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Band 3 protein extracted from human erythrocyte membranes by Triton X-100 was recombined with the
major classes of phospholipid occurring in the erythrocyte membrane. The resulting vesicle systems were
characterized with respect to recoveries, phospholipid composition, protein content and vesicle size as well as
capacity and activation energy of sulfate transport. Transport was classified into band-3-specific fluxes and
unspecific permeability by inhibitors. Transport numbers (sulfate ions per band 3 per minute) served as a
measure of functional recovery after reconstitution. The transport properties of band 3 proved to be
insensitive to replacement of phosphatidylcholine by phosphatidylethanolamine, while sphingomyelin and
phosphatidylserine gradually inactivated band-3-specific anion transport when present at mole fractions
exceeding 30 mol%. The activation energy of transport remained unaltered in spite of the decrease in
transport numbers. The results, which are discussed in terms of requirements of band 3 protein function with
respect to the fluidity and surface charge of its lipid environment, provide a new piece of evidence that the
transport function of band 3 protein depends on the properties of its lipid environment just as the catalytic
properties of some other membrane enzymes. The well-established species differences in anion transport
(Gruber, W. and Deuticke, B. (1973) J. Membrane Biol. 13, 19-36) may to some extent reflect this lipid
dependence.

Introduction the protein, or interact with the peptide segments
by specific interactions [2] which sometimes may
even lead to a formation of a particular lipid

anulus surrounding the protein [3-6]. Unspecific

Intrinsic, membrane-spanning proteins are a
major element of the fluid-mosaic membrane

model [1], presently regarded as an adequate de-
scription of the physical reality of biomembranes.
Functional, i.e., cognitive and catalytic, properties
of membranes are to a major extent based on such
proteins which are surrounded by membrane lipids.
These lipids can either act as an inert solvent for
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solvent properties (fluidity, polarity) as well as
specific interactions may therefore be responsible
for the functional alterations imposed on mem-
brane receptors [7], membrane enzymes [8] and
membrane transport systems [8—14] by alterations
and modulation of the membrane lipid.

Due to the intricate heterogeneity of their lipid
composition, it has not been possible in many
cases to draw unequivocal conclusions on causal
molecular mechanisms from experiments on mod-
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ified biomembranes. The technique of reconstitut-
ing membrane proteins, isolated and delipidated in
a functional or reversibly inactivated state, into
artificial membrane systems of defined lipids, has
to some extent improved the strategic basis for
analyzing details of lipid-protein interactions
[15,16].

A considerable amount of information has thus
become available for receptors [7] and membrane
enzymes [5,8]. As concerns transport proteins, the
vectorial component in their catalytic function has
hampered progress to some extent. The available
information on lipid requirements of ‘carriers’ is
largely restricted to actively pumping systems
[17-19]. In these systems, the evaluation of lipid
dependences of transport capacity requires reliable
information on parallel membrane leaks, which are
usually not easily quantified [19,20]. For the few
passive carrier systems reconstituted as yet in a
functional state [17] lipid dependences have not
hitherto been investigated.

The anion exchange system of the erythrocyte
membrane was successfully reconstituted by a
number of groups [21-25]. Due to the abundant
availability of the transport protein, band 3 peptide
[26], which constitutes about 20% (approx. 1
mg,/ml cells) of the total membrane peptide mass
of the erythrocyte, this system would seem to be
an attractive model for studying the lipid depend-
ency of a passive transport system. Indications for
profound effects of membrane lipids on the activ-
ity of band 3 protein in its native environment are
already available [12-14,27]. The present study
describes the influence of the four major phos-
pholipids of the erythrocyte membrane on the
reconstituted anion transport system. A pre-
liminary communication has been presented
elsewhere [28]. The role of cholesterol has already
been treated in a previous report of this series [25].

Materials

Freshly drawn human blood was obtained from
the local blood bank and used on the same day.
L-a-Phosphatidylcholine (egg yolk, No. 5763), L-
a-phosphatidylethanolamine (egg yolk, No. 6386),
L-a-phosphatidylserine (bovine brain, No. 8518)
were from Sigma, Munich, sphingomyelin (bovine
brain, No. 5067-00) from Koch Light Laborato-

ries, Colnbrook, Berks., U.K., and cholesterol (No.
24622) from Merck, Darmstadt. The purity of the
phospholipids was checked by two-dimensional
thin-layer chromatography. No impurity could be
detected. Na¥’SO, and [2-'"*C]JEDTA were
purchased from Amersham Buchler, Braunschweig,
[phenyl-*H(n)]Triton X-100 from New England
Nuclear, Dreieich, F.R.G. Bio-Beads SM-2 and
Bio-Gel P-4 (100-200 mesh) were from Bio-Rad,
Munich. 2,2-Dinitrostilbene-4,4’-disulfonate
(DNDS) was from K & K Chemicals, New York.
All other chemicals were of the highest purity
available.

Methods

Purification and reconstitution of band 3 protein

The procedure of purification and reconstitu-
tion of band 3 protein has been described earlier
[23]. Briefly, erythrocyte membranes (‘ghosts’) are
solubilized by the non-ionic detergent Triton X-100
and band 3 protein is purified by differential
extraction with increasing concentrations of Triton
X-100. After addition of defined lipids, solubilized
in Triton X-100 too, and removal of the detergent
by absorption to Bio-Beads SM-2, bilayer mem-
branes of lipid and protein form spontaneously.
Small unilamellar vesicles produced under these
conditions are most interesting with regard to
transport studies, and can be isolated by differen-
tial centrifugation.

Characterization of band 3 / lipid vesicles

Yields of vesicles. Yields of vesicles prepared
from different phospholipids were quantified by
phosphate analysis (29) after reconstitution and
purification of the protein/lipid-recombinates via
a Biogel P 4 column in Hepes buffer (10 mM
Hepes/100 mM D-mannitol /10 mM Na,SO, /0.1
mM NaN, (pH 8)).

Lipid composition. The lipid composition of these
vesicles was determined by thin-layer chromatog-
raphy [30] after extraction of the lipids [31]. Phos-
pholipid fractions on the silica plates were quanti-
fied by phosphate analyses [29].

