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Summary. The anion transport protein of the human erythrocyte
membrane, band 3, was solubilized and purified in solutions of
the non-ionic detergent Triton X-100. It was incorporated into
spherical lipid bilayers by the following procedure: (1) Dry phos-
phatidylcholine was suspended in the protein solution. Octylglu-
copyranoside was added until the milky suspension became
clear. (2) The sample was dialyzed overnight against detergent-
free buffer. (3) Residual Triton X-100 was removed from the
opalescent vesicle suspension by sucrose density gradient cen-
trifugation and subsequent dialysis. Sulfate efflux from the vesi-
cles was studied, under exchange conditions, using a filtration
method. Three vesicle subpopulations could be distinguished by
analyzing the time course of the efflux. One was nearly imperme-
able to sulfate, and efflux from another was due to leaks. The
largest subpopulation, however, showed transport characteris-
tics very similar to those of the anion transport system of the
intact erythrocyte membrane: transport numbers (at 30°C) close
to 20 sulfate molecules per band 3 and min, an activation energy
of approx. 140 kJ/mol, a pH maximum at pH 6.2, saturation of
the sulfate flux at sulfate concentrations around 100 mwm, inhibi-
tion of the flux by H,DIDS and flufenamate (approx. K-values at
30°C: 0.1 and 0.7 uM, respectively), and “‘right-side-out’ orien-
tation of the transport protein (as judged from the inhibition of
sulfate efflux by up to 98% by externally added H,DIDS). Thus,
the system represents, for the first time, a reconstitution of all
the major properties of the sulfate transport across the erythro-
cyte membrane.

Key Words anion transport system - human erythrocyte
membrane - band 3 protein - reconstitution - right-side-out
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Introduction

The human erythrocyte membrane allows a rapid
exchange of anions between the cell interior and the
external medium. The exchange is mediated by
band 3, the membrane’s most abundant integral pro-
tein. This protein has been thoroughly studied, both
in the membrane and in solubilized form (for recent
reviews, see [4, 15, 17, 23, 25].

Studies performed on solubilized band 3 protein
include numerous attempts to reconstitute the anion

transport system into lipid vesicles. The resulting
proteoliposomes displayed various properties of the
anion transport system of the native human erythro-
cyte membrane [5, 6, 9, 10, 18-21, 26--28, 37, 38]. In
the most successful attempts, those properties in-
clude, besides high rates of anion transport and sen-
sitivity towards typical inhibitors of anion trans-
port across erythrocyte membranes, an activation
energy of about 138 kJ/mol (33 kcal/mol) [18-20], a
decrease of sulfate flux with increasing pH for pH >
6.2 [5, 6, 18-20, 38], and saturation of sulfate flux at
high substrate concentration [38]. In none of these
studies, however, has the joint reconstitution of all
the properties mentioned been demonstrated. Fur-
thermore, in all previously reported cases the sensi-
tivity of anion transport towards the classical inhibi-
tors of anion transport, the stilbene disulfonate
H,DIDS! or related compounds, was distinctly
lower in the reconstituted system than in the natjve
membrane. This was observed with respect to both
the maximum inhibition and the inhibitor concentra-
tion required for half-maximum inhibition. In addi-
tion, none of the reconstituted systems showed the
steep decrease in sulfate flux with decreasing pH at
pH < 6.2, which is typical for human erythrocyte
membranes [30, 31]. Thus, commendable progress
towards a reconstitution of the anion transport sys-
tem has been achieved, but a fully satisfactory re-
constitution has not yet been reported.

We have developed a new method for the incor-
poration of band 3 protein into liposomal mem-
branes. In this method, solubilization and purifica-
tion of the protein was carried out in solutions of the
nonionic detergent Triton X-100, as in most of the
studies described above. However, recombination
of the protein with added lipid was performed in a

" Abbreviations: H.DIDS, 4.4'-diisothiocyanodihydrostil-
bene-2,2'-disulfonate; DNDS, 4,4'-dinitrostilbene-2,2'-disul-
fonate; SDS, sodium dodecyl sulfate.
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mixture of Triton X-100 and octylglucopyranoside,
a detergent with high critical micelle concentration
which can easily be removed from the sample by
dialysis. The Triton concentration chosen was less
than necessary for complete solubilization of the
lipid. Assémbly of band 3 protein in the bilayer of
the lipid vesicles by dialysis and subsequent re-
moval of the bulk of Triton X-100 by density gradi-
ent centrifugation leads to the reconstitution of an
anion transport system which much more closely
resembles that of the human erythrocyte membrane
than the reconstituted systems described previ-
ously. In addition, it leads to a virtually completely
unidirectional incorporation of the transport protein
into the vesicle membranes, resulting in proteolipo-
somes with “‘right-side-out’’ orientation of band 3.
A brief description of our reconstitution method has
already been published [29].

In addition to the description of the new recon-
stitution method and the properties of the reconsti-
tuted system, the present paper will deal with the
analysis of efflux measurements made on function-
ally nonhomogeneous vesicle populations.

Materials and Methods

MATERIALS

Phosphatidylcholine from egg yolk was purchased from Lipid
Products (South Nutfield, Surrey, U.K.) (‘“‘grade 1. purity
>99%j). Triton X-100 ("*peroxide-free’"), octylglucopyranoside,
HEPES and Tris were from Boehringer (Mannheim, F.R.G.).
Dialysis bags (Visking 20/32) were obtained from Serva (Heidel-
berg, F.R.G.), and Biogel P6-DG was from Bio-Rad (Miinchen,
F.R.G.). H,DIDS and DNDS were a kind gift from Prof. H.
Passow, and flufenamic acid was from EGA Chemie (Steinheim,
F.R.G.). [*H|Triton X-100 and [*Hl}iodoacetic acid were pur-
chased from New England Nuclear (Dreieich, F.R.G.) and
Na,"SO, from Amersham-Buchler (Braunschweig, F.R.G.).
Liquid scintillation cocktail (“‘Quickszint 2000°’) was obtained
from Zinsser Analytic (Frankfurt, F.R.G.). For the sources of all
other materials used see [24].

