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Abstract. 

 

The variant chicken kidney AE1 anion ex-

 

changers differ only at the NH

 

2

 

 terminus of their cyto-
plasmic domains. Transfection studies have indicated 
that the variant chicken AE1-4 anion exchanger accu-
mulates in the basolateral membrane of polarized 
MDCK kidney epithelial cells, while the AE1-3 variant, 
which lacks the NH

 

2

 

-terminal 63 amino acids of AE1-4, 
primarily accumulates in the apical membrane. Mu-
tagenesis studies have shown that the basolateral ac-
cumulation of AE1-4 is dependent upon two tyrosine 
residues at amino acids 44 and 47 of the polypeptide. 
Interestingly, either of these tyrosines is sufficient to di-
rect efficient basolateral sorting of AE1-4. However, in 
the absence of both tyrosine residues, AE1-4 accumu-
lates in the apical membrane of MDCK cells. Pulse–
chase studies have shown that after delivery to the cell 
surface, newly synthesized AE1-4 is recycled to the 

Golgi where it acquires additional N-linked sugar mod-
ifications. This Golgi recycling activity is dependent 
upon the same cytoplasmic tyrosine residues that are 
required for the basolateral sorting of this variant trans-
porter. Furthermore, mutants of AE1-4 that are defec-
tive in Golgi recycling are unable to associate with the 
detergent insoluble actin cytoskeleton and are rapidly 
turned over. These studies, which represent the first de-
scription of tyrosine-dependent cytoplasmic sorting sig-
nal for a type III membrane protein, have suggested a 
critical role for the actin cytoskeleton in regulating AE1 
anion exchanger localization and stability in this epithe-
lial cell type.

Key words: epithelial • band 3 protein • Golgi • po-
larity • actin

 

T

 

HE

 

 kidney plays an essential role in the regulation of
pH equilibrium within the body. This regulatory
function is accomplished by the wide variety of

transporters and channels that mediate the vectorial trans-
port of ions within the cells of the kidney. This selective
transport of ions requires the presence of different com-
plements of polypeptides in the apical and basolateral
membrane domains of the polarized epithelial cells of the
kidney. Although cytoplasmic (Casanova et al., 1991; Mat-
ter et al., 1992; Thomas et al., 1993; Hunziker and Fumey,
1994; Honing and Hunziker, 1995) and lumenal (Fiedler
and Simons, 1995; Scheiffele et al., 1995; Yeaman et al.,
1997) signals have been shown to direct the basolateral
and apical sorting, respectively, of type I membrane pro-
teins in epithelial cells, the signals that direct the sorting
of multi-membrane spanning transporters and channels

to specific membrane domains in epithelial cells remain
poorly defined.

A well-characterized example of vectorial transport by
the cells of the kidney is the 

 

a

 

-intercalated cell of the
mammalian kidney collecting duct. In this acid-excreting
cell type, basolateral chloride-bicarbonate exchangers and
apical proton pumps function coordinately to dispose of
bicarbonate and protons generated by intracellular car-
bonic anhydrase (Schwartz et al., 1985). Immunological
studies (Drenckhahn et al., 1985; Alper et al., 1989) and
studies with knockout mice (Peters et al., 1996) have indi-
cated that the basolateral chloride-bicarbonate exchanger
of 

 

a

 

-intercalated cells is encoded by the AE1 anion ex-
changer gene. In contrast to the acid-excreting, 

 

a

 

-inter-
calated cell of the collecting duct, the base-excreting,

 

b

 

-intercalated cell of the collecting duct possesses an api-
cal chloride-bicarbonate exchanger and a basolateral pro-
ton pump (Schwartz et al., 1985). Although cell fraction-
ation studies with an immortalized 

 

b

 

-intercalated cell line
have suggested that the apical anion exchanger of this
base-secreting cell type is encoded by the AE1 gene (van
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Adelsberg et al., 1993), the molecular origin of this apical
anion transporter has not yet been defined.

Molecular analyses have shown that mammalian kidney
AE1 anion exchangers are identical to AE1 anion ex-
changers from erythroid cells except at the NH

 

2

 

 terminus
of their cytoplasmic domains. In rats (Kudrycki and Shull,
1989) and mice (Brosius et al., 1989), the kidney AE1 an-
ion exchangers lack the 79 NH

 

2

 

-terminal amino acids of
their erythroid AE1 counterparts, while the human kidney
AE1 anion exchanger lacks the 65 NH

 

2

 

-terminal amino ac-
ids of the human erythroid AE1 anion exchanger (Kollert-
Jons et al., 1993). Expression studies have indicated that
the murine kidney AE1 anion exchanger can mediate an-
ion transport (Brosius et al., 1989). However, in vitro bind-
ing studies have shown that the truncated NH

 

2

 

 termini of
the mammalian kidney AE1 variants affect their ability to
associate with specific elements of the cytoskeleton. The
human (Wang et al., 1995) and murine (Ding et al., 1994)
erythroid AE1 anion exchanger can associate with eryth-
roid ankyrin in vitro, while the kidney AE1 variants from
these species are unable to bind ankyrin.

