (including bound detergent), and 
thus indicated the presence of monomers of band 
3 as well as of protein aggregates consisting of at 
least three subunits. The particles contributing to 
the c(r) distributions were identified by mathe- 
matical analysis of the curves in terms of a super- 
position of distributions of the different oligomers 
[19,32,33], assuming the absence of solution non- 
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idealities * and taking as a basis the data for the 
monomer-detergent complex given above. Excel- 
lent fits of the experimental curves were obtained 
for a monomer /d imer / te t ramer  model of self-as- 
sociation, as shown in Fig. 4a. The relative contri- 
butions of the different band 3 oligomers to the 
calculated curve are shown in Fig. 4b. Inclusion of 
trimers into the model neither changed the calcu- 
lated c(r)-curves nor the calculated contributions 
c i ( r  ) of the different oligomers significantly, the 
contribution of the trimer term being virtually 
zero. On the other hand, omission of the dimer or 
tetramer term from the calculations in all cases led 
to much less satisfactory or completely unsatisfac- 
tory fits of the experimental data. Thus, the band 
3 oligomers present in significant amounts and 
taking part in the association equilibrium are, be- 
sides monomers, dimers and tetramers. Of course, 
our data do not rule out that at much higher 
values of c, still higher oligomers of band 3 
(hexamers, octamers) may take part in the associa- 
tion equilibrium, as was shown for band 3 solubi- 
lized by acetic acid [19], nor do they rule out the 
presence of a small percentage of trimer (see also 
Ref. 19). 

State of aggregation of band 3 in solutions of C12E 9 
Freshly prepared band 3 is in an association 

equilibrium. During the first few hours after purifi- 
cation of the protein, the results from sedimenta- 
tion velocity runs of the samples prepared and 
studied in solutions of C 1 2 E  9 w e r e  very similar to 
those described above: the boundaries were broad, 
and the Sz0,w values increased strongly and reversi- 
bly with increasing protein concentration, and were 
between 3.8 and 7-8  S (Fig. 5). Thus, in these 

Of the different types of nonideality, both excluded volume 
effects and Donnan effects can be neglected, due to the low 
protein concentrations and the relatively high salt concentra- 
tions used in our study (this is also demonstrated by the 
straight lines in Fig. 7, which would be concave downward if 
these effects were operative [34]). A dependency of the 
partial specific volume of the protein-detergent complexes on 
pressure or on the state of association of the protein is ruled 
out by the overlap of the M,,,(c) curves obtained at different 
rotor speeds or initial protein concentrations (see above) 
[33,35]. The latter also shows that the different band 3 
oligomers contain approximately the same amount of bound 
detergent per g protein. 
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Fig. 4. (A) c(r) profile ( x )  from a sedimentation equilibrium 
run (c o = 170 btg/ml, 15200 rpm) on band 3 protein prepared 
by Ammonyx-LO, and least-squares fit to the experimental 
data according to a monomer /d imer / te t ramer  model of self- 
association ( ). (B) Relative contributions of monomer 
(× ) ,  dimer (©)  and tetramer (11) to the calculated c(r) distri- 
bution. The data can be characterized by the equilibrium 
constants Ki2 = 27 1/g and KI4 = 5- 103 13/g 3. 

samples band 3 protein is in an association equi- 
librium, as described above for band 3 in solutions 
of Ammonyx-LO. Identical results were obtained 
if 10 mmol/1 /3-mercaptoethanol were added to 
the isolated protein (plus 1 mM EDTA to suppress 
the development of excess ultraviolet absorbance 
[36] * or if, during protein preparation, the pre-ex- 
traction step and the solubilization of the protein 
were done in the presence of 5 mM iodoacetamide 
(Fig. 5). However, with the latter modifications, 
the sedimentation behaviour described was  un- 
changed within 40 h after purification of the pro- 
tein, thus allowing analysis by sedimentation equi- 
librium runs. Mw(C ) values derived, for protein 
treated with iodoacetamide, from data for two 
cells with different initial protein concentrations, 
c 0, are shown in Fig. 6A. The overlap between the 
two curves again demonstrates that the particles 
studied are in an association equilibrium [30]. The 
c(r) distribution for the cell of higher c 0 of Fig. 
6A is shown in Fig. 6B, together with a fit to the 
experimental data by use of a m o n o m e r / d i m e r /  

* Virtually identical results were also found in crude band 3 
extracts solubilized by C I 2 E  9 in the presence of up to 300 
mM ,8-mercaptoethanol (plus 1 mM EDTA). 

tetramer model of self-association. Fig. 6C shows 
the calculated distributions c~(c) for the different 
oligomers. It is evident from Fig. 6B that a good 
agreement exists between the experimental and the 
theoretical c(r) distribution. It is also evident that, 
at a given protein concentration, the relative 
amount of tetramer calculated is distinctly smaller 
than shown above for band 3 isolated by the use 
of Ammonyx-LO (Fig. 4B). In some experiments, 
the contribution of tetramer was so small that the 
curves could also be satisfactorily fitted assuming 
a monomer /d imer  association equilibrium (data 
not shown). 