RECONSTITUTION PROCEDURE

Band 3 was purified by pre-extraction of human erythrocyte
membranes in 1% Brij 58, solubilization of the protein in 0.5%
Triton X-100 and subsequent ion exchange chromatography. It
was eluted from the column in 10 mm Tris-HCI (pH 8.0), 250 mMm
NaCl, 0.4% (wt/wt) Triton X-100 (32, 39]. The purity of band 3
isolated in this way is >95% [24, 32, 39]. Protein concentration
was determined according to [32]. Following chromatography,
3~4 ml of the eluate containing 1.3 mg band 3 (or, occasionally
0.2-1.0 mg) were made up to 10 ml by addition of 10 mM Tris-
HCl! (pH 8.0), 50 mM NaCl, and the concentration of Triton X-
100 in the sample was adjusted to 0.2%. The protein is predomi-
nantly monomeric under those conditions [32]. The protein
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solution was then added to 20 mg of phosphatidylcholine which
had been dried from a solution in chloroform in a rotary evapora-
tor, and the sample was shaken for 10 min in the presence of a
few glass beads. To the milky suspension, a 10% (wt/wt) solution
of octylglucopyranoside (in water) was added until the sample
became clear (final concentration of octylglucopyranoside: ap-
prox. 0.7%). The sample was then dialyzed overnight against 3
liters of 10 mm Tris-HCI (pH 8.0), 10 mm NaCl, 0.5 mm EDTA,
15 mM B-mercaphoethanol. During dialysis it became opales-
cent, which is indicative of the formation of (protein-) lipid vesi-
cles. However, the mixture still contained approx. 0.13% Triton
X-100.

The sample was now brought to a sucrose concentration of
approximately 17% (wt/wt) and placed into a cellulose nitrate (or
ultra-clear) tube of the Spinco SW 28 rotor. It was overlayed
with 3.5 ml of 12.5% sucrose in buffer A (10 mMm HEPES (titrated
to pH 7.2 by addition of NaOH), 10 mm Na,SOy, 0.5 mm EDTA)
containing 15 mM B-mercaptoethanol and then with 24 ml of a
linear gradient of 0.05-0.10 g sucrose per ml made up in the same
solvent. The tubes were then centrifuged for 6 hr at 28,000 rpm in
a Spinco L 5-75 ultracentrifuge. After centrifugation the broad
opalescent band of V = 8~10 ml, located near the middle of the
gradient, was removed and dialyzed overnight against 1 liter of
buffer A containing 15 mmM B-mercaptoethanol. After centrifuga-
tion for 10 min at 15,000 rpm, which removed minute quantities
of precipitated material, the vesicles were pelleted by centrifuga-
tion in a Spinco 70 Ti rotor (90 min at 50,000 rpm). The pellet was
suspended in 3-6 mi of the same buffer and dissolved by gently
shaking for 10 min. The sample was then dialyzed against 100
volumes of the buffer used in the flux measurements (plus 15 mMm
mercaptoethanol). Dialysis was performed either overnight, or
was extended for up to 64 hr if the buffer composition differed
greatly from that of buffer A. Sample temperature during the
whole preparation procedure was between 0° and 5°C.

In some experiments, H-labeled band 3 was used to follow
protein losses during the reconstitution procedure and to deter-
mine protein concentration in the final sample (e.g., for the deter-
mination of transport numbers). The protein was derived from
erythrocyte ghosts which had been incubated, in 10 mm Tris-HCI
(pH 7.5) at 22°C, for 30 min with 25 nmol of [*H]Jiodoacetic acid
(specific activity 233 mCi/mmol) and then for another 20 min with
an additional 200 nmol of unlabeled iodoacetic acid per ml of
ghosts. To determine the specific activity of the *H-labeled band
3, a small amount of the protein was purified in solutions of
nonaethylene glycol lauryl ether [24] and protein concentration
quantified by absorbance measurements [11]. In other experi-
ments, [*H]Triton X-100 was added to the Triton solutions used,
in order to determine the content of residual detergent in the
vesicle preparations.

FLux MEASUREMENTS

The transport properties of the proteoliposomes were studied by
measuring sulfate efflux from 3SO; -preloaded vesicles under
equilibrium exchange conditions, following (with some modifica-
tions) the filtration method of Kéhne et al. [18-20]. To 1 ml of the
proteoliposome sample described, 50 ul of 1 mm Na,SO, contain-
ing 50 wCi [*S] sulfate were added, and the vesicles were loaded
with the radioisotope by incubation (overnight at 15°C or, occa-
sionally, for 3 hr at 30°C). The sample was then applied to a
column of Biogel P6-DG (17 x 1.5 cm) and eluted, at 5°C, with
the buffer used during final dialysis (but without B-mercapto-
ethanol) or other desired buffers. Fractions of 1 ml were col-
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lected. Usually, the proteoliposome peak consisted of three frac-
tions and was fully separated from the peak of extravesicular
radioactivity. The three fractions were pooled and diluted with
12 ml buffer of the same composition but such a temperature
that, after mixing, the desired sample temperature was obtained.
The efflux experiment was started immediately by pipetting 7.5
ml samples into thermostatted tubes, one of which usually con-
tained 75 pl 1 mm H.DIDS. At various time intervals, 500 ul of
the solutions were removed from each of the tubes and filtered
through cellulose nitrate filters of diameter 2.5 ¢m and pore size
0.2 pm (SM 11307, Sartorius, Géttingen, F.R.G.). The filters
were washed with 4 ml of ice-cold buffer, and the intravesicular
radioactivity retained by them was determined by liquid scintilta-
tion counting (after dissolving the filters in the scintillation cock-
tail).

EVALUATION OF THE FLUX MEASUREMENTS

General Considerations

Reconstitution procedures of the type described above are most
likely to lead to heterogeneous populations of vesicles. Four
main vesicle populations can be expected to occur (Fig. 1): (1)
sealed vesicles containing the reconstituted anion transport sys-
tem; (2) sealed vesicles which only show protein- or detergent-
induced anion leak flux [22, 36]; (3) sealed vesicles containing
neither of the transport pathways of populations 1 and 2; and (4)
unsealed vesicles, i.e., vesicles which are so leaky that all the
intravesicular radioactivity is lost before the beginning of the flux
measurements. The vesicles of population 1 may or may not
show leak flux and will thus consist of two subpopulations. Popu-
lation 4 will not contribute to the flux measurements, and trans-
port across the membranes of vesicle population 3 may be negli-
gible as compared to populations 1 and 2.

