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Abstract. 

 

Although many polarized proteins are sorted 
to the same membrane domain in all epithelial tissues, 
there are some that exhibit a cell type–specific polarity. 
We recently found that band 3 (the anion exchanger 
AE1) was present in the apical membrane of a renal in-
tercalated cell line when these cells were seeded at low 
density, but its targeting was reversed to the basolateral 
membrane under the influence of an extracellular ma-
trix protein secreted when the cells were seeded at high 
density. Because apical and basolateral lipids differ in 
epithelia, we asked what effect might these lipids have 
on band 3 function. This question is especially interest-
ing since apical anion exchange in these cells is resistant 
to disulfonic stilbene inhibitors while basolateral anion 
exchange is quite sensitive. Furthermore, the apical an-
ion exchanger cannot be stained by antibodies that 
readily identify the basolateral protein.

We used short chain sphingolipid analogues and 
found that sphingomyelin was preferentially targeted to 
the basolateral domain in the intercalated cell line. The 

ganglioside GM

 

1

 

 (Gal 1

 

b

 

1, 3GalNAc

 

b

 

1, 4Gal-NeuAc

 

a

 

2, 
3Gal

 

b

 

1, 4Glc ceramide) was confined to the apical 
membrane as visualized by confocal microscopy after 
addition of fluorescent cholera toxin to filter grown 
cells. We reconstituted erythrocyte band 3 into lipo-
somes using apical and basolateral types of lipids and 
examined the inhibitory potency of 4,4

 

9

 

-dinitorsostil-
bene-2,2

 

9

 

-disulfonic acid (DNDS; a reversible stil-
bene) on 

 

35

 

SO

 

4

 

/SO

 

4

 

 exchange. Although anion ex-
change in sphingomyelin liposomes was sensitive to 
inhibition, the addition of increasing amounts of the 
ganglioside GM

 

1

 

 reduced the potency of the inhibitor 
drastically. Because these polarized lipids are present in 
the exofacial surface of the bilayer, we propose that the 
lipid structure might influence the packing of the trans-
membrane domains of band 3 in that region, altering 
the binding of the stilbenes to these chains. These re-
sults highlight the role of polarized lipids in changing 
the function of unpolarized proteins or of proteins 
whose locations differ in different epithelia.

 

T

 

he

 

 plasma membrane of epithelia is differentiated
into two domains that have different lipid and pro-
tein composition. The apical membrane is highly

enriched in glycosphingolipids, while the basolateral mem-
brane contains higher concentration of phosphatidyl cho-
line and sphingomyelin (Simons and van Meer, 1988).
While an individual polarized protein is usually targeted to
the same domain in all types of epithelial cells, some ex-
hibit a cell type–specific polarity. For instance, the 

 

a

 

 sub-
unit of the Na,K ATPase is present in the basolateral
membrane of most epithelia but is targeted to the apical
membrane of the retinal pigment epithelium and choroid
plexus (Gundersen et al., 1993). The human LDL receptor

transgene is expressed as an apical protein in mouse kid-
neys but as a basolateral protein in their intestine (Pathak
et al., 1990). GPI-linked proteins are targeted to the apical
membrane of most epithelia (Lisanti and Rodriguez-Bou-
lan, 1990) but go to the basolateral membrane of a thyroid
cell line (Zurzolo et al., 1993). We recently discovered that
the renal anion exchanger, band 3 (AE1), is targeted to
the apical membrane of an immortalized intercalated cell
line, but the protein could be retargeted to the basolateral
membrane in the same cell line if the cells were seeded at
high density (van Adelsberg et al., 1994). Given that trans-
port proteins and receptors are embedded in the lipid bi-
layer, we asked whether the function of an individual pro-
tein such as band 3 could be altered by the radically
different lipids in these two membrane domains.

The intercalated epithelial cells of the renal collecting
tubule are specialized for transepithelial H

 

1

 

 or HCO

 

3

 

2

 

transport and exist in a variety of types, with two forms, 

 

a
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and 

 

b

 

, probably representing the extreme ends of a spec-
trum (for review see Schuster, 1993; Al-Awqati, 1996).
The “canonical” 

 

a

 

 cell has an apical H

 

1

 

 ATPase and a ba-
solateral Cl/HCO

 

3

 

 exchanger, which is a form of the red
cell band 3 (Drenckhahn et al., 1985; Brown et al., 1988).
In the 

 

b

 

 type, HCO

 

3

 

2

 

 is secreted by an apical Cl/HCO

 

3

 

 ex-
changer and a basolateral H

 

1

 

 ATPase. In earlier studies,
we found that when rabbits were fed an acid diet, the num-
ber of 

 

a

 

 cells increased while the number of 

 

b

 

 cells de-
creased, but the total number of intercalated cells re-
mained the same. We concluded that 

 

b

 

 cells converted to

 

a

 

 cells and termed this process plasticity in epithelial po-
larity (Schwartz et al., 1985). The question then arose
whether the apical Cl/HCO

 

3

 

 exchanger is the same as the
basolateral protein. Molecular cloning showed that the
kidney anion exchanger is an alternately spliced form of
AE1 missing the first three exons (Brosius et al., 1989; Ku-
drycki and Shull, 1989). The same antibodies that readily
stained the basolateral anion exchanger have consistently
failed to stain the apical membranes of 

 

b

 

 cells. In addition,
while basolateral Cl/HCO

 

3

 

 exchange is sensitive to inhibition
by 4,4

 

9

 

-diisothiocyanostilbene-2,2-disulfonic acid (DIDS),

 

1

 

apical exchange is not (Schuster, 1985; Kohn et al., 1990).
These studies suggested that the two polarized Cl/HCO

 

3

 

exchangers might be different proteins.
 To test some of these ideas directly, we recently gener-

ated a clonal 

 

b

 

 intercalated cell line that exhibited all their
previously known characteristics: apical Cl/HCO

 

3

 

 exchange,
basolateral H

 

1

 