Additional diversity has been detected among the anion
exchangers encoded by the 

 

AE1

 

 gene in chicken kidney.
Three kidney 

 

AE1

 

 transcripts, 

 

AE1-3

 

, 

 

AE1-4

 

, and 

 

AE1-5

 

,
are derived from a single promoter by alternative splicing
(Cox et al., 1996). Similar to the kidney AE1 anion ex-
changers that have been characterized in mammalian spe-
cies, 

 

AE1-3

 

 and 

 

AE1-5

 

 transcripts encode NH

 

2

 

-terminally
truncated versions of the chicken erythroid AE1 anion ex-
changers (Cox and Cox, 1995; Cox et al., 1995). However,
the chicken kidney 

 

AE1-4

 

 anion exchanger transcript con-
tains an in-frame AUG in its unique 5

 

9

 

 sequence, resulting
in an anion exchanger polypeptide with an alternative
NH

 

2

 

-terminal cytoplasmic tail. To assess the functional
significance of this NH

 

2

 

-terminal cytoplasmic diversity, the
variant AE1-3 and AE1-4 anion exchangers have been ex-
pressed in MDCK epithelial cells. These studies have re-
vealed that the alternative NH

 

2

 

 termini of these variant
transporters target these polypeptides to opposite mem-
brane domains in this epithelial cell type. Mutagenesis
studies have shown the additional 63 amino acids at the
NH

 

2 

 

terminus of AE1-4 that are absent in AE1-3 contain a
tyrosine-dependent basolateral sorting signal. Interest-
ingly, either one of two tyrosines in this region is sufficient
to direct basolateral sorting. The sequences at the NH

 

2

 

 ter-
minus of AE1-4 also direct the association of this variant
transporter with the actin-based cytoskeleton, as well as
recycling from the plasma membrane to the Golgi. This
Golgi recycling activity is dependent upon the same ty-
rosine residues that are required for basolateral sorting.
Furthermore, pulse–chase analyses with anion exchanger
polypeptides that are defective in Golgi recycling suggest
this activity is necessary for the stable accumulation of
AE1 in MDCK cells.

 

Materials and Methods

 

Generation of Chicken Kidney AE1 Anion
Exchanger Antibodies

 

Polyclonal antibodies have been generated in rabbit against the cytoplas-
mic domain of the chicken kidney AE1-4 anion exchanger that was ex-

 

pressed as a bacterial fusion protein in 

 

E. coli

 

. In brief, the region of AE1-4
encompassing amino acids 1–359 was subcloned into the pFLAG-ATS
prokaryotic expression vector (IBI) downstream of the eight–amino acid
FLAG epitope sequence. The expression of this bacterial fusion protein is
driven by the inducible tac promoter. After induction with IPTG, the fu-
sion protein was purified from bacterial extracts by immunoaffinity chro-
matography using a monoclonal antibody to the FLAG epitope. The puri-
fied fusion protein was used as a source of antigen to inject rabbits.

 

Stable and Transient Expression of Variant AE1 Anion 
Exchangers in MDCK Cells

 

Madin-Darby canine kidney (MDCK) cells were maintained in DME sup-
plemented with 5% fetal bovine serum, 2 mM 

 

L

 

-glutamine, 100 U/ml pen-
icillin, and 100 

 

m

 

g/ml streptomycin at 37

 

8

 

C in 5% CO

 

2

 

. Cells were trans-
fected with various AE1 anion exchanger cDNAs subcloned into the
pcDNA3 eukaryotic expression vector (Invitrogen). Media was changed
24 h after transfection, and 48 h after transfection cells were analyzed for
AE1 expression. Alternatively, at 48 h after transfection cells were split
1:10 in complete media containing 600 

 

m

 

M G418. Cells that could grow in
the presence of G418 were selected and used for various assays.

 

Construction of AE1-4 Anion Exchanger Mutants

 

Sense primers complementary to nucleotides 89–103, 137–151, or 185–198
of the chicken AE1-4 anion exchanger cDNA (Cox and Cox, 1995) were
generated. Sense primers were flanked at their 5

 

9

 

 ends with a HindIII re-
striction site, which represents a unique site at the 5

 

9

 

 end of the AE1-4
cDNA in the pcDNA3 polylinker, followed by a Kozak sequence (Kozak,
1986), and an AUG codon. Each sense primer was used for a polymerase
chain reaction (PCR) in combination with an antisense primer corre-
sponding to nucleotides 199–219 of the AE1-4 cDNA. This antisense
primer encompassed a unique BamHI restriction site in the AE1-4 cDNA.
PCR reactions using the full-length AE1-4 cDNA as a template were per-
formed using Pfu polymerase (Stratagene). PCR products were digested
with HindIII and BamHI restriction enzymes, and purified on low melting
point agarose gels. The AE1-4

 

D

 

21, AE1-4

 

D

 

37, and AE1-4

 

D

 

53 constructs
were generated by using these PCR products to replace the 5

 

9

 

 end of the
AE1-4 cDNA in pcDNA3 that had been removed by digestion with HindIII
and BamHI.

Point mutants were constructed using the Altered Sites II site-directed
mutagenesis kit (Promega). In brief, the AE1-4 cDNA was subcloned into
the pALTER-1 vector. After alkaline denaturation, a mutagenic oligonu-
cleotide was annealed to the full-length AE1-4 cDNA template. The se-
quences of the mutagenic oligonucleotides are as follows: Y44A (5

 

9

 

-TCC-
ACGTAGCCCTCAGCGGTGTCCCTGTGGGC-3

 

9

 

), Y47A (5

 

9

 

-TCG-
TGCAGCTCCACGGCGCCCTCATAGGTGTC-3

 

9

 

), Y44A,Y47A (5

 

9

 

-
TCGTGCAGCTCCACGGCGCCCTCAGCGGTGTCCCTGTGGGC-3

 

9

 

),
and N638T (5

 

9

 

-CCGCGGGCGGTGCCGGTGGTCACCTCCAGCCC-
3

 

9

 

). The mutant strand was elongated and ligated using T4 DNA poly-
merase and T4 DNA ligase, and cotransformed into a repair-minus 

 

E

 

.