Protein contents. Protein contents in the vesicles
were quantified by amino acid analysis. For this
purpose, an aliquot of the vesicle sediment after
reconstitution and ultracentrifugation was resus-



pended in Hepes buffer, and hydrolysed at 105°C
in 6 M HCl. Amino acids were separated in a
Beckman Autoanalyzer (Column length: 40 cm,
column material: Beckman M 81). In order to
calculate the amino acid composition of the sam-
ple, standards of known concentrations were used.
The band 3 content of the samples was derived
from the concentrations of five representative
amino acids (asparagine + aspartate, glutamine +
glutamate, alanine, valine, leucine), using for
calibration the quantitative amino acid composi-
tion of band 3 protein given in Ref. 24. The
protein content was related to the lipid-phos-
phorus content of the sample determined in paral-
lel.

Specific vesicle volumes. Volumes were derived
from the trap of ['*C]EDTA during the reconstitu-
tion. For this purpose, 5 uCi ['“CJEDTA (spec.
act. 10 mCi/mmol) were added to a reconstitution
suspension (containing 10 mM Na,SO,/20 mM
NaCl/3.6 mM EDTA-Na,/2.6 mM phosphate
buffer (pH 8)) before extraction of the detergent.
After vesicle formation and centrifugation, ex-
travesicular radioactivity was removed by gel
filtration through a column containing Bio-Gel
P-4 at 4°C in a buffer containing 100 mM manni-
tol /10 mM Na,SO, /10 mM Hepes (pH 6.9). The
specific volume, ie., the volume (ul H,O) en-
trapped per pmol vesicle phospholipid, was calcu-
lated from the entrapped radioactivity (cpm /pmol
lipid P) and the radioactivity in the supernatant
(cpm/pl H,0).

Residual Triton X-100 concentrations. Con-
centrations of Triton X-100 in the vesicles after
reconstitution were measured by carrying *H-
labelled Triton X-100 through the procedure. Con-
centrations were related to the phospholipid con-
tent of the vesicle preparation.

Flux measurements

The transport activity of band 3 protein in
vesicles of different lipid composition was de-
termined by measuring [**S]sulfate efflux under
equilibrium exchange conditions as described pre-
viously [25]. ‘Band-3-specific transport’ was de-
fined as the fraction of sulfate efflux susceptible to
high doses (180 pM = 150 X ID;,) of the imper-
meable stilbene disulfonate inhibitor DNDS. In all
vesicle preparations the inhibition by these con-
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centrations of DNDS was the maximal one ob-
tainable by the inhibitor, since it could not be
enhanced by raising the inhibitor concentration to
0.5 mM. Transport numbers (TN) (defined as
sulfate molecules transported per band 3 protein
molecule per minute at a standard sulfate con-
centration) were calculated by the following equa-
tion [21]:
kspec' CSO.' v

CProl

where k.. is the rate coefficient of the fraction of
sulfate efflux sensitive to inhibition by external
DNDS, Cso, the standardized sulfate concentra-
tion in the vesicles (10 mM), ¥V the specific vesicle
volume (ul H,O enclosed per umol vesicle phos-
pholipid) and C—‘prol the mean number of protein
molecules per pmol phospholipid. Activation en-
ergies of band-3-specific transport were calculated
from rate coefficients of sulfate exchange at 10°C,
20°C and 25°C.

Results

The anion exchange system of the human
erythrocyte membrane can be solubilized by the
non-ionic detergent Triton X-100 and purified to
about 85% [22,23]. Functional reconstitution of the
purified protein into vesicle systems of different
phospholipid composition is demonstrated in this
study. All preparations contained 27 mol%
cholesterol in the lipid dispersion used for recon-
stitution. In order to be able to compare transport
activities of band 3 protein in the different kinds
of vesicle, the vesicle volumes and their protein
contents were first determined. As a further char-
acterization of the vesicle system, the phospholipid
composition and the residual amount of detergent
in the vesicle membrane after the reconstitution
procedure were analyzed.

In TableI different vesicle systems are com-
pared (1) with respect to the recovery of phos-
pholipids and proteins, relative to the amount
originally introduced for reconstitution, and (2)
with respect to their fractional contents of these
constituents. Vesicle systems with high fractional
contents of phosphatidylcholine and phosphati-
dylserine could be reconstituted at high yields,
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TABLEI

CHARACTERISTICS OF RECONSTITUTED BAND 3/LIPID VESICLES

Characteristics of band 3/lipid vesicles reconstituted from different phospholipid dispersions, following the general procedure
described in Ref. 25. For details of the analytical techniques see Methods. Mean values (+S.D.) from n experiments. n.d. = not
determined; PC, phosphatidylcholine; SM, sphingomyelin; PE, phosphatidylethanolamine; PS, phosphatidylserine.

Lipids used for Phospholipid recovery

Protein recovery

Relative protein

reconstitution (% of initial amount) (% of initial contents
(mol% in addition (n=12-9) amount) (n = 2) (nmol/pmol
to 27 mol% phospholipid)
cholesterol) (n=2)

1 PC (73) 28.1+ 4.1 20 0.33

2 PC/SM (55/18) 170+ 4.4 nd. nd.

3 PC/SM (37/36) 167+ 36 19 0.87

4 SM (73) 744+ 3.7 30 1.97

5 PC/PE (37/36) 398+ 1.3 n.d. n.d.

6 PE (73) 7.5+ 5.1 3 0.44

7 PE/PS (48/25) 348+ 15.6 nd. nd.

8 PE/PS (29/44) 38.1+ 85 29 0.35

9 PS (73) 4121116 52 0.68

while systems with high mole fractions of phos- Phosphatidylcholine, phosphatidylethanolamine

phatidylethanolamine and sphingomyelin suffered
a remarkable loss of lipid material during the
reconstitution procedure. The recovery of proteins
in the vesicles, as estimated by amino acid analyses,
varied in parallel with the phospholipid yield in
most of the systems, suggesting that protein and
lipid were incorporated into the artifical mem-
brane to almost the same extent regardiess of the
absolute yield. In two vesicle systems the relative
protein content was greater than in phosphati-
dylcholine-containing vesicles: in those containing
predominantly phosphatidylserine by a factor of
about 2, in sphingomyelin vesicles even by factors
of 3-5, depending on the sphingomyelin content.
Residual detergent concentrations in the vesicles
amounted to 0.8-1.5 molecules of Triton X-100
per 100 lipid molecules (data not shown) in agree-
ment with earlier data [32], but below the results
of recent other measurements [33,34]. These num-
bers are below the range of Triton concentrations
producing inhibition of anion transport and accel-
eration of unspecific ion permeabilities in the na-
tive erythrocyte membrane (Deuticke, unpublished
data) and do not enhance ion permeability in
vesicle systems [35].