 ATPase, an apical peanut lectin binding
protein, a basolateral glucose transporter, and no apical
endocytosis (Edwards et al., 1992). Staining with an anti–
band 3 antibody that was affinity purified against the cyto-
plasmic domain of erythrocyte AE1 showed that these
cells, like their in vivo counterparts, had no apical staining.
Surprisingly however, we found that these antibodies were
able to identify this protein in isolated apical membranes
by immunoblot analysis (van Adelsberg et al., 1993). The
cells also expressed the mRNA for AE1. More interest-
ingly, we found that when these cells were plated at sub-
confluent density and analyzed after they became polar-
ized monolayers, they had AE1 in their isolated apical
membranes. However, when seeded at high density, these
cells exhibited all the characteristics of 

 

a

 

 cells; basolateral
AE1, vigorous apical endocytosis, and apical H

 

1

 

 ATPase
(van Adelsberg et al., 1994). They continued to express
GLUT1 (the glucose transporter) in the basolateral mem-
brane and peanut lectin binding protein in the apical mem-
brane. A large protein (which we termed hensin) was de-
posited by these cells into their extracellular matrix, and
when purified, it was able to reverse the polarity of band 3
even in the low density cells (van Adelsberg et al., 1994;
Takito et al., 1996). Because this is a clonal cell line, these
in vitro studies demonstrate that conversion of 

 

b

 

 cells to 

 

a

 

cells is feasible, at least in principle. But whether this den-
sity-dependent change in phenotype is similar to what oc-
curs in vivo will require more studies. 

There have been other examples in which the same pro-
tein has different characteristics when it is located in dif-
ferent membrane domains. In one clone of Madin-Darby
canine kidney cells (MDCK), 50% of newly synthesized
Na,K ATPase is targeted to the apical membrane, where
its sensitivity to ouabain (Hammerton et al., 1991) or bioti-
nylation reagents (Gottardi et al., 1995) was found to be
reduced. Furthermore, the apical bradykinin B2 receptor
has higher affinity for its ligand than when it is in the baso-
lateral membrane (Denning and Welsh, 1991). What effect
could apical or basolateral lipids have on the function of
receptors and transporters in these two membrane do-
mains? In particular, could this explain the lack of sensitiv-
ity of apical band 3 to its specific inhibitors in the interca-
lated cells? Indeed, when we tested this hypothesis by
reconstitution of erythrocyte band 3 in liposomes whose
composition is similar to those of the apical membrane,
the anion exchanger became resistant to inhibition by disul-
fonic stilbenes. These results highlight the influence that
lipid polarity might have on the function of proteins that
are unpolarized or whose polarity can change from one
surface to another.

 

Materials and Methods

 

C

 

6

 

-NBD Sphingolipid Transport Assay

 

Intercalated cells were maintained as described previously (Edwards et al.,
1992; van Adelsberg et al., 1994). For lipid polarity experiments, cells
were plated on 0.4-

 

m

 

m pore size, 4.7-cm

 

2

 

 Transwells (Costar, Cambridge,
MA) at low density (2 

 

3 

 

10

 

4

 

 cells/cm

 

2

 

) or at high density (5 

 

3 

 

10

 

5

 

 cells/
cm

 

2

 

) and grown for 9–12 d at 39

 

8

 

C. Delivery of C

 

6

 

-NBD-sphingolipids to
the cell surface was assayed as before (van’t Hof and van Meer, 1990,
1994). Incorporation of lipids into cells or extraction from cells was per-
formed by the addition of lipid-loaded BSA or lipid-free BSA, respec-
tively, to the medium for a specific amount of time. The transfer of lipids
from the cell membrane to the reservoir of delipidated BSA is termed
“back-exchange” (Pagano and Martin, 1988). In brief, the fluorescent pre-
cursor, C

 

6

 

-NBD-ceramide (N-6[7-nitro-2,1,3,-benzoxadiazol-4-yl] ami-
nocaproyl-sphingosine) was incorporated into filter-grown cells for 30 min
at 10

 

8

 

C by exchange from BSA-NBD-lipid complexes (van Helvoort et al.,
1966; van Meer et al., 1987). 1 ml of NBD-ceramide (10 

 

m

 

M) in HBSS con-
taining 0.03% BSA (wt/vol) was added to the apical surface of the mono-
layer. Transport of intracellularly synthesized C

 

6

 

-NBD-glucosyl ceramide
(C

 

6

 

-NBD-Glc/Cer) and C

 

6

 

-NBD-sphingomyelin (C

 

6

 

-NBD-SM) to the cell
surface was assayed for 1 h at 37

 

8

 

C by continuous depletion from the cell
surface by BSA (1% in HBSS wt/vol) in the apical or basolateral media.
This was followed by another back-exchange against HBSS-BSA for 30
min at 10

 

8

 

C to maximize depletion. Fluorescent lipids were extracted from
the combined apical media, the combined basal media, and the cell mono-
layer on the filter, after which they were quantitatively analyzed by
HPTLC followed by measurement of NBD-fluorescence in the individual
lipid spots (van Meer et al., 1987). The “polarity” of each lipid is defined
as the ratio of apical to basolateral delivery. The quotient of these ratios,
the “relative polarity” (Glc/Cer to SM ratio), can be used as a measure of
differential transport of Glc/Cer from SM (van’t Hof and van Meer, 1990).
Six independent experiments were performed in high-density cells and
another six in low density cells. The results are presented as the means

 

6

 

 SEM.

 

Reconstitution of Erythrocyte Band 3

 

Unless otherwise stated, all the steps were carried out at 0–4

 

8

 

C. 100 ml of
rabbit blood, aseptically collected in Na citrate, was received from Pel
Freeze. It was repeatedly washed with 5 vol of 0.9% NaCl and centrifuged
four or five times at 5,000 rpm. The resulting red cell pellet was resus-
pended in 10 vol of Na phosphate buffer (5 mM NaPO

 

4

 

, 0.2 mM DTT, 20

 

m

 

g/ml PMSF, pH 8.0) and incubated on ice for 10 min. The suspension was
then centrifuged at 15,000 rpm for 20 min in a rotor (model SA600; Du-
pont Instruments, Newtown, CT). The pellet was subjected to seven or

 

1.