 

 coli

 

strain (ES1301 

 

mut

 

 S) along with helper phage DNA. All mutants were
confirmed by sequencing using the dideoxy method. The mutant cDNAs
were subcloned into pcDNA3 for transfection.

 

Immunoblotting Analysis of AE1 Anion
Exchanger Polypeptides

 

MDCK cells transiently or stably expressing wild-type or mutant AE1 an-
ion exchangers were harvested and detergent lysed by incubation in 150 mM
NaCl, 10 mM Tris (pH 7.5), 5 mM MgCl

 

2

 

, 2 mM EGTA, 6 mM 

 

b

 

-mercap-
toethanol, and 1% (vol/vol) Triton X-100 for 5 min on ice. In some in-
stances, the cells were treated with 25 

 

m

 

g/ml of the actin depolymerizing
drug, latrunculin B, for 1 h before lysis. Immunolocalization analyses have
shown that phalloidin-stained microfilaments are absent in MDCK cells
treated with this drug (data not shown). The lysate from treated or un-
treated cells was microcentrifuged for 5 min to separate the detergent sol-
uble and insoluble fractions. The detergent insoluble pellet was resus-
pended in immunoprecipitation buffer containing 170 mM NaCl, 20 mM
Tris (pH 7.5), 5 mM EGTA, 5 mM EDTA, 0.1% (wt/vol) SDS, 1% (vol/
vol) Triton X-100, and 1% (wt/vol) sodium deoxycholate and sonicated
three times. After sonication, the insoluble fraction was microcentrifuged
for 5 min and the pellet discarded. The detergent soluble and insoluble
fractions were then electrophoresed on a 6% SDS polyacrylamide gel, and
the proteins were electrophoretically transferred to nitrocellulose. The fil-
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ters were blocked with 5% powdered milk and incubated overnight with a
1:30,000 dilution of a chicken AE1-specific peptide antibody (Cox and
Cox, 1995). After washing, the filters were incubated with goat anti–rabbit
(GAR) IgG conjugated to horseradish peroxidase, and immunoreactive
species were detected on Kodak Biomax MR film using enhanced chemi-
luminescence.

 

Immunoprecipitation of AE1 Anion
Exchanger Polypeptides

 

Cells expressing the various anion exchanger polypeptides were grown in
100-mm culture dishes or on 24-mm polycarbonate filters (Costar). The
cells were washed once with methionine-free DME and incubated with
this media for 15 min at 37

 

8

 

C. At this time, 65 

 

m

 

Ci/ml 

 

35

 

S-Translabel™
(ICN) was added to the cells and they were incubated an additional 15
min at 37

 

8

 

C. After washing, the cells were incubated in DME containing
5% fetal calf serum for times ranging from 0 to 48 h. At each time point,
the cells were detergent extracted as described above and separated into
detergent soluble and insoluble fractions. In some instances, total cell ly-
sates were prepared by directly lysing cells in immunoprecipitation buffer.
Protein A–agarose beads that had been preloaded with rabbit polyclonal
antibodies directed against amino acids 1–359 of chicken AE1-4 were
added to these fractions and incubated at 4

 

8

 

C overnight. The protein
A–agarose beads were then washed three times with immunoprecipitation
buffer, and the immune complexes were released by incubation in SDS
sample buffer. Immunoprecipitates were resolved on a 6% SDS poly-
acrylamide gel. The gels were treated with PPO in DMSO, dried, and ex-
posed to Kodak Biomax MR film at 

 

2

 

80

 

8

 

C.

 

Endoglycosidase H and N-Glycosidase F Digestion of 
AE1 Anion Exchanger Immunoprecipitates

 

MDCK cells stably expressing the various chicken AE1 anion exchanger
polypeptides were pulsed with 

 

35

 

S-Translabel, chased for 0, 1, or 4 h, and
AE1 immunoprecipitates were prepared as described above. After wash-
ing of the protein A–agarose beads with immunoprecipitation buffer, the
beads were washed with 10 mM Tris (pH 7.4), and 150 mM NaCl (TBS).
The beads were then resuspended and digested either with 2.5 mU en-
doglycosidase H (endo H)

 

1

 

, or 0.1 U N-glycosidase F as described previ-
ously (Ghosh et al., 1999). After digestion, the beads were washed one
time in TBS and immune complexes were released by incubation in SDS
sample buffer and analyzed on a 6% SDS polyacrylamide gel. The ob-
served digestion patterns were the same when digests were carried out
at 37

 

8

 

C.

 

Cell Surface Delivery of the AE1-4 Anion Exchanger

 

Three different labeling schemes were used to label MDCK cells stably
expressing the chicken AE1-4 anion exchanger. (a) The cells were pulsed
with 

 

35

 

S-Translabel™ in methionine-free DME for 15 min, followed by 15
min of chase in methionine-free DME. The cells were then chased an ad-
ditional 45 min in methionine-free DME in the absence or presence of 1.5
mg/ml chymotrypsin. (b) The cells were incubated continuously with 1.5
mg/ml chymotrypsin during a 15-min preincubation in methionine-free
DME, a 15-min pulse with 

 

35

 

S-Translabel™, and a 15-min chase (a total of
45 min). (c) The cells were pulsed for 15 min and chased for 1 h at 37

 

8

 

C.
The cells were then shifted to 4

 

8

 

C and incubated an additional 45 min in
the presence of 1.5 mg/ml chymotrypsin. For each labeling scheme, AE1
immunoprecipitates were prepared from total cell lysates as described
above. A fraction of the total cell lysate was analyzed by immunoblotting
analysis using a polyclonal antibody raised against chicken erythroid

 

a

 

-spectrin (Sigma) that recognizes 

 

a

 

-fodrin or a chicken AE1-specific
peptide antibody (Cox and Cox, 1995).