In Table II the phospholipid patterns of the
reconstituted lipid/protein vesicles are compiled.

and phosphatidylserine are incorporated into the
vesicles essentially at the amounts introduced into
the reconstitution procedure. Sphingomyelin is
incorporated only to a lower extent. The presence
of phosphatidylethanolamine in vesicles nominally
free of phosphatidylethanolamine results from
contamination of the band 3 preparations with
erythrocyte membrane lipids. It has been shown
that phosphatidylethanolamine is enriched relative
to the other membrane phospholipids in band
3/Triton X-100 micelles [36,37]. Vesicles recon-
stituted from sphingomyelin-containing phos-
pholipid dispersions considerably differ in their
fractional phospholipid composition from the ini-
tial phospholipid dispersion. This difference is most
likely due to poor solubilization of sphingomyelin
by Triton X-100. In systems composed of
sphingomyelin and an additional phospholipid
(e.g., phosphatidylcholine) this poor solubilization
leads to a relative enrichment of the additional
phospholipid, in pure sphingomyelin systems it
results in a markedly reduced yield of vesicles (see
Table I).

Mean relative vesicle volumes, measured by
trapping of the impermeable marker EDTA, gen-
erally ranged from 0.8 to 1.2 pl H,0/pmol phos-
pholipid. As an exception, enclosed volumes of 2.5
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LIPID COMPOSITION OF BAND 3 /LIPID VESICLES USED FOR FLUX MEASUREMENTS

Mean values from three experiments. Values as mol% of phospholipids used for reconstitution. Abbreviations as in Table I.

Initial fractional content (mol% of the

Final fractional phospholipid content after reconstitution

phospholipids used for reconstitution)

PC SM PE PS
PC SM PE PS
100 949+2.8 1.3£23
75 25 76.5+124 18.1+10.0 5.5+£23
50 50 67.7+64 269+6.2 7.2+5.1
100 7.5 81.1 9.7 1.8
50 50 48.6 51.4
100 9.1+129 90.8+12.9
66 34 1 71.5+6.3 25.7
27 73 28.7 71.3
100 7.8 92.2

¢l H,0/ul phospholipid were found in phospha-
tidylcholine / phosphatidylethanolamine vesicles.
The mean volume obtained for vesicles of a certain
lipid composition, however, varied to some extent
(up to a factor of 2) from one reconstitution to
another.

Sulfate transport in the different band 3 /lipid
vesicles was determined under self-exchange con-
ditions. The studies routinely included transport
measurements with and without added DNDS in
two parallel samples from one vesicle population
[25]. In this way statistical errors of the fractional
inhibitions by DNDS could be reduced.

In Fig. 1, the time course of sulfate efflux from
band 3/phosphatidylcholine vesicles is demon-
strated as a characteristic example before and after
addition of high concentrations of DNDS. In con-
trast to anion transport in the native membrane,
sulfate efflux is not completely inhibited by DNDS.
The extent of inhibition depends on temperature.
Sulfate efflux from band 3/lipid recombinates is
thus composed of two fractions, one susceptible to
externally added DNDS, defined in this study as
‘band-3-specific’, and another, termed ‘ unspecific’.

In Table III rate coefficients are compiled for
sulfate efflux, at 10°C, from vesicle systems of
different lipid compositions. In membranes com-
posed, in addition to 27 mol% cholesterol, only of
phosphatidylcholine or phosphatidylethanolamine,
the band-3-specific transport amounts to about

60% of the total sulfate efflux. Cholesterol per se
has no effect on band-3-specific efflux in combina-
tion with phosphatidylcholine [25].

The following effects of changes of the vesicle
phospholipid composition on the rate coefficients
of sulfate efflux become evident from Table III.

(1) Band-3-specific transport and unspecific ef-
flux are inhibited by high vesicle contents of
sphingomyelin. At 73 mol% the band-3-specific
transport decreases to zero, the unspecific flux is
lowered considerably.

(2) Phosphatidylethanolamine can replace phos-
phatidylcholine in vesicles without significant
changes in the specific or the unspecific transport
rates. The somewhat lower rate coefficients for
phosphatidylcholine /phosphatidylethanolamine
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Fig. 1. Time course of [**S]sulfate efflux from band 3/phos-
phatidylcholine /cholesterol-vesicles under self-exchange condi-
tions at three temperatures in the absence (O) or presence (®)
of 180 pM externally added DNDS. 10 mM sulfate (pH 6.9).
For further details see Methods and Ref. 25. Inhibitor was
added to one part of the vesicle suspension at the times
indicated by arrows.
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TABLE III

RATE COEFFICIENTS OF SULFATE EQUILIBRIUM EXCHANGE

Rate coefficients of sulfate equilibrium exchange (pH 6.9, 10°C, 10 mM sulfate) in band 3 /lipid vesicles of different phospholipid
composition. DNDS was added externally at a concentration of 180 pM. Mean values from 3-5 experiments, when errors are given.

Lipids used for K oral Maximal inhibition Kpecific K ynspecific
reconstitution (min~")}(x 102) by DNDS (%) (min~ 'Y x 10?) (min~ '} x 10?)
(mol% in addi-

tion to 27 mol%

cholesterol)

PC (713) 1.94+0.39 63 +4 1.16+0.2 0.79+0.21
PC/SM (55/18) 2.5940.56 51.7+3.8 1.35+£0.35 1.24+0.25
PC/SM (37/36) 2.19+0.97 48.0+7.0 1.09+0.61 1.09 +0.38
SM (73) 0.51 0 0 0.51
PC/PE (37/36) 1.43+0.07 60.6+2.6 0.87+0.07 0.56 +0.03
PE (713) 1.93+0.30 58.34+5.2 1.18+0.26 0.75 +0.05
PE/PS (48/25) 1.76 +0.32 549+64 0.97+0.27 0.78+0.11
PE/PS (29/44) 111 20.7 0.23 0.88

PS (73) 1.17+£0.25 0 0.06 +£0.08 1.11+0.18
vesicles as compared to phosphatidylcholine

vesicles may be related to the larger volume of the
former vesicles.