The occurrence of stable noncovaient dimers of 
band 3 in aged samples. The association equi- 
librium described above for band 3 freshly pre- 
pared by C I 2 E  9 w a s  not stable: after the time 
intervals given above, the broad boundaries origi- 
nally observed in sedimentation velocity runs be- 
came superimposed by a sharp boundary of S2o.~ 
= (6.8 + 0.2) S (independent of protein concentra- 
tion), and after sufficient time all protein present 
sedimented in this boundary. Analogously, the 
In  c ( r  2) plots obtained from sedimentation equi- 
librium runs progressively became less curvilinear 
and finally were straight lines, indicating homo- 
geneity of particle weight. The state of association 
of the band 3 particles formed was determined by 
combining data from equilibrium sedimentation 
runs in IH20 and a I H 2 0 / 2 H 2 0  mixture contain- 
ing 51.5% 2 H 2 0  and by this, since its density of 
1.0564 g /m l  just equals that of the detergent, 
cancelling the contributions of bound detergent to 
apparent particle weight [2,4]. From the data shown 
in Fig. 7 we obtained M c = 326 000 _+ 15 000, 6 c --- 
(0.82 _+ 0.02) m l /g  and, using a value of 0.74 m l /g  
for the partial specific volume of the protein [19], 
Mp = 199 000 _+ 6000 for the molecular weight of 
the protein part of the band 3-detergent complex 
[2,4]. Thus, the stable particle replacing the associ- 
ation equilibrium of band 3 is a dimer which has 
bound (0.64+0.15)  g detergent per g protein. 
Since the protein migrated as a monomer during 
SDS gel electrophoresis both after and without 
treatment of the samples with 2%/3-mercaptoetha- 
nol, the dimer is stabilized by noncovalent interac- 
tions only. 

As noted above, the conversion of particles in 
an association equilibrium into stable dimers could 
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Fig. 5. Dependency of s20.w on protein concentration c for band 3 protein freshly isolated in C 1 2 E 9  . &, Zk, Unmodified protein diluted 
from a stock solution of c o = 880 #g/ml  (=) or concentrated after dilution to c = 75/xg/ml (zx); II, unmodified protein diluted from 
c o = 500 #g/ml, in the presence of 10 mM fl-mercaptoethanol; e, O, protein treated with 5 mM iodoacetamide and diluted from a 
stock solution of c o = 850 #g/ml  (e) or concentrated after dilution to c = 80 #g/ml  (©). 

Fig. 6. Equilibrium sedimentation experiments on band 3 protein solubilized by C I 2 E  9 in the presence of 5 mM iodoacetamide. (A) 
M,, values derived from two cells with initial protein concentrations c o of 160 vg /ml  ( × ) and 340 ~g/ml  (e). Rotor speed was 15000 
rpm. (B) c(r) Profile for the cell of c o = 340/~g/ml (e), and least-squares fit to the data by means of a monomer/dimer/tetramer 
model of self-association ( ). (C) Relative contributions of monomer (×), dimer (O) and tetramer (o) to the calculated c(r) 
distribution of part B. From the curves, equilibrium constants Ki2 = 50 1/g and Kl4 = 1.8.103 13/g 3 can be derived. All calculations 
were based on the data for molecular weight and partial specific volume of the band 3 dimer-detergent complex (Fig. 7). 
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Fig. 7. Plots of ha c versus r 2 from sedimentation equilibrium 
runs using "aged" band 3 protein in solutions of C12E 9. 
Solvent was either IH20 (O) or IH20//2H20 (48.5 : 51.5, v/v)  
(e). Initial protein concentration: 60 /~g/ml. Rotor speed: 
12000 rpm. 

be  re ta rded ,  bu t  n o t  p r even t ed ,  by  the  p r e s e n c e  o f  

f l - m e r c a p t o e t h a n o l  o r  by  t r e a t m e n t  o f  the  p r o t e i n  

w i t h  i o d o a c e t a m i d e .  O n  the  o t h e r  hand ,  l i t t le  o r  n o  

r e t a r d a t i o n  o f  d i m e r  f o r m a t i o n  was  ach i eved  w h e n  

su l fhydry l  ox id i z ing  c o n t a m i n a n t s  were  e l i m i n a t e d  

f r o m  the  d e t e r g e n t  by  the  p r o c e d u r e  o f  C h a n g  a n d  

B o c k  [27]. 