 

Effects of Various Reagents on AE1-4 Anion 
Exchanger Processing

 

MDCK cells stably expressing the AE1-4 anion exchanger were pulsed
with 

 

35

 

S-Translabel™ as described above. After a 45-min chase, either 10

 

m

 

g/ml brefeldin A (BFA), 25 mM ammonium chloride, or 0.4 M sucrose

was added to the media, and the cells were incubated until a total chase
period of 4 h had elapsed. At each time point, AE1 immunoprecipitates
were prepared from total cell lysates as described above. Immunoprecipi-
tates were analyzed on a 6% SDS polyacrylamide gel, and labeled anion
exchangers were detected by fluorography.

 

Quantitative Densitometry

 

X-ray films from the immunoblotting analyses and the immunoprecipita-
tion experiments were scanned using DeskScan II 2.1 software, and quan-
titative densitometry was performed using NIH Image. Each value pre-
sented in the text represents the average from three independent
experiments in which the exposures of individual bands were not yet satu-
rating.

 

Immunolocalization Analyses

 

MDCK cells transiently or stably expressing the various chicken AE1 an-
ion exchanger polypeptides were either grown on coverslips or on poly-
carbonate filters (Costar). The cells were washed in PBS, and fixed by
incubating with 1% paraformaldehyde in PBS for 10 min at room temper-
ature. The cells were then permeabilized in PBS containing 0.5% Triton
X-100 or with acetone. After permeabilization, cells were incubated with a
chicken AE1-specific peptide antibody, followed by incubation with don-
key anti–rabbit (DAR) IgG conjugated to lissamine. After washing, im-
munoreactive polypeptides were visualized using a Zeiss Axiophot micro-
scope or a BioRad laser scanning confocal microscope. Background levels
of staining were observed in control experiments in which the peptide an-
tigen used to generate the AE1-specific peptide antibody were included as
a competitor. In some instances, actin microfilaments were stained by in-
cubating cells with 1 

 

m

 

g/ml phalloidin conjugated to fluorescein isothiocy-
anate (FITC; Sigma). Additional assays also examined whether the local-
ization of AE1 anion exchangers was affected by pre-extracting MDCK
cells with PBS containing 0.5% Triton X-100 before fixation in paraform-
aldehyde.

The kidney from a 17-d-old chicken embryo was isolated and fixed by
incubation for 30 min in 2% paraformaldehyde in PBS at 4

 

8

 

C. After fixa-
tion, the tissue was rinsed in PBS and incubated overnight at 4

 

8

 

C in 0.5 M
sucrose in PBS. The tissue was then frozen in embedding media and 3-

 

m

 

m
tissue sections were cut using a cryotome. The tissue sections were post-
fixed in 1% paraformaldehyde in PBS for 5 min, and extracted in PBS
containing 0.5% Triton X-100. The sections were then incubated with a
chicken AE1-specific peptide antibody and a monoclonal antibody di-
rected against the H

 

1

 

-ATPase (the kind gift of Dr. S. Gluck). After wash-
ing, sections were incubated with donkey anti–rabbit (DAR) IgG conju-
gated to lissamine and donkey anti–mouse (DAM) IgG conjugated to
fluorescein. Immunoreactive polypeptides were visualized using a BioRad
laser scanning confocal microscope.

 

Results

 

Variant Chicken AE1 Anion Exchangers Accumulate 
in the Basolateral and Apical Membrane Domains of 
Kidney Epithelial Cells

 

Previous studies have indicated that three variant AE1 an-
ion exchanger transcripts, 

 

AE1-3

 

, 

 

AE1-4

 

, and 

 

AE1-5

 

, are
expressed in chicken kidney (Cox and Cox, 1995). The

 

AE1-3

 

 and 

 

AE1-5

 

 transcripts initiate translation at the
same AUG and encode identical predicted polypeptides
of 

 

z

 

94 kD that lack the 78 NH

 

2

 

-terminal amino acids of
the chicken erythroid AE1-1b anion exchanger (Cox et al.,
1995). The 

 

AE1-4

 

 transcript contains an in-frame AUG in
its unique 5

 

9

 

 sequence, and encodes a predicted polypep-
tide of 

 

z

 

101 kD that contains 63 amino acids at its NH

 

2

 

terminus that are absent in AE1-3. To determine the local-
ization of these variant anion exchangers in the cells of the
kidney collecting duct, tissue sections prepared from a
17-d-old chicken embryo were probed with an AE1-spe-
cific peptide antibody, and with a monoclonal antibody di-

 

1. 

 

Abbreviations used in this paper:

 

 BFA, brefeldin A; endo H, endogly-
cosidase H.
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rected against the H

 

1

 

-ATPase. Analysis of these tis-
sue sections by confocal microscopy revealed that most
(

 

.

 

95%) AE1 expressing cells in the collecting duct exhib-
ited a basolateral pattern of localization for AE1, and an
apical pattern of localization for the H

 

1

 

-ATPase (Fig. 1),
typical of acid-secreting, 

 

a

 

-intercalated cells (Alper et al.,
1989; Drenckhahn et al., 1985). However, a small percent-
age of the AE1 anion exchanger expressing cells did not
exhibit a polarized distribution for AE1. In the cell
marked by the arrow in Fig. 1, AE1 accumulated in both
the basolateral and apical membrane, while the H

 

1

 

-ATP-
ase was restricted to the apical membrane. The cells that
exhibited a nonpolarized distribution for AE1 typically
lacked the highly elaborated apical membrane observed in
cells where AE1 exclusively accumulated in the basolat-
eral membrane. Whether these cells represent 

 

a

 

-interca-
lated cells that have not yet fully differentiated is not
known.