If it is assumed that leak flux from one of the subpopula-
tions of population 1 and from population 2 can be described by
the same rate constant &, (which is supported by the experimen-
tal data; see below) and that efflux from vesicle population 3 can
be neglected, the counting rate n(¢) of ¥SO3™ trapped in the vesi-
cles of Fig. 1 will follow Eq. (1)

n(t) = npe M + npehrthi 4 pre~hat + gy 1)

Meaningful nonlinear least squares fits to the experimental
data according to Eq. (1), in which all six parameters were al-
lowed to float, did not seem to be feasible. We have therefore
tried to determine some of the parameters separately: (a) k, was
determined from experiments in which the reconstituted anion
transport pathway was blocked by the addition of a suitable in-
hibitor. This condition leads to Eq. (2)

mll) =y, + (ny + na)e M+ ny = npe R+ g 2)

where the subscript I indicates complete inhibition of the band 3-
mediated anion transport. The condition could be realized by
adding to the samples, at zero time of the flux measurements,
H,DIDS at a concentration of 10-20 uM (see below). (b) When k,
is known, a3 and ny; can be taken from the experimental data,
since n(f) is virtually equal to ny (or np) for kz > 3. We have
therefore first calculated &, from Eq. (2), using an approximate
value for np; in a first step of the calculation and a corrected value
(¢ determined according to (b)) in the second step. This yields,

o B
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¥ reconstituted anion transport system
) leak pathway

Fig. 1. The main vesicle subpopulations which may be expected
to occur in reconstitution experiments

besides k, and ny3, ny and n,, = ns — n; and thus reduces the
number of parameters in Eq. (1) to be fitted simultaneously to
three. In addition, we have reduced the number of exponentials
to be used in the fits by combining the first two terms of Eq. (1)
into a single one

) = me M 4 e b 4 opg (3)
with n; = ny, + ny, and

nigky + nypky + ko)
n ’

@

kg =

a(1) has the same initial and final value and the same initial slope
as n(f) but differs from n(1) at intermediate values of 7.

During the first 1-2 hr of the flux measurements the experi-
mental curves of the counting rate n,(¢) of SO}~ trapped in the
liposomes could be fitted both by Egs. (1) and (3), in both cases
in combination with procedures (a) and (b). In virtually all exper-
iments the parameters »; calculated were positive and thus physi-
cally meaningful. However, for obvious reasons an unambiguous
determination of &y, k1., 115, #; and n, was possible only if k, was
much larger than k. In all other cases, the values determined
were very sensitive to variations in the number of data points,
the values of &, and n,, inserted into Egs. (1) or (3) and to the
starting values used in the calculations. As a consequence, we
have looked for parameters which would allow a reliable charac-
terization of the anion transport properties of the vesicles over a
wide range of experimental conditions. Finally, we have intro-
duced ‘‘effective’ rate constants defined, analoguously to Eq.
4), by

_ ek + mplk + k) + moky

her = Ria T Ry + 1 ©)
(if Eq. (1) was applied), or (after application of Eq. (3)) by

_ mkier + moky
ke = nmo+on ©)

Again, a curve (n; + ny) exp(—kegt) + n; would have the
same initial value and slope and the same final value as the
original curves. Since definitions (5) and (6) both measure the
initial slope of the corresponding curves, the two values of ke
will be virtually identical.

We have further introduced
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_ nnk, A + kg
ki = np iy — ) mtm @

as the ‘“‘effective’’ rate constant in the presence of high concen-
trations of H.-DIDS (i.e.. for k; = 0), and

Aker = kegt — ket (8)

as the final description of the anion transport system. As can be
easily shown, k, and Ak are related by

1y b= ny
T @) - m

Akege = ky 9)

ny + ny

which is virtually equal 1o ki(n,/a(0)) (see below). We have found
that Ak.g is much less sensitive to the conditions of the numerical
analysis than &; or Ky .

Description of Anion Transport
in the Presence of Inhibitors

In the following, we will analyze the experimental data by Eq. (3)
without reference to the model of Fig. 1. We will, however,
assume that the second term of Eg. (3) is due to leak flux and
restrict our analysis to cases where k, > k; (in the absence of
inhibitors), so that k.., r; and 1, can be determined reliably. We
will further presume that the flux measurements in the absence
and after addition (at ¢ = 0) of the inhibitor used identical pro-
teoliposome samples, so that #(0) = n,(0), etc.

In the presence of inhibitors, we will write instead of Eq. (3)

n'(r) = nie ™M+ nje kY + ni. €141

According to our model, we will set k; = k;. In general,
however, n and a5 will be larger than n, or n3, respectively,
especially at high inhibitor concentrations (see above). The usual
definition of the degree of inhibition J of flux component 1,1 = 1
— ki/k,, will therefore not be applicable. A suitable, more gen-
eral definition should follow and take into account the apparent
loss of the more strongly inhibited subpopulations from popula-
tion 1. It should, however, still consider only those vesicles
which, in the control, show rapid anion transport. It should thus
start, instead of from n'(¢), from an expression from which the
known unspecific contributions to anion flux have been sub-
stracted:

g = n'() ~ e = ny = nje™ + (nj = )™

+ (13 — ). (1
In analogy to definitions (4), (6) and (7) we now define
I'=1- k*kig (12a)
with

)+ (s — mapks
PR3 Tl Bl (120)

ni + (nh — M) + (ng— )
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k* as calculated via Eqgs. (10) and (12b) was found. similar to k.
to be virtually independent of the starting values and of the exact
value of &, used in the calculations (in contrast to k).

By definition (12), leak flux from the vesicle population 1
will be treated as incomplete inhibition. This will lead to an un-
derestimation of the degree of inhibition of transport system 1.
On the other hand, k. represents a slight overestimate of the
rate constant of this transport system (since it also includes leak
flux from vesicle population 1), so that the two errors in part
compensate each other.

