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The anion transport protein o f the human erythrocyte membrane, band 3, was solubilized
and purified in solutions o f the non-ionic detergent nonaethylene glycol lauryl ether and then
reconstituted in spherical egg phosphatidylcholine bilayers as described earlier (U. Scheuring,
K. Kollewe, W. Haase, and D. Schubert, J. Membrane Biol. 90, 1 2 3 -1 3 5 (1986)). The result
ing paucilamellar proteoliposom es o f average diameter 70 nm were transformed into smaller
vesicles by French press treatment and fractionated according to size by gel filtration. The
smallest protein-containing liposom es obtained had diameters around 32 nm; still smaller vesi
cles were free o f protein. All proteoliposom e samples studied showed a rapid sulfate efflux
which was sensitive to specific inhibitors o f band 3-mediated anion exchange. In addition, the
orientation o f the transport protein in the vesicle membranes was found to be “right-side-out”
in all samples. This suggests that the orientation o f the protein in the vesicle membranes is
dictated by the shape o f the protein’s intramembrane domain and that this domain has the
form o f a truncated cone or pyramid.

Introduction

Numerous attem pts have been made to reconsti
tute the anion transport system of the hum an ery
throcyte membrane in lipid vesicles (for a review,
see [1]). However, it was only recently that a fully
satisfactory method for the reconstitution of this
system was described [2, 3].
The most striking as well as unexpected feature
of the successful reconstitution m ethod consists of
the virtually complete reconstitution of the rightside-out orientation o f the transport protein, band
3, in the vesicle membranes [2, 3]. The unidirec
tional incorporation o f the protein into the mem 
branes, which occurs spontaneously, is most clear
ly dem onstrated by the effect o f the combined ac
tion of two specific inhibitors o f anion transport:
inhibition by a mixture of H 2D ID S (which does
not penetrate lipid bilayer membranes [4]) and fluAbbreviations: C 12E9, nonaethylene glycol lauryl ether;
H2D ID S, 4,4'-diisothiocyanodihydrostilbene-2,2'-disulfonate.
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fenamate (which rapidly penetrates membranes
[5]) does not exceed the inhibition produced by
H 2DIDS alone [3]. Thus, the H 2DID S-binding site
of virtually all band 3 molecules contributing to
the inhibitor-sensitive sulfate efflux is accessible
from the vesicle’s exterior, in analogy to the situa
tion in the erythrocyte membrane [4],
The reconstitution method discussed above is
essentially a detergent dialysis method and uses a
combination of two non-ionic detergents: Triton
X-100, which is applied for the solubilization and
purification of the protein, and octylglucopyranoside. The latter detergent is added to the protein/
Triton X-100 mixture only after the addition of the
lipid; its removal during analysis is what initiates
vesicle formation. In the experiments described be
low, we have substituted Triton X-100 by nona
ethylene glycol lauryl ether (C ]2E9), a related non
ionic detergent of the same low critical micelle con
centration as Triton X-100. The proteoliposomes
obtained again contain a reconstituted anion
transport system; however, they are much smaller
than those formed in Triton X-100 (average diam 
eter 70 nm, as compared to 130 nm [3]). Neverthe
less, these proteoliposomes, as well as smaller vesi
cles of diameters down to approx. 30 nm derived
from them by treatment in a French press, again
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show a virtually complete right-side-out orienta
tion of the band 3 protein. This strongly suggests
that, in the liposomes, the right-side-out arrange
ment is dictated by the structure of the band 3 pro
tein.

the final samples was 0.2 —0.3 (d = 1 cm). The size
distribution of the vesicles in these samples was de
termined from measurements of quasi-elastic light
scattering [12],