 

 Abbreviations used in this paper

 

: Cer, ceramide; DIDS, 4,4

 

9

 

- diisothiocy-
anostilbene-2,2-disulfonic acid; DNDS, 4,4

 

9

 

-dinitorsostilbene-2,2

 

9

 

-disul-
fonic acid; Glc/Cer, glucosylceramide; GM

 

1

 

, ganglioside GM

 

1 

 

(Gal 1

 

b

 

1,
3GalNAc

 

b

 

1, 4Gal-NeuAc

 

a

 

2, 3Gal

 

b

 

1, 4Glc ceramide); GSL, glycosphin-
golipids; SM, sphingomyelin; PC, phosphatidylcholine.
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eight similar washings until the supernatant was clear. The washed
ghosts were frozen at 

 

2

 

70

 

8

 

C. Aliquots of these ghosts were then thawed
and washed once again in 10 vol of Na phosphate buffer, pH 8.0, and the
pellet was resuspended in hypotonic buffer (2 mM EDTA, 2 mM DTT, 1
mM PMSF, pH 8.0) and centrifuged at 15,000 rpm for 20 min as above.
The resulting pellet was resuspended in the hypotonic buffer, pH 8.0 and
incubated at 37

 

o

 

C for 30 min, followed by centrifugation at 15,000 rpm or
20 min. This was repeated twice. The pellet was then resuspended in
buffer containing 1M KI, 1 mM EDTA, 1 mM DTT, 20 

 

m

 

g/ml PMSF, pH
7.4, and incubated at 37

 

8

 

C for 30 min. The suspension was centrifuged
twice at 20,000 rpm for 20 min. The final pellet was suspended in 5 mM Na
phosphate buffer, pH 7.4, and stored at 

 

2

 

70

 

8

 

C. This method is that pub-
lished previously by Casey et al. (1989).

To reconstitute band 3 into purified lipids, we added a 25-fold excess of
the lipid (wt/wt) to stripped red cell ghosts followed by cycles of freeze–
thaw and sonication (Sekler et al., 1995). Lipids were obtained from
Avanti Polar Lipids (Alabaster, AL) (sphingomyelin or phosphatidyl cho-
line) or from Matreya, Inc. (Pleasant Gap, PA) (monosialoganglioside
[GM

 

1

 

] or ceramide). The lipids (usually dissolved in chloroform) were
first dried under argon and resuspended in sulfate buffer (2 mM MgSO

 

4

 

,
20 mM Na

 

2

 

SO

 

4

 

, and 10 mM MES, pH 5.5) in a final volume of 125 

 

m

 

l, in
the presence or absence of 4,4

 

9

 

-dinitorsostilbene-2,2

 

9

 

-disulfonic acid
(DNDS; Pfaltz and Bauer, Inc., Waterbury, CT). After 15 successive 1-s
sonication cycles using a bath sonicator (model 2200; Branson Ultrasonic
Corp., Danbury, CT), the lipids were then mixed with stripped ghost pro-
tein containing 50 

 

m

 

g of stripped red cell ghost protein in a final volume of
150 

 

m

 

l. This reconstitution mixture was subjected to one cycle of rapid
freezing in liquid nitrogen and thawing at room temperature, followed by
a timed 30-s sonication in the bath sonicator. 

 

35

 

SO

 

4

 

/SO

 

4

 

 Exchange

 

For each assay point, 25 

 

m

 

l proteoliposomes (containing 8.3 

 

m

 

g of stripped
ghost protein with 25-fold excess of lipids) were incubated at 37

 

8

 

C for 5
min, and sulfate transport was initiated by adding an equal volume of
[

 

35

 

SO

 

4

 

] 10 

 

m

 

Ci/ml (250–1,000 mCi/mmol; Dupont/NEN, Boston, MA) in
sulfate buffer in the presence or absence of DNDS. The proteoliposomes
were incubated with radioactive 

 

35

 

SO

 

4

 

 at 37

 

8

 

C for 1, 3, 5, 10, and 20 min.
Uptake was terminated by passing a 50-

 

m

 

l sample through an anion ex-
change column (Amberlite IRN-78; Polysciences, Inc., Warrington, PA).
The column was first preequilibrated with 80 mM sucrose; the sample was
then loaded and chased with 300 

 

m

 

l of the sucrose buffer. The liposomes
were then eluted with 600 

 

m

 

l of the sucrose medium and counted. The col-
umns were prepared as described previously (Landry et al., 1987). The
resin was first washed several times with dH

 

2

 

O, and the pH of the resin
was adjusted to 1.5 with 2 vol of 50% 

 

d

 

-gluconic acid (wt/wt) (Sigma
Chemical Co., St. Louis, MO). The resin was incubated at room tempera-
ture for 2 h and then repeatedly washed with distilled water until the pH
reached 3.5. It was then packed into 7-cm glass Pasteur pipettes using min-
imal amounts of glass wool as a plug. 

In each study, the uptake into liposomes containing band 3 was always
compared with that in protein-free liposomes, and the results represent
the protein-mediated transport rate. In some experiments, red cell ghost
protein was initially treated with 1 mM DIDS at 4

 

8

 

C for 1 h, followed by
addition of lipids and freeze–thaw sonication cycle as above; these uptake
studies represented the fluxes not due to band 3 and were largely similar
to the uptake in the absence of protein. All flux studies were performed at
37

 

8

 

C and at pH 5.5. For studies with DNDS, the drug was present in equal
concentrations inside and outside the liposomes. In any individual experi-
ment, each time point was the average of triplicate measurements. The
fluxes were averaged for each experiment and analyzed statistically when
three or more independent experiments had been performed.