INTRAVESICULAR VOLUME
AND TRANSPORT NUMBERS

The internal volume v; of the vesicles was determined during the
efflux experiments, by measuring the content of [*S]sulfate in
the vesicle samples after and before gel filtration on the Biogel
P6-DG column. The radioactivity ratio was related to the phos-
pholipid content of the samples. Efflux of suifate from the vesicle
populations 1-3 during gel filtration was <5% of the intravesicu-
lar sulfate and was neglected in the determination. Apparent
average vesicle diameters were calculated from the v-values ac-
cording to [13], assuming a membrane thickness of 4 nm.

Transport numbers 7 (number of sulfate ions transported
per band 3 molecule per minute) were determined from the equa-
tion [19, 27]

7-:__.___'___' (13)

(¢, sulfate concentration [M]; v;, intravesicular volume in 1 per
mol of phospholipid; o, molar ratio of band 3 to phospholipid in
the vesicles). [n applying Eq. (13} it is assumed that all vesicles
have the same diameter. Furthermore, it is assumed that all lipo-
somes take part equally in H.DIDS-sensitive transport.

ELECTRON MICROSCOPY

Band 3 containing liposomes were prepared for electron micros-
copy either by negative staining, on Formvar coated grids, with
5% ammonium molybdate (pH 7.2), or by freeze-etching. In the
latter case, the liposome suspension was frozen, without chemi-
cal fixation, by spraying into liquid propane [1]. Freeze-cleaving,
etching (for 5 sec) and shadowing with platinum/carbon were
performed in a Bioetch 2005 apparatus (Leybold-Heraeus, Co-
logne, F.R.G.), with the specimen stage at —135°C. The samples
were examined in a Philips 300 electron microscope.

OTHER METHODS

Phospholipid concentration was determined according to
Bartlett [2]. Gel electrophoresis of samples solubilized in 3%
SDS was performed essentially as described by Fairbanks et al.
[12]. SDS concentration in the buffers was 0.1%. The osmolarity
of buffer solutions was determined by means of a Knauer ‘*Halb-
mikro’’-osmometer (Knauer, W. Berlin, F.R.G.).
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Fig. 2. Morphology of the band 3-containing lipid vesicles, as revealed by electron microscopy following sample preparation by
negative staining (A) or freeze-fracturing (B). The bars indicate 200 nm, and the arrow in B indicates the direction of shadowing

Results

FORMATION, ISOLATION AND STRUCTURAL
PROPERTIES OF BAND 3-PHOSPHOLIPID VESICLES

In the reconstitution method applied by us, lipopro-
tein aggregates are formed from a band 3/phospholi-
pid/Triton X-100/octylglucopyranoside mixture by
removing the bulk of the latter detergent by dialysis.
The concentration of Triton X-100 is reduced in this
step by approx. one third. In order to further reduce
the detergent content, the sample was applied to the
bottom of a sucrose gradient. After centrifugation,
15-35% of the applied lipid, 40-70% of the protein
and approx. 50% of the Triton remained at the bot-
tom of the tube. Thus, this material did not take part
in the formation of large lipid or lipoprotein parti-
cles. However, 60—-80% of the lipid and 20-50% of
the protein were found in an opalescent band near
the center of the tube. The variability of the yield
seems to depend on still unidentified differences in
the protein batches used. The amount of Triton X-
100 in the lipoprotein band was still approx. 25% of
that applied to the tube. Further losses of lipid and
protein occurred when the material was pelletted by
high-speed centrifugation, whereas further loss of
Triton occurred both during pelletting and dialysis.

The final preparation contained 30-40% of the lipid
and 10-30% of the protein initially present. No seri-
ous attempts were made to achieve higher yields,
since both protein and lipid are easily available. The
content of Triton X-100 was approx. 0.03-0.05 mg
per mg of lipid (as compared to 1.0 mg in the start-
ing mixture).

The morphology of the isolated lipoprotein ma-
terial was studied by electron microscopy. Samples
prepared by negative staining showed closed vesi-
cles, apparently predominantly made up of a single
lipid bilayer. Vesicle diameters were in the range of
23-140 nm, the bulk of them being around 70 nm
(Fig. 2A). Electron micrographs obtained by the
freeze-fracturing technique supported the predomi-
nantly unilamellar character of the vesicles. In addi-
tion, they showed that the inner faces of the two
lipid monolayers (both the convex and the concave
ones) were covered by the typical ‘‘membrane
particles’ which indicate membrane-spanning
protein. Most of the particles did not form
clusters but seemed to be randomly distributed
(Fig. 2B).

SDS gels stained with Coomassie Blue on which
either purified band 3, as used in the reconstitution
mixture, or the isolated lipoprotein vesicles were
run, showed no significant differences (Fig. 3).
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A- B

Fig. 3. SDS gel electrophoresis of isolated band 3 protein as used
for the reconstitution experiments (A). and of the reconstituted
band 3-lipid vesicles as present after pelleting (B). The gels were
stained with Coomassie Blue

Thus, there is no enrichment of impurities of the
band 3 preparations during reconstitution.

SULFATE TRANSPORT ACROSS
THE VESICLE MEMBRANES

General Findings

When protein-free liposomes, prepared in the same
manner as the proteoliposomes described, were
loaded with [3°S]sulfate and afterwards transferred
into tracer-free buffers, they released their intrave-
sicular radioactivity with a half time of many hours
(Fig. 4). On the other hand, a much more rapid
sulfate efflux could be demonstrated for band 3-con-
taining vesicles. The time course of the efflux was
reproducible for at least one week. The flux could
be effectively inhibited by micromolar concentra-
tions of H,DIDS or flufenamate which, in this con-
centration range, are specific inhibitors of anion
transport across the human erythrocyte membrane
[4, 17, 25] (Fig. 4). This strongly suggests that the
vesicle membranes contain a reconstituted anion
transport system.