(3) Phosphatidylserine, used in this study in
combination with phosphatidylethanolamine, does
not affect band-3-specific transport up to mole
fractions (of the phospholipids) of 0.33. Upon a
further rise of the phosphatidylserine content,
however, band-3-specific sulfate transport is re-
duced, while unspecific fluxes are not affected. At
phosphatidylserine concentrations exceeding 70
mol% the specific transport is reduced to zero. The
volumes of these vesicles do not differ from phos-
phatidylcholine containing vesicles.

In Fig. 2 the temperature dependences for
sulfate efflux from vesicles composed of the differ-
ent phospholipids used in this study are demon-
strated as Arrhenius diagrams, which allow calcu-
lations of the activation energies of band-3-specific
transport and unspecific fluxes. In the case of
phosphatidylcholine- or phosphatidylethanola-
mine-containing vesicles, distinct and differing
activation energies can be obtained for the band-
3-specific and the unspecific sulfate flux. In vesicle
systems containing only sphingomyelin or phos-
phatidylserine, however, no band-3-specific trans-
port could be measured. The temperature depen-
dence of total sulfate efflux represents the activa-
tion energy for the unspecific permeability. The
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Fig. 2. Temperature dependence of sulfate equilibrium ex-
change (pH 6.9, 10 mM sulfate) in band 3/lipid-vesicles from
different phospholipids, presented as Arrhenius diagrams. The
vesicles were prepared using lipid dispersions containing 73
mol% of the phospholipid indicated in each panel (in addition
to 27 mol% cholesterol). The final lipid composition of the
vesicles was slightly different from that of the initial dispersion,
as demonstrated in Table II. @, total flux; O, DNDS-sensitive
( = band-3-specific) flux; X, DNDS-insensitive ( = unspecific)
flux. DNDS added externally at 180 uM.



activation energies for all types of vesicle used in
this study are compared in Table IV. In vesicles
exhibiting band-3-specific transport, the activation
energies of the specific pathway consistently range
from 33--36 kcal /mol, in good agreement with the
activation energy of sulfate transport in the native
membrane [38]. Obviously, the activation energy
of band-3-specific transport is not influenced by
the lipid environment. The activation energy of the
unspecific sulfate permeability is considerably
lower, ranging from 17 to 20 kcal/mol. As an
exception, the unspecific permeability in vesicles
containing only sphingomyelin has an activation
energy as low as 3 kcal /mol.

For further quantification of the activity of the
transport protein in different lipid environments,
we calculated transport numbers per band 3 pro-
tein molecule using the equation given in the
Methods. The results are compiled in Fig. 3, which
summarizes the influence of phospholipids on
band-3-specific transport. For native human
erythrocyte membranes one can calculate trans-
port numbers of eight sulfate ions per band 3 per
min at 25°C from data given by Schnell [39].
Transport numbers for phosphatidylcholine or
phosphatidylethanolamine vesicles amount to

TABLE IV

ACTIVATION ENERGIES OF SULFATE EQUILIBRIUM
EXCHANGE

Activation energies of sulfate equilibrium exchange (pH 6.9, 10
mM sulfate) in band 3 /lipid vesicles of different phospholipid
composition. Mean values (£ S.D.) from three different recon-
stitutions (flux measurements at 10°C, 20°C and 25°C). Ab-
breviations as in Table .

Lipids used for Activation energy (kcal /mol) for:

reconstitution

(mOI% in addi- klolal kspecific kunspeciﬁc
tion to 27 mol%

cholesterol)

PC (73) 31+2 3543 19+4
PC/SM (55/18) 2942 3441 18+6
PC/SM (37/36) 28+3 3446 1743
SM  (73) 3

PC/PE (37/36) 3242 36+1 2141
PE (73) 29+1 3414 2+1
PE/PS (48/25) 31+2 35+3 2242
PE/PS (29/44) 24 36 17

PS (73) 16+2 1612
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Fig. 3. Transport properties (at 25°C, pH 6.9, 10 mM sulfate)
of band 3/lipid vesicles containing phospholipids in varying
proportions. The vesicles were prepared from cholesterol and
phospholipid at a molar ratio of 1:2.7. The mole fractions of
phospholipids given on the abscissa refer to phospholipid
analyses (cf. Table II) of the vesicles used for flux measure-
ments. Definitions of total, specific and unspecific fluxes as
given in Fig. 2. V= specific volume of the vesicles (ul
H ,0/pmol phospholipid), transport numbers and protein /lipid
ratios determined as described in the Methods. Activation
energies for the specific flux (i.e., for the transport numbers)
are taken from Table IV. (a) Mixtures of sphingomyelin and
phosphatidylcholine; (b) mixtures of phosphatidylethanolamine
and phosphatidylcholine; (c) mixtures of phosphatidylserine
and phosphatidylethanolamine.

about 80% of this value. In vesicles containing 37
to 44 mol% of sphingomyelin or phosphati-
dylserine, transport numbers are markedly lower
and decrease to zero in vesicles consisting only of
one of these two phospholipids.
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Discussion

Different activities of the anion transport sys-
tem in erythrocytes from various mammalian
species have been interpreted by the hypothesis
that the lipid composition of the membranes might
affect the transport properties of band 3 protein
[27]. This concept was further supported experi-
mentally by variation of the membrane cholesterol
content {12] and limited modification of the lipid
domain by phospholipases [13,14]. Reconstitution
of transport proteins into artificial membranes
provides the possibility of varying the lipid en-
vironment of transport proteins almost without
limitation and to study the consecutive changes in
transport. This strategy should therefore be suita-
ble for obtaining further insight into the possible
role of lipids in the anion transport capacity of
band 3 protein.