The AE1-specific peptide antibodies used in these im-
munolocalization studies recognized a sequence present in
both AE1-3 and AE1-4. Therefore, we were unable to
determine whether the alternative NH

 

2

 

 termini of the
chicken kidney AE1 variants affect their localization in
the cells of the kidney collecting duct. To investigate
whether the variant cytoplasmic domains of these electro-

neutral transporters may be involved in directing their in-
tracellular localization in kidney epithelial cells, the AE1-3
and AE1-4 anion exchangers were transiently expressed in
MDCK cells. After the establishment of a polarized epi-
thelial phenotype, transfected cells were fixed and stained
with AE1-specific antibodies, and immunoreactive poly-
peptides were visualized by confocal microscopy. This
analysis revealed that AE1-4 primarily accumulates in the
basolateral membrane of transfected MDCK cells (Fig. 2,
B and D). In contrast, AE1-3 accumulates in or near the
apical membrane where it exhibits a diffuse pattern of lo-
calization (Fig. 2, A and C). Although AE1-3 is primarily
apical in the cells shown in Fig. 2 A, this variant trans-
porter also accumulated in an undefined intracellular com-
partment in some of the transfected cells (data not shown).
These data suggest that the alternative NH

 

2

 

-terminal cyto-
plasmic domains of AE1-3 and AE1-4 serve as signals that
direct these variant transporters to opposite membrane
domains in this polarized epithelial cell type.

 

Alternative NH

 

2

 

 Termini Affect the Posttranslational 
Modifications and Detergent Solubility Properties of the 
Kidney AE1 Variants

 

Fractionation studies have examined whether the differ-

Figure 1. Localization of
AE1 anion exchangers and
the H1-ATPase in the cells of
the chicken kidney collecting
duct. The kidney from a 17-
d-old chicken embryo was
fixed, and frozen in embed-
ding media. 3-mm tissue sec-
tions were incubated with a
polyclonal antibody specific
for the chicken AE1 anion

exchanger, and with a mouse monoclonal antibody specific for the H1-ATPase. Immunoreactive polypeptides were detected with
DAR-IgG conjugated to lissamine and DAM-IgG conjugated to FITC, and visualized on a BioRad laser scanning confocal microscope.
The 0.5-mm confocal images showing the distribution of AE1 (A) and the H1-ATPase (B) were merged (C) in Adobe Photoshop. The
arrow denotes a cell with both basolateral and apical AE1 and apical H1-ATPase.

Figure 2. Localization of the variant
chicken AE1-3 and AE1-4 anion ex-
changers in transfected MDCK cells.
MDCK cells transfected with the AE1-3
(A and C) or AE1-4 (B and D) anion
exchangers were grown to confluency
on polycarbonate filters. The cells
were then fixed and incubated with an
AE1-specific peptide antibody. Immu-
noreactive polypeptides were detected
with DAR-IgG conjugated to lissa-
mine and visualized on a BioRad laser
scanning confocal microscope. The 0.5-
mm x-y confocal images were collected
at the apical surface (A) or near the
center (B) of the cell monolayer. The
corresponding x-z images are shown in
C and D. The arrows in A indicate the
boundary between adjacent cells.
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ences in intracellular localization of the AE1-3 and AE1-4
anion exchangers correlated with differences in other
properties of the variant transporters. Confluent MDCK
cells transiently expressing AE1-3, AE1-4, or a point mu-
tant of AE1-4 that eliminates its single N-linked glycosyla-
tion site, AE1-4N638T, were lysed with isotonic buffer
containing 1% Triton X-100, and separated into soluble
and insoluble fractions by centrifugation. Immunoblotting
analysis of these fractions with AE1-specific antibodies
detected a discrete polypeptide of 

 

z

 

80 kD in AE1-3 trans-
fected cells that was primarily detergent soluble (Fig. 3).
In contrast to AE1-3 expressing cells, several polypeptides
ranging in size from 

 

z

 

97 to 

 

z

 

115 kD were detected in
both the detergent soluble and insoluble fractions of cells
transfected with AE1-4 (Fig. 3). The polypeptides de-
tected in AE1-4 expressing cells are similar in size to the
array of AE1 anion exchangers detected in chicken kidney
membrane preparations (Cox and Cox, 1995). Quantita-
tion of several fractionation experiments identical to those
described above has indicated that 

 

z

 

5% of AE1-3 is de-
tergent insoluble, while 

 

z

 

45% of AE1-4 is detergent in-
soluble. Although AE1-4N638T exhibited fractionation
properties similar to AE1-4, a single species of 

 

z

 

95 kD ac-
cumulated in cells transfected with this construct (Fig. 3).
This suggests the complex array of polypeptides observed
in AE1-4 transfected cells is due to heterogeneity in the
N-linked modifications acquired by this AE1 variant. The
size of the polypeptides detected for both AE1-3 and
AE1-4 in this analysis is smaller than their predicted mo-
lecular masses. The basis for this discrepancy is currently
unknown.