Densitometric analysis of Coomassie blue–stained polyacrylamide gels
of the stripped ghost proteins showed that band 3 accounted for 60–73%
of the stained proteins, but this is likely to be an overestimate (by perhaps
twofold) because of the presence of glycophorins and other red cell pro-
teins in this molecular weight range. To estimate the amount of band 3
protein present in the proteoliposomes that were assayed for their 

 

35

 

SO

 

4

 

uptake, we used immunoblots with a previously characterized antibody
(van Adelsberg et al., 1993), comparing known amounts of stripped ghost
protein with fractions of proteoliposomes before and after passage
through the anion exchange resin. The reconstitution method and the as-
say procedure resulted in losses of band 3 that differed in each lipid used.
The recovery in the final assay, as percentage of input band 3, was 79% in
phosphatidylcholine (PC), 39% in SM, and 13% in SM 

 

1

 

 30% GM

 

1

 

.

These recoveries were used to “correct” the band 3–mediated rate of
transport to estimate the turnover number of the reconstituted protein.

We estimated the orientation of band 3 in these proteoliposomes by
measuring 

 

35

 

SO

 

4

 

 influx into PC and SM 

 

1

 

 30% GM

 

1

 

 liposomes in the ab-
sence of drugs, or after addition of 1 mM DIDS to the outside. These were
compared with uptake into proteoliposomes made with red cell protein
that had been pretreated with 1 mM DIDS. In PC liposomes, 70% of the
band 3–mediated flux was inhibited by external DIDS, while in SM 

 

1

 

30%
GM

 

1

 

 liposomes, extravesicular DIDS inhibited the flux by 44%.

 

Immunocytochemistry

 

The immortalized intercalated cells were plated at high or low density on
Transwell filters with 0.4-

 

m

 

m pores and grown at 40

 

8

 

C for 5 d. Cells were
then washed three times with PBS (145 mM NaCl, 4 mM KCl, 10 mM
phosphate, pH 7.4), fixed for 5 min in 2% (wt/vol) paraformaldehyde, and
quenched with 50 mM NH

 

4

 

Cl in PBS for 15 min. The fixed cell monolay-
ers were incubated (on both the apical and basolateral side) in PBS con-
taining 500 

 

m

 

g/ml rhodamine-conjugated cholera toxin B subunit (List Bi-
ological Laboratories, Campbell, CA) for 2 h at 48C. The monolayers
were then washed three times in PBS and incubated for 1 h with 1:50 dilu-
tion of mouse anti–collagen type IV IgG (BIODESIGN International,
Kennebunkport, ME) in PBS containing 3% BSA at 48C. After three
washes with PBS containing BSA, the monolayers were incubated in 1:100
dilution of FITC-labeled goat anti–mouse antibody (Jackson ImmunoRe-
search, West Grove, PA) for 1 h. Finally, the cell monolayers were washed
in PBS containing BSA as well as PBS and mounted in 90% glycerol in
PBS with 0.1% p-phenylenediamine and viewed by an Axiovert 100 laser
scanning confocal microscope (model LSM 410; Carl Zeiss, Inc., Jena,
Germany). Excitation was accomplished with an argon-krypton laser pro-
ducing lines at 488 or 568 nm. The images were collected at 1-mm thick-
ness optical sections and analyzed by the Zeiss LSM-PC software. The im-
ages were processed with Adobe Photoshop software (San Jose, CA).

Results

Polarized Lipid Distribution in Intercalated Cells

When the exchangeable lipid C6-NBD-ceramide is added
to cells via liposomes or BSA complexes, it rapidly pene-
trates into the cells by exchange through the water phase
and translocation across the plasma membrane (Pagano
and Martin, 1988). Subsequently, it diffuses through the
cytoplasm before it concentrates in the Golgi complex,
where it is metabolically converted into C6-NBD-Glc/Cer,
a glycolipid analogue, and C6-NBD-SM, a phospholipid
analogue (Lipsky and Pagano, 1985). Transport to the
plasma membrane of these products can be monitored by
“back-exchange,” the selective depletion of the exchange-
able lipids from the cell surface by excess lipid-free BSA
added to the media (Lipsky and Pagano, 1985).

The analysis of the biosynthesis and transport of C6-
NBD-Glc/Cer and C6-NBD-SM to the plasma membrane
in epithelial cells grown on permeable Transwell supports
provides a simple assay to study polarized delivery of lip-
ids to the apical and basolateral cell surface domains (van
Meer et al., 1987; van’t Hof and van Meer, 1990). Control
experiments have shown that C6-NBD-lipids present in one
domain cannot be depleted by BSA added to the media in
contact with the opposite domain, indicating that the assay
measures transport of lipids to the apical and basolateral
domain separately (van’t Hof and van Meer, 1990). In these
studies, it was observed that in MDCK and Caco-2 epithe-
lial cells, C6-NBD-Glc/Cer is targeted to the apical domain,
while C6-NBD-SM is preferentially delivered to the basolat-
eral cell surface. As this lipid sorting phenomenon is iden-
tical to the lipid polarity observed in epithelial cells in vivo
and in vitro (for a recent review see van’t Hof and van Meer,
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1994), the intracellular sorting of the C6-NBD-sphingolipid
analogues reflects that of their endogenous counterparts.