The general features of our preparation have
been outlined elsewhere [25]. In the studies de-
scribed here, we have used techniques and ad-
duced procedural information previously not
available.

(1) The protein content of the vesicle prepara-
tion was derived from amino acid analyses, an
approach avoiding the shortcomings of the Lowry
procedure when used for the determination of
proteins in presence of a large excess of lipids.

(2) The residual amounts of the detergent used
for solubilization, Triton X-100, were quantified
and found to be one order of magnitude below the
level inhibiting anion exchange in the native mem-
brane. The lowest membrane concentration affect-
ing band-3-mediated anion exchange in erythro-
cytes is about 1 pmol/ml cells (Deuticke, B., un-
published data), i.e., 15 molecules of Triton per
100 phospholipid molecules as opposed to 0.8—1.5
per 100 phospholipid molecules in our vesicles.

(3) The quality of the reconstitution was char-
acterized by a ‘transport number’ derived in a
straightforward manner from the flux and the
protein content of the vesicles. These numbers
revealed a surprisingly high functional survival of
band 3 protein during the whole procedure of
isolation and reconstitution, as compared to other
transport systems, e.g., the glucose transporter of
the erythrocyte membrane [40], the adenine
nucleotide carrier [41] of the mitochondrial mem-

brane or the acetylcholine receptor from Torpedo
marmorata [42].

(4) In order to characterize further the transport
activity in vesicles of different lipid composition,
activation energies for anion fluxes were also
calculated from measurements at three tempera-
tures. Unlike rate coefficients, activation energies
of transport should not be influenced by uncer-
tainties related to estimations of vesicle volume
and amount of protein incorporated (see below).

For the comparative evaluation of the rate coef-
ficients of transport measured in different types of
vesicle, additional information was required con-
cerning the geometry and the protein incorpora-
tion of the vesicles. Problems concerning the inter-
pretation of these data will be discussed in the
following. Specific vesicle volumes, calculated from
the trap of the impermeable anion EDTA were of
the order of 1 ul H,0/pmol phospholipid and
generally not affected by the lipid composition of
the vesicles. Strictly speaking, these numbers de-
scribe a ratio of volume to surface area and can be
related to a mean vesicle diameter using the ap-
proach of Fraley et al. [43]. A mean value of 40
nm obtained for our preparation agrees well with
data reported by other authors [44] *.

In contrast to vesicle size, protein incorporation
into the vesicle membrane is to some extent depen-
dent on phospholipid composition (Table I).
Vesicles prepared from lipid mixtures containing
sphingomyelin or phosphatidylserine incorporate
more protein than vesicles composed of phos-
phatidylcholine or phosphatidylethanolamine. As
compared to phosphatidylcholine vesicles, contain-
ing one molecule of band 3 per 3000 phospholipid
molecules, sphingomyelin vesicles contain one
molecule of band 3 per 500 phospholipids. This
value is still below the band 3 /phospholipid ratio
of the native erythrocyte (1:300) by a factor of

* In principle, determination of the trapped volume of small

vesicles by a charged anion such as EDTA might be affected
by Donnan exclusion of the anion from the vesicle interior
whenever headgroups bearing a net charge are involved. At
the ionic strength of the reconstitution medium used (ap-
prox. 0.07) (see Methods) such Donnan exclusion, leading to
an underestimation of vesicle volume, cannot be discarded
for phosphatidylserine (and phosphatidylethanolamine)
vesicles, while vesicles prepared from neutral phospholipid
should be free of such artifacts.



about 2. The different protein/lipid ratios may, on
the one hand, be due to poor phospholipid solu-
bilization, as, for example, in case of sphingomye-
lin [45], providing only a low amount of lipid for
recombination with protein. On the other hand,
the different phospholipids might be bound to the
Bio-Beads during removal of the detergent to a
differing extent. Alternatively, however, dif-
ferences in the affinity of phospholipids for band 3
might be involved. Such differences in the binding
affinity of band 3 protein to different lipids are
suggested by studies [46] in which the changes in
the surface pressure of monolayers prepared from
various lipids were studied after addition of band
3 to the subphase. For glycophorin, another major
erythrocyte membrane protein, preferential affin-
ity for anionic phospholipids such as phosphati-
dylserine has been reported [47].

As becomes evident from our results, band-3-
mediated transport is impaired in vesicles contain-
ing high concentrations of sphingomyelin or phos-
phatidylserine (Fig. 3). Possible explanations for
these inhibitory effects shall now be discussed. A
decreased incorporation of transport protein into
the vesicles can probably be discarded in view of
our measurements of protein/lipid ratios. Changes
in the orientation of the protein in the membranes,
however, must be considered. Band 3 protein has
been shown to be oriented randomly in recon-
stituted systems [22,24,25], in contrast to the na-
tive membrane, where all stilbene disulfonate
binding sites of band 3 are exposed to the external
membrane surface [48]. The randomization of
binding sites in the vesicles causes a decrease in
the fraction of transport sites sensitive to external
DNDS. A further change in the orientation of
band 3, shifting even more of the DNDS binding
sites to the inside of the vesicles, could simulate an
inhibition of band-3-specific transport. Although
this interpretation cannot completely be discarded,
it seems unlikely in view of the fact that in the
phosphatidylserine or sphingomyelin vesicles hav-
ing a lower rate of band-3-specific transport, as
defined above, the total rate of transport is de-
creased by the same amount as the band-3-specific
transport. A mere change in the orientation of
band 3 should increase the ‘unspecific’ transport
by the amount lost in band-3-specific transport
but leave the total transport more or less unal-
tered.
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It seems justified, therefore, to presume a real
inactivation of the transport protein in vesicles
containing high fractions of sphingomyelin or
phosphatidylserine. Several mechanisms can be
discussed to explain this inhibition.