The experimental curves relating the counting
rate n(¢) of [*S]sulfate trapped in the liposomes to
time were analyzed as described in detail above.
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The time range covered was 0 to approx. 60 min.
The curves obtained in the presence of high concen-
trations of inhibitors of anion transport could be
fitted by a single exponential plus a constant term
np according to Eqg. (2). On the other hand, the data
obtained in the absence of inhibitors did not, in
most cases, follow a single exponential. They
could, however, be fitted satisfactorily by Eqgs. (1)
and (3) which contain three and two exponentials,
respectively, plus a constant term n3 <€ 1. In gen-
eral, the latter calculations used the figures for &, as
determined by means of Eq. (2). When, however, &,
was determined from Eq. (3), for curves which were
characterized by k; > k, and which showed little
experimental scatter the value obtained was virtu-
ally identical to that determined by means of Eq.
(2). These findings strongly support the assump-
tions made above (a) that the flux component char-
acterized by k; and n, represents leak flux and thus
corresponds to vesicle population 2 of Fig. 1, and
(b) that leak flux from vesicle population 1 can also
be described by k;. The leak character of the flux
component characterized by k; is further supported
by the findings that the dependence of &, on temper-
ature differs strongly from that of k;, and that nei-
ther np, nor k; (as determined in the presence of 10—
20 um H;DIDS) could be further reduced by
addition of 10 um flufenamate (see below). These
results also strongly suggest that the model underly-
ing Fig. 1 and Eq. (1) represents an adequate de-
scription of the anion transport properties of the
vesicle system.

In the case k; > k», the values of &y, kieir, #1p.
ny, = ny, + ny, and n, calculated by means of Eqgs.
(1) or (3) were unique. In addition, the values for &,
and k. differed only by a few percent. However,
all these figures became unreliable if k; and &, were
of the same order of magnitude. This problem was
circumvented by introducing ‘‘effective’” rate con-
stants k.s and kg and their difference Ak as de-
fined by Eqs. (5)~(8). Most Ak.g-values were ob-
tained applying Eq. (3). Ak is proportional to &,
as is shown by Eq. (9) and demonstrated below for
the case k; > k», i.e. when k; can be determined
reliably (Fig. 7). The proportionality factor in most
cases was found to be around 0.8 and did not de-
pend significantly on the conditions of the flux mea-
surements (see below). Ak is a reliable parameter
even when k| cannot be determined reliably. A rep-
resentative example of an analysis, which also indi-
cates typical initial counting rates, is given in the
Table.

The different n-values (i = 1, 2, 3), obtained in
cases where k; > k,, provide information on the rel-
ative sizes of the vesicle populations defined by Fig.
1 (Table). At 30°C, pH 7.2 and in the absence of



U. Scheuring et al.: Reconstitution of Anion Transport

inhibitors of anion transport, the contribution of sul-
fate efflux from vesicle population 1 (represented by
n,/n(0)) accounted for approx. 80% of the sulfate
transported. Two thirds of this contribution re-
sulted from subpopulation 1a, which does not show
anion leak flux. 10-25% was contributed by vesicle
population 2 (n,/n(0))?. Vesicle population 3, which
may consist of protein-free liposomes, contained
around 3% of the radioactivity initially present in
the vesicles. The relative size of the different popu-
lations seemed to depend mainly on the vesicle
batch. It depended little on the parameters of the
flux experiments, except that the size of vesicle
subpopulation la decreased at 7 > 35°C and pH <
6.8, with a concomitant increase in the size of sub-
popuiation 1b. As mentioned above, vesicle popula-
tion 4 of Fig. 1, which consists of vesicles which
are so leaky that all intravesicular radioactivity is
already removed during gel filtration, will not show
up in the flux measurements.

It is thus clear that, at physiological pH and
temperature, sulfate efflux in the system we studied
is dominated by contributions from a transport sys-
tem which is inhibitable by H,DIDS and flufena-
mate. For most purposes, this transport system is
sufficiently well characterized by the parameter
Akt

Evaluation of the effect of H,DIDS

10-20 um H,DIDS inhibit the band 3-mediated an-
ion transport across intact human erythrocyte mem-
branes by 98-99%. The H,DIDS binding site on
band 3 is accessible only from the outside of the
membrane; the reagent has no inhibitory effect when
present at the cytoplasmic surface [4, 17, 25).
Therefore, the effect of externally added H,DIDS
on sulfate efflux from the lipoprotein vesicles allows
the sidedness of the reconstituted band 3 molecules
to be tested.

At pH 7.2 and temperatures between 25° and
40°C, addition of 10-20 uMm H,DIDS reproducibly
led to an inhibition of the rapid component of sul-
fate efflux by >93% and in most cases by 97-98%
(as calculated from Eq. (12)). Since the residual flux
still includes the leak flux from vesicle population 1,
the actual inhibition of the band 3-mediated suifate

? The anion leak flux is apparently induced by protein and
not by residual Triton X-100, since vesicles which had been dia-
lyzed for short periods only and thus contained up to five times
more residual detergent than others from the same batch which
were dialyzed for longer periods, vielded the same 7, and k; (as
well as &y, n; and #3) as the latter ones. This finding agrees with
similar results by Ueno et al. on lipid vesicles containing the
detergent n-dodecyl octaethylene glycol monoether [35]
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Fig. 4. Efflux of [*S]sulfate from band 3-lipid vesicles under
exchange conditions in the absence of inhibitors of anion trans-
port (X), and in the presence of 0.1 um H,DIDS (A), 15 uMm
H,DIDS (#), 1 uMm flufenamate (O) or 10 um flufenamate (OJ).
The solid curves represent the least squares fit to the data ac-
cording to Egs. (3) (curves A, B, D) and (2) (curves C, E). The
broken line (F) indicates sulfate efflux from vesicles which did
not contain band 3 but otherwise were prepared in the same way
as the proteoliposomes. All experimental and fitted n(f)-data
were normalized to the value n(0), of the corresponding fitted
curve. Solvent: Buffer A. T = 30°C

flux will be even higher. This shows that, in virtu-
ally all band 3 molecules which take part in rapid
sulfate transport across the vesicle membranes, the
H,DIDS binding sites on the protein are not only
intact but also accessible to the inhibitor. Since
H,DIDS does not penetrate through the vesicle
membranes (at least not at a rate comparable to
that of sulfate) [10, 20], these results clearly demon-
strate that virtually all functional band 3 molecules
are incorporated into the vesicle membranes with
their H,DIDS binding site oriented to the outside (at
least in vesicle population 1). Thus, the vesicles
show a virtually complete right-side-out orientation
of the transport protein. This conclusion is sup-
ported by the effects of flufenamate on sulfate ef-
flux: flufenamate, which has a high membrane per-
meability [8], does not effect a higher inhibition than
the nonpenetrating H,DIDS. This holds both for the
rapid and the slow component of the flux (Fig. 4 and
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Table. Representative examples of the analysis of the efflux measurements