Discussion 

Self-association of band 3 protein in detergent solu- 
tions 

T h e  resul ts  de sc r ibed  in this p a p e r  c lear ly  d e m -  

o n s t r a t e  tha t  b a n d  3 p r o t e i n  so lub i l i zed  a n d  s tud ied  

in  so lu t ions  o f  the  n o n i o n i c  d e t e r g e n t  A m m o n y x -  

L O  is in a m o n o m e r / d i m e r / t e t r a m e r  a s soc ia t ion  

equ i l i b r ium,  as is b a n d  3 p r o t e i n  so lub i l i zed  by  

ace t i c  ac id  [19]. T h e y  also d e m o n s t r a t e  tha t  the  

p r o t e i n  f reshly  p r e p a r e d  in so lu t ions  o f  a n o t h e r  

n o n i o n i c  de te rgen t ,  C I 2 E 9 ,  shows  the  s a m e  be -  

hav iou r .  O n  the  o t h e r  hand ,  a f t e r  s to rage  in solu-  

t ions  o f  this  d e t e r g e n t  for  su f f i c ien t  t imes,  the  

p r o t e i n  is c o n v e r t e d  in to  a s tab le  n o n c o v a l e n t  di-  
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mer *. However, the circumstances of this conver- 
sion, in particular its retardation by the presence 
of fl-mercaptoethanol, strongly suggest that the 
conversion is a secondary effect due to oxidation 
of the protein, and that therefore the native state 
also of C12E9-solubilized band 3 is a m o n o m e r /  
d imer / t e t r amer  association equilibrium. 

The occurrence of oxidizing impurities in poly- 
oxyethylene-derived detergents (which include the 
Brij and Triton series) has already been noted by 
others (e.g., Refs. 27,37-39). Most of these impuri- 
ties seem to arise from degradation of the ether 
moieties of the detergent's polyoxyethylene por- 
tion and include different types of peroxide [38,39] 
and, possibly, free radicals [39]. In protein solu- 
tions, the main target of these highly reactive 
impurities seems to be the SH-group of the cys- 
teine side-chain; however, the side-chain of 
methionine is another preferred target [40]. It is 
interesting that iodoacetamide, which in our ex- 
periments strongly retarded dimer formation, is 
reactive towards both kinds of side-chain [40]. 
Thus, there seem to be several plausible ways to 
explain the formation of stable dimers of band 3 
protein in solutions of C12E9 as an artifact due to 
chemical modification of the protein by impurities 
in the detergent **. In addition, these explanations 
would also be applicable to the stable dimers 
found after solubilization of band 3 by Triton 
X-100 [9,10]. We therefore think that not only the 
stable dimers of band 3 described in this paper are 
artifacts, but also those observed by others in 
Triton solutions. It may be worthwhile to rule out 
the possibility that similar artifacts were operative 
in those experiments (reviewed in Ref. 3) in which 
other membrane proteins were found to be dimeric 
after solubilization by Triton X-100. 

Other workers have observed, in addition to the 
stable dimers, two additional states of association 

* Our observation that the relative amount of tetramers is 
always lower in band 3 samples freshly isolated by CI2E9 
than in those isolated by Ammonyx-LO could indicate that 
the first step in the conversion is a monomer/dimer associ- 
ation equilibrium. 

** Our failure to prevent dimer formation by purifying the 
detergent could mean that degradation of the detergent 
molecules is a multistep process, and that the first degrada- 
tion product is short-lived and is the most reactive one. 

of band 3 protein solubilized by nonionic deter- 
gents: (1) Lukacovic et al. [18], studying band 3 in 
solutions containing 0.5% Triton X-100, have 
found by band centrifugation in a density gradient 
that the protein was present as a mixture of mono- 
mers and dimers. (2) Nakashima and colleagues 
[16,17], using human as well as bovine band 3 
protein solubilized either by C~2E 9 or Triton X- 
100, have found that the protein was a mixture of 
stable dimers and stable tetramers [16,17]. The 
results of Lukacovic et al. certainly ~/re consistent 
with our results, especially if it is considered that 
the existence of an association equilibrium most 
probably will remain undetected in standard band 
centrifugation experiments. The stable tetramers 
described by Nakashima et al. have been found in 
'aged'  samples of initial protein concentration of 
1-2 mg/ml ,  which is 2-5-t imes higher than the 
initial protein concentration in our studies. This 
suggests that the 's table '  dimers observed by us 
and others may further aggregate irreversibly if 
stored at high protein concentration. In any case, 
there remains no serious discrepancy between our 
data and those described in the literature. How- 
ever, the conclusions which have to be drawn from 
our data are entirely different from those drawn 
by others. 