Pulse–chase analyses have investigated the mechanisms
involved in generating the steady state profile of anion ex-
changers detected in AE1-3 and AE1-4 transfected cells.
MDCK cells stably transfected with AE1-3 or AE1-4 were
pulsed with 35S-Translabel™ for 15 min, and chased for 1
or 4 h. At each time point, the cells were lysed and immu-
noprecipitates prepared using AE1-specific peptide anti-
bodies were either undigested, digested with endo H, or

digested with N-glycosidase. These studies revealed an
AE1-3 polypeptide of z80 kD accumulated in MDCK
cells at the end of a 15-min pulse (Fig. 4). This species was
susceptible to digestion with endo H and N-glycosidase
yielding a polypeptide of z78 kD. The z80-kD AE1-3
polypeptide underwent no further modification, and was
completely turned over by the end of a 4-h chase. Analysis
of AE1-4 transfected cells revealed a discrete AE1-4
species of z97 kD accumulated in MDCK cells after the
15-min pulse (Fig. 4). This polypeptide was susceptible to
digestion with endo H and N-glycosidase yielding a
polypeptide of z95 kD. Quantitation of three indepen-
dent experiments has shown that z50% of the newly syn-
thesized AE1-4 polypeptides are turned over during a 4-h
chase. The remaining AE1-4 polypeptides acquired addi-
tional modifications that eventually resulted in a diffuse
array of polypeptides ranging in size from z105 to z112
kD (Fig. 4). The z105- to z112-kD polypeptides were
still sensitive to digestion with N-glycosidase yielding a
polypeptide of z95 kD. However, the N-linked sugar
modifications of the z105- to z112-kD polypeptides were
insensitive to digestion with endo H (Fig. 4). This suggests
that AE1-4 initially receives high mannose or biantennary
hybrid sugars on its single N-linked site. By 1 h after syn-
thesis, z10% of these modifications are converted to endo
H–resistant complex sugars, and by 4 h after synthesis the
bulk of the newly synthesized AE1-4 polypeptides have
received these more complex endo H-resistant sugar mod-
ifications. The addition of these complex sugars to AE1-4
requires the activity of a-mannosidase II and N-acetylglu-
cosamine transferase, markers of the medial compartment
of the Golgi. This suggests that AE1-4 passes through the
medial compartment of the Golgi between 1 and 4 h after
synthesis.

Newly Synthesized AE1-4 Polypeptides Undergo 
Recycling from the Plasma Membrane to the Golgi

The acquisition of mature N-linked sugars by chicken

Figure 3. Steady state frac-
tionation properties of the
transfected AE1-3 and AE1-4
anion exchangers. MDCK
cells transiently expressing
the AE1-3 and AE1-4 anion
exchangers, or a point mu-
tant of AE1-4 that eliminates
the single N-linked glycosyla-
tion site, AE1-4N638T, were
detergent lysed and sepa-
rated into soluble (S) and in-
soluble (I) fractions by
centrifugation. Equivalent
amounts of the soluble and

insoluble fractions were separated on a 6% SDS polyacrylamide
gel, transferred to nitrocellulose, and probed with an AE1-spe-
cific antibody. After washing, the blot was incubated with GAR-
IgG conjugated to horseradish peroxidase, and immunoreactive
species were detected by enhanced chemiluminescence. Molecu-
lar mass markers to the left correspond to phosphorylase b (97
kD), and fructose-6-P-kinase (84 kD).

Figure 4. Posttranslational modification and turnover of the
chicken AE1-3 and AE1-4 anion exchangers. MDCK cells stably
expressing the AE1-3 or AE1-4 anion exchanger were pulsed
with 35S-Translabel™ in methionine-free DME for 15 min, and
chased in DME containing 5% FCS for times ranging from 0–4 h.
At each time point, immunoprecipitates were prepared from to-
tal cell lysates using polyclonal antibodies directed against the cy-
toplasmic domain of chicken AE1-4. Immunoprecipitates were
either undigested, digested with endo H, or digested with N-gly-
cosidase. Immune complexes were analyzed on a 6% SDS poly-
acrylamide gel, and labeled anion exchangers were detected by
fluorography.
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erythroid AE1 anion exchangers occurs via recycling of
newly synthesized polypeptides from the plasma mem-
brane to the Golgi (Ghosh et al., 1999). To determine
whether a similar mechanism is responsible for the slow
acquisition of endo H-resistant sugars by AE1-4, pulse–
chase studies have examined the time after synthesis that
newly synthesized AE1-4 becomes susceptible to digestion
with extracellular chymotrypsin. This analysis revealed
that the immunoprecipitable AE1-4 species of z97 kD
was not susceptible to digestion with extracellular chymo-
trypsin that was present in the media during the pulse and
for the first 15 min of chase (Fig. 5 A, lane 2). However,
when chymotrypsin was included in the media from 15 min
to 60 min of chase, all of the immature AE1-4 species of
z97 kD was susceptible to digestion (Fig. 5 A, lane 4). Im-
munoblotting analysis revealed that the steady state popu-
lation of AE1-4 was digested to the same extent regardless
of the time when chymotrypsin was added (Fig. 5 A). Ad-
ditional controls revealed that a-fodrin was not suscepti-

ble to chymotrypsin digestion at either of the time points
(Fig. 5 A) indicating the susceptibility of newly synthe-
sized AE1-4 to chymotrypsin was not due to the cells be-
coming leaky during digestion. These results indicate that
essentially all of the newly synthesized polypeptides arrive
at the plasma membrane by 1 h after synthesis. Further-
more, these data suggest that the acquisition of endo
H–resistant N-linked sugars by AE1-4 between 1 and 4 h
of chase primarily occurs via recycling of cell surface
polypeptides to the Golgi. Interestingly, when cells were
shifted to 48C after 1 h of chase to block vesicular traffick-
ing and incubated with chymotrypsin for an additional 45
min at 48C, newly synthesized AE1-4 was resistant to chy-
motrypsin digestion (Fig. 5 A, lane 5). This result together
with the fact that newly synthesized polypeptides have un-
dergone cell surface delivery by 1 h of chase suggests that
newly synthesized AE1-4 is rapidly internalized after sur-
face delivery.