M aterials and Methods

Results

C 12E9 (‘T olydocanol”) was obtained from Sig
ma (M ünchen, F.R .G .). Before use, the am ount
needed for the experiment (in ethanol) was run
through a column ( 17x1 cm) o f aluminium oxide
(Serva, Heidelberg, F.R.G .). Sephacryl S-500 was
from Pharm acia (Freiburg, F.R.G .). For the
sources o f all other materials used see [2, 6].
Band 3 protein from hum an erythrocyte mem
branes was isolated in solutions of 1% C ,2E9 as de
scribed earlier [7], Reconstitution of the anion
transport system in egg yolk phosphatidylcholine
liposomes was performed according to [2], with the
modifications described in [3], However, Triton
X-100 was substituted by C 12E9. The performance
of the flux measurements and the evaluation of the
data again followed [2], as did the electron micro
scopy o f negatively stained samples.
F o r the preparation o f smaller proteoliposomes
of uniform size, 260 mg of phospholipid and
4 - 6 mg o f band 3 were subjected to the reconstitu
tion procedure, and the lipoprotein material ob
tained after sucrose gradient centrifugation [2] was
pelleted by ultracentrifugation (3 h at 60,000 rpm,
rotor Beckman 60 Ti). The pellet was resuspended
in 7 ml buffer A (10 m M Hepes (pH 7.2), 10 m M
N a2S 0 4, 0.5 m M EDTA, 15 m M ß-mercapto
ethanol) and passed 4 times through a French
press (Aminco; 40 ml capacity, pressure 20,000 psi,
flow rate 5 ml/min. Temperature: approx. 4 °C) [8,
9]. Then, protein adsorbed to the outer surface of
the proteoliposom es was degraded by trypsin
treatm ent [6], and the sample was again centri
fuged to remove aggregated material (1 h at 50,000
rpm, rotor 50 Ti). Afterwards, the proteolipo
somes were separated according to size by gel fil
tration on Sephacryl S-500 (column dimensions:
81 x 2.6 cm) [10, 11], Fraction size was 4 ml. Se
lected peak fractions were pooled, concentrated
1 0 - 50-fold by ultrafiltration (Amicon cell, volume
50 ml; filters YM 100), and then filtered through a
0.2 |im Nucleopore polycarbonate filter [12], The
absorbance at 320 nm (due to light scattering) of

Primary products o f the reconstitution procedure

The reconstitution procedure described above
yields band 3-containing liposomes which are het
erogeneous in size, as judged from electron micro
graphs o f negatively stained samples (Fig. 1). Av
erage liposome diam eter is approx. 70 nm. Only
about one third of the liposomes are unilamellar
(in contrast to those obtained by the use of Triton
X-100 [2]); m ost of them consist of 2 - 3 lipid bilay
ers (Fig. 1). Similar to the lipoprotein vesicles ob
tained by the use of Triton X-100/octylglucopyranoside mixtures [2], the liposomes contain around
60% of the lipid and 30% of the protein originally
present.
Sulfate efflux from the proteoliposomes and
from protein-free liposomes prepared analogously
is shown in Fig. 2. As can be seen from the figure,
sulfate efflux is much more rapid from the band
3-containing vesicles than from the protein-free
vesicles. The former can be effectively inhibited by
m icrom olar concentrations of H 2DID S and flufenamate which, in this concentration range, effec-

Fig. 1. M orphology o f the products o f the reconstitution
procedure, as revealed by electron microscopy. The bar
indicates 200 nm.
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P ro te o lip o s o m e s o b ta in e d b y F rench p r e s s
tr e a tm e n t o f th e r e c o n s titu te d m a te r ia l

Fig. 2. Sulfate efflux from the band 3-containing lipo
somes: counting rate n(t) o f [15S]sulfate trapped in the
liposomes in the absence o f inhibitors o f anion transport
(x ) and after addition (at zero time) o f 15 nm ol/
1 H2D ID S (O), 5 |amol/l flufenamate (□ ) and 15 (im ol/
1 H 2D ID S plus 5 }im ol/l flufenamate ( • ) . The protein/
lipid weight ratio in the starting mixture was 1:75. Buf
fer: 10 mM Hepes (pH 7.2), 10 mM N a 2S 0 4, 0.5 mM
EDTA. 9 = 30 °C. The broken line indicates sulfate ef
flux from vesicles which did not contain band 3 protein
but otherwise were prepared in the same way as the
proteoliposom es. The solid curves represent the least
squares fit to the data according to Eqn. (2) and (3) o f
[2], All experimental and fitted data were normalized to
the value aj^O) o f the corresponding fitted curve.

tively inhibit anion exchange across the hum an
erythrocyte membrane [4], This shows that the
proteoliposomes contain a reconstituted anion
transport system. A nother rem arkable aspect of
Fig. 2 is that the joint application o f both inhibi
tors does not lead to a stronger inhibition of sul
fate efflux than application of H 2DID S alone. As
already discussed in the introduction, this means
that all band 3 molecules which contribute to the
H2DIDS- or flufenamate-sensitive sulfate efflux
are incorporated into the liposomal membranes
with their H 2DIDS-binding site pointing outward
and hence are in “right-side-out” orientation (at
least with respect to the outerm ost lipid bilayer).
The H 2DIDS-insensitive flux com ponent thus rep
resents leak flux [2]. It is also apparent from Fig. 2
that this (protein-induced) leak flux is shown by
only a small part of the liposome population (for a
detailed discussion see [2]).