Self-association of band 3 in the erythroo'te mem- 
brane 

Dorst and.Schubert  [19], combining their find- 
ings on the self-association of band 3 prepared in 
acetic acid with the data on band 3 self-association 
in the erythrocyte membrane reported by other 
workers, have suggested that, in the membrane,  
band 3 would be in a m o n o m e r / d i m e r / t e t r a m e r  
association equilibrium. It is clear that this sugges- 
tion is strongly supported by the results described 
in this paper (see Introduction). The arguments 
alleged by Dorst and Schubert in favour of their 
view will not be repeated here. We will, however, 
discuss two problems which have not been dealt 
with by these authors, namely, the possible in- 
fluence on band 3 self-association of interactions 
of band 3 with glycophorin or with the membrane 's  
cytoskeleton. 

The possibility that, in the intact erythrocyte 
membrane,  band 3 could be associated with glyco- 
phorin has been long discussed, though no definite 



proof has been found. Recently, however, Nigg et 
al. [41] have deduced the existence of this associa- 
tion from observations on an immobilization of 
band 3 by antibody-induced crosslinking of glyco- 
phorin A. On the other hand, glycophorin can be 
extracted from the erythrocyte membrane by low 
concentrations of Triton X-100 [24,29] or by 1% 
Brij 58 (see above) without solubilization of band 
3, and in solutions of Triton X-100 containing 
both band 3 and glycophorin no interaction be- 
tween these two proteins has been detected [10]. 
The latter result is supported by our observation 
that band 3 shows the same sedimentation proper- 
ties in crude band 3 extracts containing part or all 
of the sialoglycoproteins and after purification. 
According to the considerations described in the 
introduction, these findings would mean that in 
the erythrocyte membrane under physiological 
conditions, band 3 and glycophorin will not form 
a stable complex with each other and that tran- 
sient associations would have to be very weak 
(weak transient interactions between the two pro- 
teins cannot be ruled out by this arguments, since 
in the erythrocyte membrane the concentration of 
both proteins will be much larger than after solu- 
bilization). This is supported by the recent finding 
that in the erythrocyte membrane no band 3-gly- 
cophorin complex is detectable by sensitive 
calorimetry [42]. An alternative interpretation of 
the observations of Nigg et al. [41] would thus be 
that, in their experiments, a band 3-glycophorin 
association is induced by the antibody used. Be- 
sides that, even if an association between the two 
integral membrane proteins existed in the unper- 
turbed erythrocyte membrane, this would not nec- 
essarily abolish the association equilibrium of band 
3. 

In contrast to the band 3-glycophorin associa- 
tion, the existence of an association between band 
3 and the cytoskeleton, which is mediated by band 
2.1 and possibly involves also band 4.2, is firmly 
established [43,44]. Only 10-40% of band 3, how- 
ever, takes part in this association, the remaining 
band 3 being unrestricted in its short-range mobil- 
ity [43-45]. However, not only the latter fraction 
of band 3 could participate in the association 
equilibrium described above, but possibly also the 
former one, since associations of band 3 with the 
cytoskeleton probably only involve its highly polar 

39 

cytoplasmic 40 kDa domain [45], whereas its self- 
association mainly involves hydrophobic regions 
of the protein molecules [19] and thus predomi- 
nantly the transmembrane domains *. The same 
arguments will hold with respect to an influence of 
the interactions of band 3 with glyceraldehyde-3- 
phosphate dehydrogenase and aldolase [5,46,47] 
on band 3 self-association. In addition, the associ- 
ations of these two enzymes with band 3 are also 
governed by association equilibria [5,46] and thus 
do not exist permanently. Therefore, there seems 
to be no reason to assume that the interactions 
discussed would prevent the majority or possibly 
all of the band 3 molecules from taking part in the 
association equilibria described for the solubilized 
protein, though they certainly may modify it. 

Considering these arguments and those dis- 
cussed by Dorst and Schubert [19], we conclude 
that a monomer/dimer/tetramer association equi- 
librium has indeed to be regarded as the most 
promising candidate for the state of association of 
membrane-bound band 3 protein, or at least of its 
major part. 
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