After labeling of filter-grown intercalated epithelial cells
with C6-NBD-ceramide for 30 min at 108C (to allow for ef-
ficient incorporation of the ceramide precursor into the
Golgi), transport of newly synthesized C6-NBD-lipid prod-
ucts was monitored as a function of time at 378C (Fig. 1) by
back-exchange against BSA added to the apical and baso-
lateral media. After 30, 60, and 120 min, newly synthesized
C6-NBD-Glc/Cer was observed to be targeted about equally
to both domains, with a slight apical tendency (Fig. 1, top;
apical/basolateral sorting, 1.0 6 0.1). Recall, however, that
what is being measured is the targeting of glucosylcera-
mide (Glc/Cer), but given that the apical surface is only a
fraction of the basolateral surface (the absolute values in
these cells will need to be defined), then the concentration
of Glc/Cer in the apical membrane is much higher than in
the basolateral membrane. C6-NBD-SM was found to be
preferentially targeted to the basolateral domain (Fig. 1,
middle; apical/basolateral 0.5 6 0.1). The relative polarity
of Glc/Cer to SM ratio (van’t Hof and van Meer, 1990)
shows a twofold apical enrichment of Glc/Cer over SM
(Fig. 1, bottom; 2.0 6 0.2), or, in other words, in a twofold
basolateral enrichment of SM over Glc/Cer. Polarized de-
livery of NBD-lipids was identical in low-density (Fig. 1)
and high-density intercalated cells (not shown). In this re-
spect, polarized steady-state distribution of lipids was sim-
ilar to that of the peanut lectin binding protein, which was
apical in both cell types, and the glucose transporter, which
was basolateral in both.

A significant fraction of cellular glycolipids consists of gan-
gliosides, which are negatively charged because of the pres-
ence of neuraminic (sialic) acids. In epithelial cells, gangli-
osides such as GM1 may be found on both surface domains,
as judged by the binding of cholera toxin (Lencer et al., 1992).
However, when values are expressed as percentages of to-
tal ganglioside, individual gangliosides are found to display
asymmetric distributions in apical (brush-border) or baso-
lateral membranes from renal kidney epithelial cells (Spie-
gel et al., 1988). The apical domains are relatively enriched
in GM3, GM1, and GD1a, while basolateral domains contain
higher amounts of GD3 and GM4. However, we emphasize
that total glycosphingolipids (composed of gangliosides and
other glycosphingolipids [GSLs]), constitute as much as
33% of the total apical lipids while forming 7% of the baso-
lateral lipids (Kawai et al., 1974; Spiegel et al., 1988).

The B-subunit of cholera toxin binds specifically to GM1
(Cuatrecasas, 1973), and we found that rhodamine-labeled
cholera toxin binding was localized entirely in the apical
domain using confocal fluorescence microscopy (Fig. 2).
In these studies, cholera toxin was added to basal and api-
cal media simultaneously with antibodies to collagen IV,
which is present in intracellular vesicles and is deposited in
the basal ECM in these cells. That there was appropriate
cellular collagen IV staining indicates that the localization of
cholera toxin was not due to lack of access of the molecule to
binding sites in the basal and lateral domains. Similar results
were obtained with an antibody against GM1 (not shown).

Effect of Lipid Composition on 35SO4/SO4 Exchange

Band 3 proteoliposomes composed of PC, SM, or SM 1

30% GM1 transported 35SO4 in a time-dependent manner.
This uptake was larger than that in the simultaneously de-
termined protein-free liposomes or in proteoliposomes
prepared with protein pretreated with the irreversible in-
hibitor of band 3, DIDS (Fig. 3). When plotted as the frac-
tional uptake against time, the uptake exhibited first order
kinetics; the rate coefficients were PC, 20.41 6 0.02; SM,
20.31 6 0.03; and SM 1 30% GM1, 20.48 6 0.02 (n 5 6,
for each lipid). The addition of 30% GM1 to SM increased
the rate coefficient significantly (P , 0.01), and the PC
values were intermediate between the two but not differ-
ent from either. Proteoliposomes also differed in the iso-
tope equilibrium level of 35SO4, even though the total

Figure 1. Delivery of NBD-lipids in intercalated cells. The top
panel shows the polarized delivery of Glc/Cer, the middle panel
shows the polarized transport of SM, and the lower panel shows
the relative polarity (Glc/Cer to SM ratio). The data shown are
an average of six studies in two independent experiments. Shown
are the results in cells that were seeded at low density, and identi-
cal results were obtained in cells seeded at high density, which
were also performed in six studies. 
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amount of lipid and input protein used was the same.
These kinetic parameters depend on the size of liposomes
of different lipid composition, on the fraction that con-
tained functional band 3, on the presence of multilamellar
vesicles, and on the size distribution of liposomes in a
given lipid mixture. Because of these concerns, it would
not be possible to give a quantitative estimate of the effect
of lipid composition on the turnover number of band 3.
However, an order of magnitude type of information can
be arrived at by using the measured uptake rate coeffi-
cients and the estimated amount of red cell ghost protein
that is band 3 and the efficiency of incorporation of band 3
into different liposomes (see Materials and Methods). The
rates in nmol/min per mg of band 3 were 180 6 73 for PC,
215 6 61 for SM, and 738 6 230 for SM 1 30% GM1. Al-
though there are no published results for the rate of 35SO4/
SO4 exchange of rabbit band 3, those of human band 3
vary between 2,700 nmol/min per mg band 3 as measured
in native red cells (Schnell et al., 1977) to values as low as 6
nmol/min per mg when band 3 was solubilized in detergent
and reconstituted in PC vesicles (Kohne et al., 1983).

One of the characteristics of band 3 is that 35SO4 trans-
port is stimulated by the trans anion. Band 3 proteolipo-
somes were loaded with 35SO4, and the extravesicular iso-
tope was removed by passage through an anion exchange

resin. The liposomes were then diluted into media contain-
ing gluconate as the major anion or sulfate. Fig. 4 shows that
in SM and SM 1 30% GM1 liposomes, there was a rapid
efflux of 35SO4 when the external anion was sulfate. In
contrast, there was hardly any efflux in gluconate media.

Band 3 is a titrable carrier, hence 35SO4 transport is pH
sensitive (Gunn, 1979; Milanick and Gunn, 1982). Exami-
nation of the effect of symmetrical changes in pH on the
initial rate of 35SO4/SO4 exchange (at 378C) showed that
PC liposomes exhibited the well-known stimulation of trans-
port by acid pH (Fig. 5). In SM vesicles, the peak stimula-
tion was shifted to pH 6. The mechanism by which bulk
lipids exert their effect on the titrability of the carrier is
unknown, but perhaps it involves changing the local envi-
ronment of the titrable group such as might occur when
the packing of the peptide chains is altered.