Passage of the proteoliposomes through a
French press yields liposomes which are heteroge
neous in size, with diameters between approx. 20
and 70 nm and a maximum of the distribution
around 60 nm. Most of the liposomes still consist of
two lipid bilayers (Fig. 3). This is in contrast to the
effect of French press treatm ent on protein-free
liposomes which can be transformed nearly quan
titatively into unilamellar vesicles of diameters be
tween 15 and 30 nm ([9] and own observations on
protein-free liposomes prepared analogously to
the proteoliposomes). Thus, the incorporated
band 3 protein by an unknown mechanism stabi
lizes the liposomes against the shear-induced
rupture and the decrease in diameter.
From the heterogeneous sample of Fig. 3, lipo
somes of a narrow size distribution were derived
by gel filtration on Sephacryl S-500 [10, 11]. The
elution profile of the column, together with the po
sition of the fractions pooled and the average di
ameter of the liposomes in the pooled fractions,
are shown in Fig. 4. As indicated, average diam e
ters in the pooled fractions are 63, 51 and 32 nm.
According to electron microscopy, the 51 nm-vesicles still predominantly consist of two lipid lamel
lae, whereas the 32 nm-vesicles are almost exclu
sively unilamellar. As dem onstrated in Fig. 5 for

Fig. 3. An electron micrograph o f the proteoliposom es
o f Fig. 1 after treatment o f the material in a French
press. Bar: 200 nm.
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Fig. 4. Fractionation o f the proteoliposom es, after treat
ment in a French press, by gel filtration on Sephacryl
S-500. V0 and Vt are the elution positions o f the void and
total volume, respectively; they were determined as in
[3]. The fractions indicated were pooled, concentrated,
and then used for the dynamic light scattering and sul
fate efflux measurements. The figures given are the aver
age mass-weighted diameter and the standard deviation
o f the diameter o f the vesicles in the pooled fractions.

Fig. 5. Sulfate efflux from the proteoliposom es o f diame
ters (51 ± 6) nm (see Fig. 4), measured in the absence o f
inhibitors ( x ) and in the presence o f 15 |iM H:D ID S (O)
and 15 (iM H2D ID S plus 5 ^im flufenamate ( • ) . 0 =
37 °C. For further details see legend to Fig. 2.

the 51 nm-vesicles, the sulfate efflux curves for the
different samples, in the absence and presence of
the two inhibitors applied, are completely analo
gous to that shown in Fig. 2 and thus again dem
onstrate both the presence of a reconstituted anion
transport system and the right-side-out orientation

of the transport protein in the vesicle membranes.
On the other hand, the vesicles of diameters small
er than approx. 28 nm contained little or no pro
tein and did not show a rapid sulfate efflux.
Our prim ary aim in investigating the products
of French press treatm ent was to establish a sys
tem which would allow us to study whether or not
monomeric band 3 protein is able to transport an
ions. The 32 nm-vesicles turned out to represent
such a system ([13] and S. Lindenthal and D.
Schubert, m anuscript in preparation)*. They may
be useful also for analogous studies on other mem
brane proteins.
Discussion