Curve/equation used  ny, m n, 17 13 ki kietr k, ket Akey  k*
[0¢] np Kierr

A/l 6285 1010 — 2390 250 0.226 — — 0.183 0.170 —

Al3 — — 7290 2395 250 — 0.231 —« 0.183 0.170 ~—

Cr2 — — — 3470 6460 — — 0.037 0.013 — 0.005

Ef2 — —_ — 4090 S840 — — 0.042 0.018 0.005 0.010

The data analyzed are those in Fig. 4, curves A, C and E. The units of #; are counts per 10 min, and those of k;

min~'.
« k, fitted by Eq. (3) was 0.038 min~'.
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Fig. 5. Dose-response curve for the inhibition of sulfate efflux
(under exchange conditions) from the band 3-containing lipid
vesicles by H,DIDS, under conditions of reversible binding of
the inhibiior. Solvent: Buffer A titrated to pH 6.5. T = 30°C.

Table). Furthermore, the simultaneous addition, to
the sample, of 10 um flufenamate and 15 um
H,DIDS does not reduce the efflux from the vesi-
cles as compared to the effect of H,DIDS alone
(data not shown).

With intact erythrocyte membranes at pH 7.2,
inhibition of anion transport by H,DIDS can be due
to covalent or noncovalent binding of the inhibitor
to band 3. The latter reaction precedes the former
and is characterized by a K;-value of 0.1-0.3 uM [4,
17, 25]. We have found that, at pH 7.2, 50% inhibi-
tion of the rapid component of sulfate flux across
the vesicle membranes is achieved at H,DIDS con-
centrations around 0.1 uM (see Fig. 4), as with in-
tact erythrocyte membranes. However, since some
of the inhibition will probably be due to covalent
H,DIDS binding to band 3, the true K;-value may be
higher. Additional experiments were therefore per-
formed at pH 6.5, where covalent H,DIDS binding

is negligible [16]. The data obtained are shown in
Fig. 5. Again 50% inhibition of sulfate efflux was
obtained at an H,DIDS concentration of 0.1-0.2
uM. The reduction in the maximum inhibition by
H,DIDS, which is apparent from the figure, is due
to an increase in leak flux from vesicle population |
at low pH (see above). The increase in inhibition
with increasing inhibitor concentration, ¢y, at ¢; >
0.1 uM is, however, less than expected from a sim-
ple 1:1 interaction of the inhibitor with a uniform
population of band 3 molecules, as found with
erythrocyte membranes [3, 17] (a Hill plot of the
data in Fig. 5 yields a slope of approx. 0.5 instead of
1.0). On the other hand, inhibition at 0.03 (and also
at 0.01) uMm H;DIDS was consistently around 40%
and thus distinctly higher than extrapolated from
the curve of Fig. 5. We assume, as did Kohne et al.
with respect to their analogous findings [20], that
part of the band 3 molecules in the vesicle mem-
branes may have undergone slight conformational
changes. This in turn may have led to a small in-
crease in the apparent K;-values of these protein
subpopulations.

We have also determined the concentration of
DNDS and flufenamate needed for 50% inhibition of
sulfate efflux from the vesicles and have found val-
ues of approx. 2.0 and 0.7 uM, respectively (pH 7.2,
30°C). In the case of DNDS, the value is four times
higher than for erythrocyte membranes [3, 17]; with
flufenamate it is about seven times lower (at the
same temperature) [7, 8]. For both inhibitors, the
respective values are reasonably close to each
other, especially if the differences in the experimen-
tal conditions are taken into account.

The Influence of Other Parameters

Sulfate exchange across the erythrocyte membrane
shows characteristic dependencies on temperature,
pH and sulfate concentration [4, 17, 23, 25]. In or-
der to compare the reconstituted with the native
anion transport system, we have studied the depen-
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Fig. 6. Temperature dependence of band 3-mediated sulfate flux
(described by Ak.) for two different vesicle preparations in
buffer A, presented as an Arrhenius plot

dency of sulfate equilibrium exchange on the pa-
rameters mentioned. We have also performed a few
experiments on sulfate net efflux into a medium free
of permeable anions.

Arrhenius plots of the dependency of Aket on
temperature, for data from two different vesicle
preparations, are shown in Fig. 6. From the straight
lines, values for the activation energy E, of approx.
137 and 145 kJ/mol can be derived, which compare
well with the 138 kJ/mol (33 kcal/mol) reported for
intact erythrocyte membranes [17, 25, 31, 33]. It is
noteworthy that, according to Fig. 6, the linear
range of the Arrhenius plot extends up to a tempera-
ture of at least 45°C.

In contrast to Ak.s and k;, the rate constant &,
for leak flux only slightly increases with increasing
temperature (less than twofold between 10 and
37°C).

The dependency of Ak and of k; (for cases &
> ky) on pH is shown in Fig. 7. The data closely
follow the pattern found by Schnell et al. in erythro-
cytes and erythrocyte ghosts [30, 31]: the curve is
bell-shaped, with a maximum around pH 6.2, and
the decrease towards lower pH is steeper than to-
wards higher ones. The figure also demonstrates the
parallelity in the behavior of &; and Akeg.