Membranes containing high amounts of
sphingomyelin are known to be rather rigid due to
their long, saturated alkyl chains and a marked
tendency to form hydrogen bonds in the interfa-
cial region [49,50]. A rigid structure is probably
also characteristic for the polar headgroup region
of phosphatidylserine domains [S1]. On the other
hand, it seems rather unlikely that crystalline do-
mains, which in many cases do not incorporate
proteins in artificial lipid membranes (Refs. 52, 53
(also for further references)), are present in our
reconstitution systems, since the presence of
cholesterol in the vesicles will suppress the forma-
tion of crystalline gel phases [54,55]. Moreover, the
relative protein contents of the different vesicle
preparations was never lower than that in the
phosphatidylcholine vesicles used in our earlier
[25] studies (cf. Table I). It should also be men-
tioned that the phosphatidylserine used for our
reconstitution is essentially not different in its
fatty acid pattern from the phosphatidy-
lethanolamine. Thus, the effect of phosphati-
dylserine cannot be related to its hydrophobic
moiety.

Generalizing, it might be deduced from the
inhibitory action of phospholipids with rigid do-
mains that the normal function of the anion trans-
porter band 3 protein requires a certain extent of
structural flexibility in its lipid environment. This
concept is also supported by the observation [12]
that elevation of the cholesterol content in the
erythrocyte membrane, which increases rigidity [56]
inhibits anion exchange via band 3, while
cholesterol depletion, which fluidizes the mem-
brane [56], has the opposite effect. The absence of
such effects of cholesterol in reconstituted vesicles,
described in an earlier report [25,37], is probably
due to the low concentrations of cholesterol (0-27
mol%) used in that study.

Intuitively, one would tend to attribute
fluidity-dependent changes in carrier transport
function to rate-controlling processes, i.e., to the
rate of conformational changes responsible for the
reorientation of the substrate-binding site. On the
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other hand, fluidity could also affect the native
conformation of the protein and thus alter the
affinity of its binding site by an ‘allosteric’ mecha-
nism. Dunker et al. {57] have recently demon-
strated an a-helix = S-sheet transition in a phage
coat protein as a function of membrane lipid
composition, which demonstrates the principal
possibility of fluidity-dependent conformational
transitions. Lipid-dependent changes in antibody-
binding affinity of human red cell blood group
receptors [58,59] can also be taken as evidence for
such mechanisms. The answer to the question
whether K or V_,,, — or both — of anion trans-
port are affected by lipid fluidity will have to
await detailed studies on the transport kinetics of
the reconstituted system, which have hitherto met
limited success at best [23,25].

Besides fluidity, other parameters controlling
the interplay of intrinsic proteins and surrounding
lipids may be involved in the modulation of pro-
tein function by the lipid environment. Thus, dif-
ferences in the packing properties of the lipids and
the tendency to optimize the interactions between
membrane-spanning proteins and the surrounding
lipids may induce [60] conformational changes of
band 3 protein responsible for the inhibitory in-
fluence of sphingomyelin or phosphatidylserine.

In the case of phosphatidylserine vesicles, a
high density of negative surface changes could also
play a role in the suppression of anion transport.
These negative charges could prevent the access of
anions to the membrane interface, thereby reduc-
ing the apparent substrate affinity of the system.
The relevance of this parameter has been clearly
demonstrated in mitochondrial membrane enzyme
systems [61] and may also play a role for the
Ca’*-ATPase of the sarcoplasmic reticulum [19].

It might be tempting to draw conclusions on
the mechanism of the inactivation of transport by
sphingomyelin or phosphatidylserine from the fact
that the activation energy of band-3-specific trans-
port remains unaltered as long as any transport
can be measured. This could indicate an all-or-none
mechanism of inactivation permitting either fully
active or totally inactive transport proteins. The
reduced transport numbers in systems of inter-
mediate lipid composition would be a composite
in this interpretation arising from a mixture of
fully active and totally inactive transport proteins.

This interpretation implicitly invokes a lateral do-
main structure in intermediate systems. The extent
to which such lateral domains occur is a matter of
present debate [55,62]. Alternative interpretations
of the constant activation energy, however, must
certainly be considered, since it has been shown
that alterations of the transport function of band
3, for example by changes in pH [38], cholesterol
content (Deuticke, unpublished results) or by in-
hibitors [63,64] are without effect on the activation
energy.

The unspecific component of sulfate fluxes (in-
sensitive to DNDS from the outside) also deserves
comment. This fraction contributes between 20
and 50% of the total flux in different vesicle pre-
parations. By definition it comprises mediated
transport via band 3 molecules oriented with their
binding site to the vesicle interior as well as simple
diffusion via undefined leak pathways. The ratio
of the contributions of these two components is
about 1:1 in phosphatidylcholine/cholesterol
vesicles [37], but as yet unknown for vesicles of
other phospholipids. The activation energy of the
unspecific flux reflects the composite nature of this
fraction. It is considerably lower than the activa-
tion energy of band-3-mediated transport, but
higher than values for anion permeability of pure
lipid membrane systems [65]. A very low activa-
tion energy for the unspecific leak flux in
sphingomyelin vesicles suggests a low-resistance
(aqueous?) pathway in this system. In the other
vesicles, the non-mediated leak pathways may be
represented by the contact areas between lipids
and proteins. The mere incorporation of peptides
has been shown to enhance the permeability of
vesicle systems [66,67].

The results of our study clearly suggest that the
function of band 3 protein is not compatible with
the exclusive presence of either of two phospholi-
pids, phosphatidylserine or sphingomyelin in its
environment. The evaluation of this finding in

-terms of the lipid composition of the erythrocyte

membrane has to take into consideration the
asymmetric distribution of phospholipids between
the two layers of the membrane, phosphatidyleth-
anolamine and phosphatidylserine facing inward,
phosphatidylcholine and sphingomyelin facing
outward predominantly [68]. Since the total frac-
tional content of phosphatidylserine amounts to