Previous studies (Ghosh et al., 1999) have shown that
recycling of chicken erythroid AE1 anion exchangers from
the cell surface to the Golgi is sensitive to ammonium
chloride (Chapman and Munro, 1994), BFA (Stoorgovel
et al., 1996), and 0.4 M sucrose (Hansen et al., 1993), re-
agents known to affect different steps in the endocytic
pathway. Pulse–chase analyses have investigated whether
the recycling of AE1-4 from the cell surface to the Golgi in
MDCK cells exhibits a similar sensitivity to these reagents.
Each reagent was added to MDCK cells expressing AE1-4
after a 15-min pulse and a 45-min chase, and the effect of
the reagent on the acquisition of complex N-linked sugars
by AE1-4 was monitored during a subsequent chase.
These studies revealed that 0.4 M sucrose, which can in-
hibit clathrin-dependent endocytosis by dissociating clath-
rin from the plasma membrane (Hansen et al., 1993), com-
pletely blocked the acquisition of mature N-linked sugars
by newly synthesized AE1-4 (Fig. 5 B, compare lanes 2
and 5). This result is consistent with the hypothesis that af-
ter delivery to the plasma membrane, the rapid internal-
ization of AE1-4 occurs in a clathrin-dependent fashion. In
contrast to 0.4 M sucrose, the posttranslational processing
of AE1-4 in the presence of ammonium chloride or BFA
(Fig. 5 B, lanes 3 and 4, respectively) was similar to that
observed in control cells (Fig. 5 B, lane 2). The observa-
tion that AE1-4 recycling is insensitive to ammonium chlo-
ride and BFA suggests that the Golgi recycling pathway
for AE1 in MDCK cells is distinct from the recycling path-
way previously described for AE1 in chicken embryonic
erythroid cells (Ghosh et al., 1999).

The Variant AE1-4 Anion Exchanger Colocalizes with 
the Actin Cytoskeleton in MDCK Cells

During the establishment of epithelial polarity, the actin
cytoskeleton of MDCK cells undergoes a dramatic reorga-
nization. Cells grown in subconfluent monolayers possess
discrete actin stress fibers in the basal membrane. During
polarization, these stress fibers become much less preva-
lent as actin is redistributed for the most part to sites of
cell–cell contact. To assess the potential role of the actin
cytoskeleton in directing the intracellular localization of
AE1-3 and AE1-4 in MDCK cells, subconfluent monolay-
ers of cells transfected with these variant transporters

Figure 5. Surface delivery
and recycling of newly syn-
thesized AE1-4 anion ex-
changers. MDCK cells sta-
bly expressing AE1-4 were
pulsed with 35S-Translabel™
for 15 min, followed by 15
min of chase (A, lane 1). Af-
ter 15 min of chase, the cells
were chased an additional 45
min in the absence (A, lane
3) or presence (A, lane 4) of
1.5 mg/ml chymotrypsin.
Cells were also incubated
continuously with 1.5 mg/ml
chymotrypsin during a 15-
min preincubation in me-
thionine-free DME, a 15-min
pulse with 35S-Translabel™,
and a 15-min chase (A, lane
2). Alternatively, cells were
pulsed for 15 min and chased
for 1 h at 378C. The cells
were then shifted to 48C, and
incubated an additional 45
min in the presence of 1.5
mg/ml chymotrypsin (A, lane

5, marked with asterisk). For each labeling scheme, AE1 immu-
noprecipitates were prepared from total cell lysates using a poly-
clonal antibody directed against the cytoplasmic domain of AE1-4.
A fraction of the total cell lysate was also analyzed by immuno-
blotting using a polyclonal antibody that recognizes a-fodrin (A)
or a chicken AE1-specific peptide antibody (A). Additional stud-
ies examined the effect of various reagents on the posttransla-
tional processing of AE1-4. MDCK cells stably expressing AE1-4
were pulsed with 35S-Translabel™ for 15 min, and chased for 1 h
(B, lane 1), or 4 h (B, lanes 2–5). For some of the cells, 25 mM
ammonium chloride (A, lane 3), 10 mg/ml BFA (B, lane 4), or 0.4 M
sucrose (B, lane 5) was added to media after 45 min of chase, and
was present for the remainder of the chase period. At each time
point, AE1 immunoprecipitates were prepared from total cell ly-
sates. Immunoprecipitates in A and B were analyzed on a 6%
SDS polyacrylamide gel, and labeled anion exchangers were de-
tected by fluorography.
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were double stained with AE1-specific antibodies and
FITC-phalloidin. These studies revealed that the localiza-
tion of AE1-4 in transfected cells substantially overlapped
the distribution of both phalloidin-stained stress fibers in
the basal membrane and cortical actin at sites of cell–cell
contact (Fig. 6, A, C, and E). In contrast, there was mini-
mal if any overlap of AE1-3 with phalloidin-stained mi-
crofilaments in transfected cells (data not shown).