As shown in Fig. 8, sulfate flux ¢ (Akys - sulfate
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Fig. 7. pH dependence of the band 3-mediated sulfate efflux
from the reconstituted vesicles, as described by &, (@) and by
Aker (O). Solvent: 10 mm HEPES, 50 mM Na,SO,, 0.5 mMm
EDTA, in each case titrated to the respective pH. T = 30°C
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Fig. 8. Dependence of sulfate efflux ¢ = Ak - ¢ on sulfate con-
centration ¢ at pH 7.2. The buffers used contained 10 mm
HEPES (pH 7.2), 0.5 mm EDTA plus the respective sulfate con-
centrations. T = 30°C. The broken line represents the depen-
dence of sulfate self-exchange flux on the sulfate concentration
in amphotericin B-treated red blood cells according to Schnell et
al. {31] (arbitrarily normalized to the data point at ¢ = 100 mMm)

concentration) across the vesicle membranes shows
saturation kinetics, similar to the findings of Schnell
et al. for amphotericin B-treated erythrocytes and
for erythrocyte ghosts [31]. We could not determine
whether or not the reconstituted anion transport
system shows the same decrease of ¢ at ¢ > 150
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Fig. 9. Sulfate efflux from band 3-lipid vesicles into buffer free of
permeable anions, as compared to efflux under exchange condi-
tions. The vesicles were loaded with [¥S]sulfate in buffer B (20
mM HEPES (pH 7.2}, 50 mMm Na.SO,, 0.5 mm EDTA) plus 15
mM B-mercaptoethanol. Afterwards, the extravesicular medium
was exchanged by gel filtration against buffer C (100 mm HEPES
(pH 7.2), 0.5 mm EDTA; this buffer has the same osmolarity as
buffer B). The efflux measurements were performed in either
buffer B (@), buffer B plus 10 um H,DIDS (&), buffer C (O) or
buffer C plus 10 um H,DIDS (A). T = 30°C. The curves repre-
sent the least squares fit to the experimental data according to
Egs. (2) and (3). In the plot, all data are normalized to the value
n(0); of the corresponding fitted curve

mM as the native system. This was due to a strong
decrease in kg and a strong increase in the scatter
of the experimental data under these conditions,
which made the Ak.gvalues unreliable.

After replacement of extravesicular sulfate by
the nonpenetrating HEPES by gel filtration, sulfate
efflux from the vesicles was distinctly decreased. In
the experiment shown in Fig. 9, k. calculated from
curve B amounts to only 30% of the corresponding
value obtained under exchange conditions (curve
A). Calculation of the degree of inhibition I accord-
ing to Eq. (12) even yields I > 90% for the rapid
flux component. The remaining sulfate efflux was
inhibitable by H,DIDS, the residual flux being
smaller than under exchange conditions (Fig. 9,
curve D). These results suggest that net movement
of sulfate across the vesicle membrane is distinctly
slower than sulfate self-exchange, as is known for
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erythrocyte membranes [4. 17, 25]. However, a
quantitative comparison between the two systems
does not seem to be useful, due to the problems
involved in the quantification of net sulfate fluxes
(see the discussions in [20, 25]).

Intravesicular Volume and Transport Numbers

The intravesicular volume v; of the vesicles, as de-
termined from the loss of [**S]sulfate from the sam-
ple during the gel filtration step preceding the flux
measurements, was 0.5-1.7 liter per mol of phos-
pholipid (depending on the particular vesicle prepa-
ration). From these data, effective outer vesicle di-
ameters of 22-55 nm can be calculated [13]. These
values, except for the highest ones, are distinctly
smaller than the average diameter derived from
electron microscopic observations (see above). In
addition, the large variability of v; was not paral-
leled by a similar variability in the size distribution
determined by electron microscopy. The relatively
low values of v, thus indicate that a variable fraction
of the vesicles are so leaky that all the intravesicular
radioactivity is lost during gel filtration (population
4 of Fig. 1). Similar discrepancies between the av-
erage vesicle diameters obtained from electron mi-
croscopy and from v-measurements, respectively,
were also observed in other studies on band 3 re-
constitution [20, 27, 36].

The transport number 7 of band 3 incorporated
into the vesicle membranes was determined from
measurements of k;, the protein content of the vesi-
cles and the intravesicular volume v; according to
Eq. (13). At pH 7.2, 30°C and a sulfate concentra-
tion of 10 mM we obtained, from three different
preparations with « = 3 x 1074, 7 x 1073 and 2.5
x 1073, respectively, + = 10, 15 and 22 sulfate ions
per band 3 molecule and min. These values for 7 are
near to the value of 20 ions per band 3 molecule
and min for band 3 protein in the intact erythrocyte
membrane, as calculated from the data in [19, 31].
However, at least one of the assumptions underly-
ing Eq. (13), namely that all liposomes equally take
part in H,DIDS-sensitive sulfate transport, is cer-
tainly incorrect. The r-values obtained from Eq.
(13) thus only represent approximations. Neverthe-
less, they seem to indicate that the sulfate transport
capacity of band 3 in the reconstituted system is
close to that in the native membrane.

Discussion

As described in the introduction, numerous papers
have already been published on the reconstitution
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of the anion transport system of the human erythro-
cyte membrane in liposomes. The present paper
adds to this literature the description of a new re-
constitution method and new considerations on the
evaluation of the transport measurements.

RECONSTITUTION METHOD

The present reconstitution method differs from the
methods of others in two major aspects: (1} Lipid
vesicle formation and concomitant incorporation of
transport protein into the vesicle membranes takes
place in a mixture of two nonionic detergents, Tri-
ton X-100 and octylglucopyranoside, during slow
removal of the octylglucopyranoside by dialysis
while most of the Triton is retained. (2) The Triton
micelies and monomers which remained in the sam-
ple are separated from the vesicles by sucrose gra-
dient centrifugation. For this, we have made use of
the high density of Triton X-100 (approx. 1.11 g/ml
[34]), which is higher than the density of the sucrose
solutions used: we have applied the sample at the
bottom of the centrifuge tube and centrifuged the
vesicles out of the Triton solution towards the top
of the tube. This centrifugation step removes from
the vesicles all Triton X-100 which is not located
either in their membranes or in their interior. The
density gradient centrifugation also separates from
the vesicles all lipid and protein molecules (due to
their small sedimentation coefficient or to their high
buoyant density, respectively) which did not take
part in vesicle formation. Most of the residual Tri-
ton X-100, which remains after centrifugation, is
removed by dialysis. However, the vesicle mem-
branes still contain 4-6 detergent molecules per 100
molecules of phospholipid. This is 2-5 times the
amount left after extraction of the detergent by the
Bio-Beads method [20, 37].