only about 15% in all mammalian erythrocytes
studied so far [69,70], the segments of band 3
protein spanning the inner layer of the erythrocyte
membrane are located in an environment contain-
ing about 30% phosphatidylserine, while the seg-
ments in the outer half are not in contact with this
phospholipid. It is interesting that a mole fraction
of phosphatidylserine of 30% is just the limiting
amount of this phospholipid tolerated by the an-
ion transport protein without impairment of its
function (see Fig. 3c). In case of sphingomyelin the
opposite situation prevails. The segments of band
3 spanning the outer leaflet of the bilayer are in
contact with a phase containing between 20 and
100 mol% sphingomyelin, depending on the animal
species [68-70]. The transport rate of anions in
various mammalian species decreases with increas-
ing sphingomyelin content [27]. This relationship
is in qualitative agreement with the findings on the
reconstituted vesicles. However, the transport rate
in erythrocytes diminishes only by a factor of 6
between 20 mol% (rat, guinea pig) and 100 mol%
(sheep) sphingomyelin in the outer lipid layer [27],
while a complete blockage occurs in the vesicles.
This difference may result from the asymmetric
distribution of sphingomyelin in the erythrocyte
membrane, i.e., its absence from the inner leaflet.
The asymmetry probably guarantees some extent
of conformational mobility for the membrane-
spanning peptide segments of band 3 protein likely
to be involved in anion transport [71-74]. Evi-
dence that remarkable conformational changes are
involved in, and are probably required for, the
function of band 3 also comes from a number of
other investigations, including inhibitor binding
studies and physical probing of protein conforma-
tion [73-77]. A marked tendency of band 3 pro-
tein to undergo conformation changes quite gener-
ally also follows from the considerable sensitivity
of its function to various covalently and non-cova-
lently bound ligands acting as inhibitors or activa-
tors [70,74,78-82]. Taken together, the available
evidence thus suggests that the anion exchange
system may belong to a class of intrinsic mem-
brane proteins of a high conformational flexibility,
which also accounts for its sensitivity to mem-
brane lipids.

149
Acknowledgements

This work was supported by the Deutsche For-
schungsgemeinschaft (SFB 160,/C 3). The authors
would like to thank Dr. G. Steffens and Mr. J.
Reumkens, Abt. Physiologische Chemie, RWTH
Aachen, for their generous help in carrying out the
amino acid analyses. They are indebted to Mr.
F.-J. Kaiser for preparing figures and to Mrs. H.
Thomas and Mrs. R. Schifer for secretarial help.

References

—

Singer, S.J. and Nicolson, G.L. (1972) Science 175, 720-731
Robinson, N.C. (1982) Biophys. J. 37, 65-66
Jost, P.C., Nadakuvakaren, K.K. and Griffith, O.H. (1977)
Biochemistry 16, 3110-3114
4 Chapmann, D., Géomez-Fernandez, J.G. and Goni, F.M.
(1979) FEBS Lett. 98, 211-223
5 Gennis, R.B. and Jonas, A. (1977) Annu. Rev. Biophys.
Bioeng. 6, 195-238
6 Parsegian, A. (ed.) (1982) Biophysical Discussions:
Protein-Lipid Interactions in Membranes. Biophys. J. 37,
1-404
7 Loh, HH. and Law, P.Y. (1980) Annu. Rev. Pharmacol.
Toxicol. 20, 201-234
8 Sandermann, H. (1978) Biochim. Biophys. Acta 515,
209-237
9 McElhaney, R.N. (1982) Curr. Top. Membranes Transp. 17,
317-380
10 Giraud, F., Claret, M., Bruckdorfer, K.R. and Chaillay, B.
(1981) Biochim. Biophys. Acta 647, 249-258
11 Chen, H.W., Heiniger, H.-J. and Kandutsch, A.A. (1978) J.
Biol. Chem. 253, 3180-3185
12 Grunze, M., Forst, B. and Deuticke, B. (1980) Biochim.
Biophys. Acta 600, 860-869
13 Deuticke, B., Grunze, M., Forst, B. and Liitkemeier, P.
(1981) J. Membrane Biol. 59, 45-55
14 Wilbers, K.H., Haest, C.W.M., Bentheim, M. and Deuticke,
B. (1979) Biochim. Biophys. Acta 544, 400-409
15 Yeagle, P.L. (1982) Biophys. J. 37, 227-239
16 Seelig, A. and Seelig, J. (1978) Hoppe-Seyler’s Z. Physiol.
Chem. 359, 1747-1756
17 Hokin, L.E. (1981) J. Membrane Biol. 60, 77-93
18 Hellingwert, K.J., Scholte, B.J. and Van Dam, K. (1978)
Biochim. Biophys. Acta 513, 66-77
19 Bennett, J.P., McGill, K.A. and Warren, G.B. (1980) Curr.
Top. Membranes Transp. 14, 127-164
20 Dencher, N.A. and Heyn, M.P. (1979) FEBS Lett. 108,
307-310
21 Ross, A.H. and McConnell, H. (1978) J. Biol. Chem. 253,
4777-4782
22 Cabantchik, Z.J.,, Volsky, D.J., Ginsburg, M. and Loyter, A.
(1980) Ann. N.Y. Acad. Sci. 341, 444-454
23 Wolosin, J.M. (1980) Biochem. J. 189, 35-44

w N



150

24

25

26
27

28
29

30

31

32

33
34
35
36
37
38
39
40

4

—_—

42

43

44

45

46

47

48
49
50
51
52
53

54

Lukacovic, M.F., Feinstein, M.B., Sha’afi, R.J. and Perrie,
S. (1981) Biochemistry 20, 31453151

Kohne, W., Haest, C.W.M. and Deuticke, B. (1981) Bio-
chim. Biophys. Acta 664, 108-120

Steck, Th.L. (1978) J. Supramol. Struct. 8, 311-324
Gruber, W. and Deuticke, B. (1973) J. Membrane Biol. 13,
19-36

Kohne, W. and Deuticke, B. (1982) Pfliigers Arch. 392, R16
Gerlach, E. and Deuticke, B. (1963) Biochem. Z. 337,
447-479

Haest, C.W.M., Plasa, G., Kamp, D. and Deuticke, B.
(1978) Biochim. Biophys. Acta 509, 21-32

Rose, H.G. and Oklander, M. (1965) J. Lipid Res. 6,
428-431

Gerritsen, W.J., van Zoelen, E.J.J., Verkleij, A.J., De Kruijff,
B. and Van Deenen, L.L.M. (1979) Biochim. Biophys. Acta
551, 248-259

Allen, Th.M., Romans, A.Y., Kercret, H. and Segrest, J.P.
(1980) Biochim. Biophys. Acta 601, 328-342