Effect of Lipid Composition on Sensitivity to DNDS

The effect of the reversible inhibitor, DNDS (Cabantchick
and Greger, 1992), on 35SO4/SO4 exchange was studied by
sonicating the proteoliposomes in the presence of the drug
to generate equal concentrations of the drug inside and
outside the proteoliposomes. Band 3 is nearly randomly
incorporated into these liposomes. DNDS had no effect on
35SO4/SO4 exchange in protein-free liposomes, except at
the 50 mM concentration where there was a slight decrease.
In each study, we measured the 1-min uptake in band 3
proteoliposomes and the corresponding protein-free lipo-
some in the presence and absence of different concentra-
tion of DNDS. There was a dose-dependent inhibition of
the uptake (Fig. 6), and the apparent Ki (estimated from a
Dixon plot) was 2 6 1 mM in PC liposomes, while in SM li-
posomes it was 7 6 3 mM (Fig. 6 B). The Ki,DNDS of human
band 3 for 35SO4/SO4 exchange was 2 mM (Schnell et al.,
1977), and that for mouse band 3 in asolectin vesicle was 8
mM (Sekler et al., 1995).

When increasing amounts of GM1 were added to SM li-
posomes, a larger portion of the flux became resistant to
the effect of DNDS (Fig. 7). At 30% GM1 (the ratio found
in apical membranes [Kawai et al., 1974]) the inhibition at
high concentrations of DNDS was only 30%. Other exper-
iments where 5% GM1 was used showed effects weaker
than the 10% studies shown, while addition of 15% (n 5
2) showed results intermediate between the 10 and 30%
values. To reduce clutter, the latter two studies are not
shown in Fig. 7. The GM1 containing liposomes exhibited
bona fide band 3–mediated transport; when they were
made with DIDS-treated band 3, their 35SO4 influx was
lower than with the native protein (Fig. 3). When loaded
with 35SO4, their efflux rates were greater in the presence
of external sulfate than that in external gluconate (Fig. 4). 

Because the above studies were performed at pH 5.5
and at low ionic strengths, we repeated some of them at
pH 7.5 and using 100 mM of added Na gluconate. The di-
sulfonic stilbene DIDS at 200 mM completely inhibited the
35SO4/SO4 exchange in SM vesicles. But addition of GM1
produced a resistance to inhibition: at 13% GM1, 35SO4/
SO4 exchange was 74% of that in the absence of 200 mM
DIDS and at 26% GM1, it was 97% of the uninhibited flux.

Addition of 30% gangliosides to SM vesicles produced a
highly nonlinear behavior on Dixon plots (Fig. 7, dia-

Figure 2. Confocal microscopic images showing apical expression
of GM1 using rhodamine-labeled cholera toxin B-subunit com-
pared with cellular and basal expression of collagen IV in low-
density intercalated cells. 20 z-sections of the sample were
scanned using 488 nm (green) laser light and subsequently with
568 nm (red) light to avoid cross-talk between the two channels.
A is the xy-projection of the brightly stained three apical sections
(i.e., sections 9–11) of the red channel images (cholera toxin), and
B is the xy-projection of three basolateral sections (i.e., 13–15) of
green channel (collagen) images. The xz-section (C) at the indi-
cated position was obtained from the combined RGB images.
Labeled cholera toxin and antibodies to collagen IV were present in
both apical and basolateral media. Identical results were obtained
in cells seeded at high density. These are representative images of
four independent experiments for each density of seeding. 
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monds in right panel). Addition of 30% GM1 to PC lipo-
somes (Fig 7, open squares) also resulted in nonlinear inhi-
bition kinetics, although the effect was less pronounced
than with SM. When the sphingolipid moiety of GM1, ce-
ramide, was added to SM (also at 30%), the effect on the
linearity of the Dixon plot was qualitatively similar to the
addition of GM1, but of a much smaller magnitude (Fig. 7,
filled circles). These studies also suggest that both the car-
bohydrate and the sphingolipid portions of the ganglioside
exert an effect on the characteristics of binding of DNDS
to band 3, although the sugars seem to produce the greater
effect. 

One interpretation of these nonlinear plots is that the
curve is composed of two portions: one is similar to the ef-
fect of DNDS on transport in the phospholipid liposomes
without GM1 (Fig. 6 B), and the other is a component to-
tally insensitive to DNDS. The effect of GM1 would then
be to increase the DNDS-insensitive fraction. To examine
this formally, a kinetic model was constructed (see Appen-
dix). The assumptions were (a) that GM1 molecules form
homogeneous “rafts” because they interact with each other

but not with SM and (b) that when band 3 partitions into
either phase, it has the same kinetic constants except for
its sensitivity to DNDS. The experimental results of DNDS
on sulfate exchange in liposomes composed of SM and SM 1
different concentrations of GM1 (0, 5, 10, 15, and 30%)
were then used to calculate, by nonlinear least squares, the
best fit to Eq. A6 in the Appendix. From this fit, two pa-
rameters were calculated; the Ki was found to be 1.44 6
0.29 mM, and the partition coefficient for band 3, g, was
found to be 2.79 6 0.72. Although the Ki was lower than
that calculated in pure SM vesicles in the data shown in
Fig. 6 (7 6 3 mM), the difference was not statistically sig-
nificant. The best-fit curves are drawn in Fig. 7, and the re-
sults suggest that this model can describe these data with
reasonable accuracy. The most interesting result of this ki-
netic analysis is the value of the partition coefficient, g,

Figure 3. 35SO4 uptake into
phosphatidyl choline (filled
squares), sphingomyelin (filled
diamonds) or sphingomyelin
1 30 GM1 liposomes (filled
diamonds), in the presence
(filled symbols) or absence
(open circles) of red cell ghost
protein during the reconsti-
tution. In some studies (open
squares), red cell ghost pro-
tein was pretreated with 1
mM DIDS before reconstitu-
tion. These represent the av-
erages of six independent
studies for each lipid. In each

of these studies, there was a simultaneously performed “control,” which was either the protein-free liposomes (n 5 3) or the DIDS-
treated protein (n 5 3). Every time point in each independent study is the average of triplicate measurements. Bars are the SEM. The
results were fitted using a first order kinetics equation with the rate coefficients described in the text.