The different proteoliposom e samples prepared
and studied in this paper apparently represent a re
constitution of the most conspicuous transport
properties o f the erythrocyte anion transport sys
tem: they show a rapid anion efflux (under ex
change conditions) which is inhibitable by micro
m olar concentrations of H 2DIDS or flufenamate.
In addition, they share a basic structural property
with the native system, namely the unidirectional,
right-side-out orientation o f the transport protein.
Previously published methods for the reconsti
tution o f transport systems in liposomes have,
with a few exceptions, led to an approximately
symmetrical orientation o f the transport proteins
with respect to the m em brane’s midplane [1, 15].
This is true also for the erythrocyte anion trans
porter [1], On the other hand, the reconstitution
method for the latter system described by our
group [2, 3] and modified and varied in the present
paper leads to a virtually complete right-side-out
incorporation of the transport protein into the ves
icle membranes. The asymmetric orientation cer
tainly cannot result from an insertion of the pro
tein into a preformed vesicle membrane, as dis
cussed for other membrane proteins with which it
has been achieved [15, 16]: this mechanism re
quires that the protein is inserted with its more
* This application o f the 32 nm-vesicles also dictated
the choice o f C 12E9 instead o f Triton X-100 [2, 3] as the
primary detergent: The density o f C ]2E9 is very near to
that o f egg phosphatidylcholine [14], which allows the
determination o f the protein content o f the vesicles
by analytical ultracentrifugation, by simultaneously
matching the densities both o f the lipid and o f residual
detergent possibly retained in the samples [13, 14],
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hydrophobic moiety first, whereas, with band 3
protein, it would be just the highly charged cyto
plasmic domain ( M r = 43,000) [4] which would
have to cross the lipid bilayer. The unidirectional
orientation of the protein is thus spontaneously
generated during the process of vesicle form ation
from mixed protein/phospholipid/detergent mi
celles, regardless of whether Triton X-100 [2, 3] or
C ]2E9 is used as the prim ary detergent and regard
less o f the protein content of the vesicles [2]; it is
also found with sphingomyelin vesicles [6]. As
shown in this paper, it is, in addition, preserved
during disruption of the vesicles by French press
treatment and subsequent form ation o f vesicles of
much smaller diameter. Thus, there must be an in
trinsic structural property of the band 3 protein
which, during the original insertion o f the protein
into a nascent spherical lipid bilayer as well as dur
ing vesicle formation from disrupted bilayer
sheets, strongly favours the right-side-out configu
ration.
W hat structural property o f the anion transport
protein could be responsible for its asymmetric
orientation in the vesicle membranes? It has to be
considered that the diam eter of the vesicles origi
nally formed in the reconstitution process is only
around 5 0 -6 0 nm (larger vesicles are the result of
fusion) [17] and that most of the vesicles formed by
French press treatm ent have an even smaller diam 
eter. Thus, the vesicle membranes are strongly
curved. If, in this situation, the intram em brane do
main of the protein would taper towards one of the
membrane surfaces, the presence of the protein in
the nascent lipid bilayer membrane or in a bilayer
sheet generated in the French press would be most
likely to dictate the direction of vesicle closure: it
could strongly favour that direction in which the
thicker end of the protein’s intram em brane do
main would be placed in the outer m onolayer of
the membrane (Fig. 6). This view is in agreement
with results from theoretical considerations [18].
The right-side-out arrangem ent of the band 3 pro
tein in the vesicle membranes observed in all our
experiments therefore suggests that the intram em 
brane domain of the band 3 protein has the form
of a truncated cone or pyramid the base of which is
directed towards the outside of the cell.
Two aspects have to be added to the considera
tions described. (1) The structural properties of the
band 3 protein do not necessarily lead, during re-
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Fig. 6 . A model attributing the observed right-side-out
orientation o f the band 3 protein in the vesicle mem
branes to a tapered shape o f the intramembrane domain.
(A) “ Inside-out” incorporation o f the protein into the
spherical vesicle membrane leads to an energetically un
favourable, strong local distortion o f the lipid arrange
ment in a large area surrounding the protein. (B) A
much smaller lipid area is distorted if the protein is in
corporated into the vesicle membrane “right-side-out”.
Assumed vesicle dimensions: outer diameter 50 nm,
inner diameter 45 nm.

constitution, to a right-side-out configuration but
must be supported by suitable experimental condi
tions. This is shown by the lack of a distinct asym
metry of protein orientation in the reconstitution
experiments of other authors [1], (2) The rightside-out orientation o f the band 3 protein in the
vesicle membranes was observed with vesicles of a
wide range of diameters. Nevertheless, it seems
probable that the conform ation of the protein may
be affected by the curvature of the membranes and
that the transport function may be impaired in the
highly curved membranes. In fact we have found
that, in the 32 nm-vesicles, the turnover num ber of
band 3 for sulfate transport is smaller than in the
130 nm-vesicles [19] by a factor of approx. 15 (S.
Lindenthal and D. Schubert, manuscript in prepa
ration). It should be recalled that the vesicles
of diameter < 28 nm do not contain detectable
am ounts of protein, which suggests that the very
strong curvature of these vesicles is incompatible
with the presence of band 3.
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