Measurements of sulfate efflux from the vesicle
preparations revealed the existence of three popula-
tions {(a fourth population, consisting of completely
leaky vesicles, remains undetected in these mea-
surements). Two of the populations (Nos. 2 and 3 of
Fig. 1) are devoid of a reconstituted anion transport
system. However, the third, vastly predominant
vesicle population (No. 1 of Fig. 1) shows all the
major properties of sulfate transport across the in-
tact human erythrocyte membrane: transport num-
bers (at 30°C) close to 20 ions per band 3 molecule
and min, an activation energy of approx. 140 kJ/
mol, a bell-shaped pH dependency with a maximum
at pH 6.2, saturation of the flux at sulfate concentra-
tions around 100 mM, reduced sulfate efflux when
the extravesicular volume is free of transportable
anions, inhibition of the flux by H,DIDS and flu-
fenamate (approx. Kj-values at 30°C: 0.1 and 0.7
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1M, respectively), and ‘‘right-side-out’ orientation
of the transport protein (as judged from the inhibi-
tion of up to 98% by externally added H,DIDS).
Thus, these vesicles obviously contain the essen-
tially intact anion transport system of the human
erythrocyte membrane. The success of the reconsti-
tution method described distinctly exceeds that of
the reconstitution procedures published earlier. In
particular, it is now possible for the first time to
demonstrate the bell-shape of the pH dependency
of sulfate efflux and the appropriate K;-value for the
inhibition of the transport system by H,DIDS.

The most surprising structural property of the
reconstituted system is the virtually complete right-
side-out orientation of the transport protein. This
right-side-out orientation must be the result of the
conditions prevailing during vesicle formation; the
details of the process are currently under study.
Two other groups have also reported the prepara-
tion of artificial band 3-lipid vesicles with predomi-
nantly unidirectional orientation of band 3 [9, 14];
however, the restoration of anion transport was not
demonstrated. The present paper thus represents
the first report showing both a unidirectional incor-
poration of band 3 into lipid bilayers and the func-
tionality of the transport protein.

EVALUATION OF THE FLUX MEASUREMENTS

In our measurements of sulfate efflux, the counting
rate n,(f) of radioactive sulfate trapped in the lipo-
somes as a function of time could be fitted by two
exponentials plus an additive constant (Eq. 3). This
suggests that three populations of vesicles with
grossly differing transport properties contribute to
n(t). The population with the highest amplitude (n,)
and rate constant (k) contains the reconstituted
anton transport system and thus is the population of
primary interest. This population consists of two
subpopulations, one of which shows an additional
anion leak, as is revealed by flux experiments in the
presence of high concentrations of H,DIDS. The
latter experiments also demonstrate that anion leak
flux in the system can be described by a single rate
constant k;. This quite conclusively leads to the
model described by Fig. 1 and Eq. (1).

The **true’’ rate constant k; characterizing the
reconstituted anion transport pathway could be reli-
ably calculated from the n,(¢)-data, by least squares
techniques, only in the case k; > k,. We have there-
fore introduced ‘‘effective’ rate constants k.; and
kiesr, which are weighted means of the individual k-
values of the system in the absence and presence,
respectively, of high concentrations of H,DIDS.
Both parameters could be determined much more
reliably than the individual k;. We have used the
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difference of the two effective rate constants, Aker,
for the characterization of the reconstituted anion
transport pathway. Ak is virtually identical to & -
(n,/n(0)) (Eq. (9)). Since n,/n(0) apparently depends
only very weakly on the conditions of the flux ex-
periments, Ak is nearly as useful for the character-
ization of the anion transport system as k.

The evaluation of the effect of inhibitors on the
reconstituted anion transport system, especially at
maximum inhibition of the transport pathway,
could not be based on Eq. (1) (which a priori as-
sumes that the pathway can be blocked fully by
H,DIDS). The data were therefore analyzed by Eq.
(3). We have described the anion transport proper-
ties of the vesicle system by the parameter k¥,
which is the effective rate constant of the system
when the known unspecific contributions to sulfate
flux have been subtracted from the n(f)-curve and
which is directly related to the (appropriately de-
fined) degree of inhibition of the transport system.
As described above, k* is only an approximate mea-
sure of the degree of inhibition. It seems, however,
to be a suitable measure, especially of the maximum
degree of inhibition achieved. The latter figure is
fundamental for the determination of the sidedness
of the transport system. The virtually complete
right-side-out character of the reconstituted anion
transport pathway revealed by this determination in
turn represents the basis for the separate determina-
tion of k, from flux experiments performed in the
presence of high concentration of H,DIDS, and
thus of our general evaluation procedure.

It should be added that all our calculations are
in any case only approximate, since they disregard
the size distribution of the vesicles. The isolation of
vesicle subfractions with a narrower size distribu-
tion by gel filtration may eliminate this problem.
Another problem remaining is the existence of vesi-
cles which are so leaky that they do not contribute
to n(t) or v;, which will effect all determinations of
transport numbers. This problem could possibly be
solved by improvements in the procedure of vesicle
isolation.

What use may be made of the reconstituted an-
ion transport system and the method of reconstitu-
tion described in this paper? It seems probable that
the reconstituted system will offer new possibilities
for studies on structure-function relationships of
band 3. Its main advantage could be the ease by
which, by addition of H,DIDS, specific and unspe-
cific contributions to the anion flux can be distin-
guished from each other. The method of reconstitu-
tion developed by us may, in addition, be applicable
to any transport system that is not irreversibly inac-
tivated by Triton X-100 plus moderate concentra-
tions of octylglucopyranoside and may thus in-
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crease the existing collection of promising
reconstitution methods. Some of the possible appli-
cations described are now under study in our labo-
ratory.
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