Scheule, R.K. and Gaffney, B.J. (1981) Anal. Biochem. 117,
61-66

Feinstein, M.B., Volpi, M., Perrie, S., Makriyannis, A and
Sha’afi, R.1. (1977) Mol. Pharmacol. 13, 840-851
MacDonald, R.J. (1980) Biochemistry 19, 19161922
Kohne, W. (1982) Ph. D. Thesis, RWTH Aachen

Schnell, K.F. (1972) Biochim. Biophys. Acta 282, 265-276
Schnell, K.F., Gerhardt, S. and Schoppe-Fredenburg, A.
(1977) J. Membrane Biol. 30, 319-350

Baldwin, J.M., Gorga, J.C. and Lienhardt, G.E. (1981) J.
Biol. Chem. 256, 3685-3689

Kriamer, R. and Klingenberg, M. (1979) Biochemistry 18,
4209-4214

Schindler, H. and Quast, U. (1980) Proc. Natl. Acad. Sci.
U.S.A. 77, 3052-3056

Fraley, R.,, Wilschut, J., Dizgines, N., Smith, C. and
Papahadjopoulos, D. (1980) Biochemistry 19, 60216029
Gerritsen, W.J., Menricks, P.A.J., De Kruijff, B. and Van
Deenen, L.L.M. (1981) Biochem. Biophys. Acta 600,
607-619

Yedgar, S., Barenholz, Y. and Cooper, V.G. (1974) Bio-
chim. Biophys. Acta 363, 98-111

Schubert, D. and Marie, H. (1982) Biochim. Biophys. Acta
684, 75-82

Van Zoelen, EJJ., Zwaal, R.F.A., Reuvers, F AM., Demel,
R.A. and Van Deenen, L.L.M. (1977) Biochim. Biophys.
Acta 464, 482-492

Lepke, S., Fasold, H., Pring, M. and Passow, H. (1976) J.
Membrane Biol. 29, 147-177

Barenholz, Y. and Thompson, T.E. (1980) Biochim. Bio-
phys. Acta 604, 129-158

Pascher, 1. (1976) Biochim. Biophys. Acta 455, 433451
Browning, J.L. (1981) Biochemistry 20, 7144-7151
MacDonald, R.I. (1980) Biochim. Biophys. Acta 597,
189-192

Thilo, L., Triauble, H. and Overath, P. (1977) Biochemistry
16, 12831289

Oldfield, E. and Chapman, D. (1927) FEBS Lett. 23,
285--297

55
56

57

58

59

60

6

—_—

62

63
64

65

66

67

68

69

70

7

iy

72

73

74

75

76

71

78
79

80

8

—

82

Quinn, P.J. (1981) Prog. Biophys. Mol. Biol. 38, 1-99
Cooper, R.A,, Leslie, M.H., Fischkoff, S., Shinitzky, M. and
Shattil, S.J. (1978) Biochemistry 17, 327-331

Dunker, A.K., Fodor, St.A. and Williams, R.W. (1981)
Biophys. J. 37, 201-203

Plapp, F.V., Kowalski, M.M., Evans, J.P., Tilzer, L.L. and
Chiga, M. (1980) Proc. Soc. Exp. Biol. Med. 164, 561-568
Muller, C.P. and Shinitzky, M. (1981) Exp. Cell. Res. 136,
53-62

Israelachvilli, JN. (1977) Biochim. Biophys. Acta 469,
221-225

Nalecz, M.H., Zborowski, H., Famulski, K.S. and Wojtc-
zak, L. (1980) Eur. J. Biochem. 112, 75-80
Karnovsky, M.J., Kleinfeld, A.M., Hoover,
Klausner, R.D. (1982) J. Cell. Biol. 94, 1-6
Wieth, J.O. (1970) J. Physiol. 207, 581-609
Brazy, P.C. and Gunn, R.B. (1976) J. Gen. Physiol. 68,
583-599

Papahadjopoulos, D. and Watkins, J.C. (1967) Biochim.
Biophys. Acta 135, 639-652

Holloway, P.W. and Katz, J.T. (1975) J. Biol. Chem, 250,
9002--9007

Romans, AY., Allen, Th.A., Meckes, W., Chiovetti, R.,
Sheng, L.. Kercret, H. and Segrest, J.P. (1981) Biochim.
Biophys. Acta 642, 135-148

Verkleij, AJ., Zwaal, R.F.A., Roelofsen, B., Comfurius, P.,
Kastelyn, D. and Van Deenen, L.L.M. (1973) Biochim.
Biophys. Acta 323, 178-193

Nelson, G.J. (1967) Biochim. Biophys. Acta 144, 221-232
Deuticke, B. (1977) Rev. Physiol. Biochem. Pharmacol. 78,
1-97

Jennings, M.L. and Passow, H. (1979) Biochim. Biophys.
Acta 554, 498-519

DuPre, A.M. and Rothstein, A. (1981) Biochim. Biophys.
Acta 646, 471-478

Markowitz, A. and Marchesi, V.T. (1981) J. Biol. Chem.
256, 6463-6468

Knauf, P.A. (1979) Curr. Top. Membranes Transp. 12,
249-363

Passow, H., Kampmann, L., Fasold, H., Jennings, M. and
Lepke, S. (1980) in: Membrane Transport in Erythrocytes,
Alfred Benzon Symposion 14. (Lassen, U.V.. Ussing, H.H.
and Wieth, J.O., eds.), pp. 345-367., Munksgaard,
Copenhagen

Ginsburg, H., O’Connor, S.E. and Grisham, C.M. (1981)
Eur. J. Biochem. 114, 533-538

Grinstein, S., McCulloch, L. and Rothstein, A. (1979) J.
Gen. Physiol. 73, 493-514

Dalmark, M. (1976) J. Gen. Physiol. 67, 223-234
Cabantchik, Z.I., Knauf, P.A. and Rothstein. A. (1978)
Biochim. Biophys. Acta 515, 239-302

Milanick, M.A. and Gunn, R.B. (1982) J. Gen. Physiol. 79,
87-113

Wieth, J.O. and Bjerrum, P.J. (1982) J. Gen. Physiol. 79,
253-282

Lepke, S. and Passow, H. (1982) J. Physiol. 328, 27-48

R.L. and