Figure 4. 35SO4 efflux into media containing either gluconate (tri-
angles) or sulfate (diamonds or squares) as the major anion. Band
3 was reconstituted into sphingomyelin (diamonds) or sphingo-
myelin 1 30% GM1 (squares). The results are the averages of
three independent studies where each point was performed in
triplicate. Bars are SEM.

Figure 5. pH dependence of the initial rate (1-min uptake) of
35SO4/SO4 exchange in band 3 proteoliposomes. Comparison of
PC (squares) and SM (diamonds). Results are averages of five in-
dependent experiments where each point was measured in tripli-
cate. Liposomes had identical pH inside and out and the studies
were conducted at 378C. Results were normalized to the point
with the highest rates. (Average net uptakes of the peak fluxes
were PC, 2075 cpm; SM 966 cpm.) There was no effect of pH on
the background uptake (PC, 830 cpm; SM, 386 cpm). Hence, we
averaged all these fluxes and used that value to subtract them
from the total uptake at each pH to obtain the plotted net up-
takes. The shape of the curves was the same whether one used
the total uptake or the net uptake. 
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which implies that band 3 prefers to be in the GM1 phase
rather than the SM phase.

Discussion
Lipid composition of apical or basolateral membrane frac-
tions are different, as demonstrated by studies in purified
membrane fractions and more recently by kinetic analysis
of delivery of fluorescent lipid precursors (Kawai et al.,
1974; Simons and van Meer, 1988; van’t Hof and van Meer,
1994). GSLs are preferentially delivered to the apical
membranes in a variety of cells where they are enriched in
the exofacial leaflet of the bilayer and exhibit very low
rates of transbilayer movement (flip-flop). It was recently
shown that in epithelial cells expressing multidrug resis-
tance proteins, short chain Glc/Cer and phospholipid ana-
logues can translocate across the apical plasma membrane
lipid bilayer (van Helvoort et al., 1996). However, it is at
present unclear whether this MDR-mediated mechanism
also applies to endogenous GSLs whose rates of transbi-
layer movement is very low. It has been proposed that
GSLs form rafts that do not mix well with other lipids in
the Golgi (Simons and van Meer, 1988; Simons and Wand-
inger-Ness, 1990). If some membrane proteins have a se-
lective affinity for these GSLs, then they could partition
into these rafts and be carried to the apical membrane.
One impetus for our studies was that apical anion ex-
change was insensitive to stilbenes, while basolateral ex-
change was readily inhibited (Schuster, 1985). That band 3
reconstituted in SM or PC liposomes was sensitive to
DNDS is compatible with its in situ sensitivity to these in-
hibitors. GSLs and gangliosides were enriched in the api-
cal membranes of the clonal cell line and the in vitro evi-
dence of their ability to reduce the sensitivity of the anion
exchanger to DNDS provides a potential explanation for
why the apical AE1 in the b intercalated cell in vivo is so

resistant to the effect of disulfonic stilbenes. Others have
reconstituted band 3 into various combinations of phos-
pholipids, finding that addition of SM completely inhibited
the rate of “specific” (i.e., DNDS-sensitive) 35SO4/SO4 ex-
change (Kohne et al., 1983), but these studies were done at
258C, a temperature known to influence the state of SM,
whose transition temperature is near 378C (Barenholz et al.,
1976). We are not aware of any published study of the ef-
fect of glycolipids on the inhibitory potency of disulfonic
stilbenes.

In the pure phospholipid vesicles, the interaction be-
tween carrier and inhibitor seemed straightforward, giving
a linear Dixon plot compatible with the known fact that
DNDS is a competitive inhibitor of band 3. Addition of in-
creasing amounts of GM1 resulted in progressively nonlin-
ear behavior (Fig. 7). One possible explanation of this
complex behavior in GM1 liposomes is that band 3 exists
in two forms, one sensitive to DNDS and the other com-
pletely insensitive and that increasing the ganglioside con-
centration increases the fraction of band 3 that is insensi-
tive, ultimately causing all of the protein to be insensitive.
Kinetic analysis was undertaken to examine whether such
a mechanism is plausible; indeed, the model fit the results
reasonably well (Appendix and Fig. 7). This model started
from the assumptions that GM1 forms phases, such as the
rafts discussed above, and that the kinetic properties of
band 3 in the two phases are similar, with the exception of
the inhibitory constants for DNDS. The results of the
model are quantitatively compatible with the idea that
when band 3 is in the GM1 phase, it is insensitive to DNDS.
Is there a plausible biochemical mechanism for this? It has

Figure 6. Inhibition of the initial rate of band 3–mediated 35SO4/
SO4 exchange by DNDS. DNDS was present at the same concen-
tration inside and outside the vesicles. (Left) Inhibition was nor-
malized to 35SO4/SO4 exchange measured in the absence of
DNDS in the appropriate liposomes. All measurements were
performed at pH 5.5 and at 378C. Average of three independent
experiments for each. The average flux in the absence of DNDS
for PC vesicles was 145 nmol/min per mg protein and for SM ves-
icles it was 59 nmol/min per mg protein. (Right) Dixon plot of the
results. The x-intercept of a Dixon plot is equal to the Ki (1 1 Km/
Vmax). Given that the concentration of SO4 used is near the Km,
the actual Ki is close to one half of the intercept.

Figure 7. (Left) Inhibition of 35SO4/SO4 exchange via band 3 by
DNDS in SM liposomes with different concentrations of GM1.
Results are averages of three independent experiments, 10% and
30% GM1 with bars representing SEM. Using the 20 mM concen-
tration, the 10% GM1 was significantly different from the 0 and
30% GM1 studies (P , 0.05 or better among the three). The lines
are drawn using the model of the Appendix, with a g of 2.79 and a
Ki of 1.44 mM. Studies using 15 or 5% GM1 were also used in the
curve fitting procedure and showed equally good fit with the the-
oretical, but the data were not included to reduce the complexity
of this figure. (Right) Inhibition of 35SO4/SO4 exchange via band 3
by DNDS in SM liposomes with 30% GM1 (diamonds), SM lipo-
somes with 30% ceramide (circles), and PC liposomes with 30%
GM1 (squares). The line for the SM 1 30% GM1 was drawn from
the kinetic model of the Appendix, while for the other two condi-
tions, it was drawn by eye. For each lipid, three independent ex-
periments were performed and the averages shown. Each point
was measured in triplicate.
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been demonstrated that when band 3 aggregates into tet-
ramers or higher order oligomers in detergent micelles, its
sensitivity to stilbenes is reduced (Schopfer and Salhany,
1992). Gangliosides might force aggregation of band 3,
perhaps in these rafts. A surprising finding of the kinetic
analysis was the value of the partition coefficient, g, for
band 3 between GM1 and SM phases, which was 2.79, indi-
cating that for any given amount of band 3, its concentra-
tion in GM1 rafts will be three times higher than in SM.
This makes the proposal of band 3 aggregation even more
plausible.

The disulfonic stilbene DIDS binds covalently to a ly-
sine in the transmembrane domain of band 3 (Cabantchik
and Rothstein, 1974; Kaplan et al., 1976; Jennings et al.,
1985; Wood et al., 1992). Recent mutagenesis experiments
have identified two lysines that are critical for DIDS sensi-
tivity, K558 and K869 (in the mouse sequence) (Wood et al.,
1992). When these residues are mutated to methionine or
asparagine, the DIDS sensitivity in the expressed single
mutants is reduced by a factor of almost 10. When both are
mutated, the affinity is reduced by a factor of almost 100.
These lysines are located in the 5th and 13th putative trans-
membrane spanning regions (Kopito, 1990). Given that
the length of DIDS is z16 Å, these two loops must be
close to each other in the three-dimensional structure of
the protein in the lipid bilayer (Passow, 1986; Jennings,
1989; Kopito, 1990). It is interesting that GSLs and SM are
present almost exclusively in the exofacial leaflet of the bi-
layer. These are the two lipids with the greatest effect on
DIDS binding, a drug whose binding sites are themselves
likely to be located in the external half of the loops (Jen-
nings et al., 1985; Kaplan et al., 1976). As discussed above,
it is conceivable that the high amount of GSLs or SM in
the exofacial leaflets of the lipid bilayer might change the
partition of band 3 between a conformation that is open to
DIDS binding and one that is “closed.” It is likely that the
large size of DIDS makes it more sensitive to small
changes in the dimensions of its binding pocket induced by
the glycosphingolipids. Such postulated small changes might
then not affect the binding of the transported anions, as
seen in the minor differences in the kinetics of uptake in
the different liposomes. Furthermore, the presence of hy-
droxy and amine residues in the sphingosine backbone en-
ables sphingolipids to associate with each other or with
other membrane components, such as gangliosides by hy-
drogen bonding, which can be strong enough to form mi-
crodomains (Thompson and Tillack, 1985). Because both
SM and gangliosides are present in the exofacial leaflet,
their sphingosine backbone might interact with the mem-
brane spanning domains of band 3, reducing the exposure
of the DIDS sensitive lysines.

Some epithelial membrane proteins are unpolarized
while others, such as band 3, Na,K, ATPase, or the LDL
receptor can be present in apical or basolateral membranes
in different cells. When the Na,K ATPase is present in the
apical membrane of one clone of MDCK, its sensitivity to
ouabain was reduced (Hammerton et al., 1991). The brady-
kinin B2 receptor is located on the apical and basolateral
membranes of tracheal epithelia. Its Kd for bradykinin is
almost ten times lower when it is in the apical membrane
and addition of GTP-g-S has no effect on apical receptors
but reduces the affinity of the basolateral receptor (Den-

ning and Welsh, 1991). Apical- and basolateral-type lipids
might also be the cause of these differences. If so, this
would form a new mechanism that can confer greater di-
versity in epithelial function. Our results also raise a note
of caution regarding interpretation of structure from func-
tional data obtained in different cell types. A number of
transport proteins have been extensively characterized
with respect to the kinetics of activation by substrates or
inhibition by drugs. With the advent of molecular cloning
of gene families, it is necessary to ascertain that the infor-
mation obtained by heterologous expression is not con-
founded by cell type–specific problems such as different
lipid composition of cell membranes. Indeed, Sekler et al.
(1995) found that AE2, which was presumed to be much
less sensitive to DIDS than AE1, turned out to have the
same affinity when reconstituted into the same lipids.

Appendix

Kinetic Analysis of the Rate of Transport through the 
Band 3 Anion Exchanger

Our first assumption is that proteoliposomes are com-
posed only of molecules of sphingomyelin, GM1, and band
3. The number of molecules of each is given by the sym-
bols SM, GM, and B, respectively. Furthermore, we as-
sume that GM1 forms a microdomain phase (i.e., “rafts”)
and that band 3 partitions between the two phases SM and
GM. Each molecule of GM and SM has approximately the
same surface area. Then, we can define a partition coeffi-
cient, g, given

(A1)

and

(A2)

If BGM is not inhibited by DNDS but BSM is sensitive,
then the transport rate v will be given by

(A3)

where k is the maximum turnover number of band 3, [S]
is the SO4 concentration (26 mM), and K is the Km for SO4
(z30 mM; Gunn, 1979). [I] is the DNDS concentration
and Ki is the inhibitory constant for DNDS. Rearranging
and introducing Eqs. A1 and A2
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hence

(A6)
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