To determine whether association with filamentous ac-
tin could account for the detergent solubility properties of
AE1-4 (Fig. 3), transfected cells were extracted in situ with
0.5% Triton X-100 before fixation and staining with AE1-
specific antibodies and phalloidin. This analysis revealed
that AE1-4 still colocalized with phalloidin-stained stress
fibers and filamentous actin at cell–cell junctions in these
preextracted cells (Fig. 6, B, D, and F) suggesting that
AE1-4 is associated with the actin cytoskeleton. In con-
trast to AE1-4, there was essentially no detectable fluores-
cence in AE1-3 expressing cells that were detergent ex-
tracted before fixation and staining with AE1 antibodies
(data not shown).

The Acquisition of Detergent Insolubility by Newly 
Synthesized AE1-4

Pulse–chase studies have investigated the kinetics with
which newly synthesized AE1-4 associates with the deter-
gent insoluble fraction of MDCK cells. Subconfluent
MDCK cells stably transfected with AE1-4 were pulsed
for 15 min and chased for times ranging from 1 to 48 h
(Fig. 7 A). At each time point, the cells were detergent
fractionated and immunoprecipitates were prepared from
the detergent soluble and insoluble fractions using AE1-
specific antibodies. Quantitation of three independent ex-
periments identical to the one shown in Fig. 7 A has re-
vealed that newly synthesized AE1-4 was almost entirely
(.95%) detergent soluble after 1 h of chase. By 2 h of
chase, z50% of the AE1-4 polypeptides have acquired
complex N-linked sugars, and z15% of the polypeptides
have become detergent insoluble. The pool of polypep-
tides with complex N-linked sugars does not increase be-
tween 2 and 4 h of chase. However, there is a substantial
reduction in the amount of the z97-kD polypeptide dur-
ing this time period suggesting that most of the polypep-
tides that have not acquired complex N-linked sugars by 2 h
of chase are turned over. In addition, there is a gradual
shift of the remaining polypeptides from the detergent sol-
uble to the insoluble pool such that by 8 h of chase z45%
of the polypeptides are detergent insoluble. By 12 h of
chase, z90% of the newly synthesized polypeptides haveFigure 6. AE1-4 colocalizes with phalloidin-stained microfila-

ments in transfected MDCK cells. MDCK cells stably expressing
the AE1-4 anion exchanger were grown in subconfluent mono-
layers. Cells were either untreated (A, C, and E) or extracted
with 0.5% Triton X-100 in PBS (B, D, and F) before fixation in
1% paraformaldehyde in PBS. The cells were then incubated
with an AE1-specific peptide antibody, followed by incubation
with DAR-IgG conjugated to lissamine and FITC-conjugated
phalloidin. Images showing the distribution of AE1-4 (A and B)
and phalloidin-stained microfilaments (C and D) were collected
on a Zeiss Axiophot microscope. The merged images (E and F)
were generated in Adobe Photoshop.

Figure 7. Acquisition and maintenance of detergent insolubility
by AE1-4. MDCK cells stably expressing the AE1-4 anion ex-
changer were pulsed with 35S-Translabel™ for 15 min, and
chased for times ranging from 0–48 h. At each time point, cells
were detergent lysed and separated into soluble and insoluble
fractions by centrifugation. Immunoprecipitates were prepared
from each fraction using antibodies generated against the cyto-
plasmic domain of AE1-4. Immune complexes were analyzed on
a 6% SDS polyacrylamide gel, and labeled anion exchangers
were detected by fluorography (A). Confluent or 50% confluent
monolayers of MDCK cells expressing AE1-4 were incubated in
the absence or presence of 25 mg/ml latrunculin B for 1 h. Cells
were then detergent lysed, and the detergent soluble and insolu-
ble fractions were analyzed by immunoblotting analysis using
AE1-specific peptide antibodies (B).
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turned over, and immunoprecipitable AE1-4 was almost
undetectable after 48 h of chase. These pulse–chase stud-
ies suggest that association of newly synthesized AE1-4
with the detergent insoluble fraction does not provide a
mechanism for preferentially stabilizing AE1-4 in MDCK
cells, since detergent soluble and insoluble AE1-4 turned
over at a similar rate at the later time points of the analy-
sis. Similar studies with MDCK cells that had been grown
on permeable supports 5 d after cell–cell contact yielded
identical results (data not shown) indicating the detergent
fractionation properties and turnover rate of AE1-4 are
not affected by the state of polarity of these epithelial
cells.

The Role of the Actin Cytoskeleton in the Maintenance 
of AE1-4 Detergent Insolubility Varies as a Function of 
MDCK Cell Polarity

The in situ extraction studies described above (Fig. 6) sug-
gest that the acquisition of detergent insolubility by newly
synthesized AE1-4 is at least in part due to its association
with the insoluble actin cytoskeleton. To directly assess
the role of the actin cytoskeleton in the maintenance of
AE1-4 insolubility, transfected cells grown in subconfluent
monolayers were treated with the actin-depolymerizing
drug, latrunculin B, for 1 h before detergent lysis. Immu-
noblotting analysis revealed that the detergent insoluble
pool of AE1-4 was dramatically reduced in cells treated
with this reagent (Fig. 7 B). Interestingly, similar studies
with cells grown in confluent monolayers revealed that la-
trunculin B treatment only had a small but reproducible

effect on the detergent insolubility of AE1-4 (Fig. 7 B).
These results indicate that the maintenance of AE1-4 in-
solubility is almost entirely dependent upon an intact actin
cytoskeleton in subconfluent cells. However, as cells de-
velop a more polarized phenotype, alternative mecha-
nisms are primarily responsible for the insolubility of
AE1-4.

Identification of Cytoplasmic Tyrosine Residues 
Required for the Basolateral Accumulation and 
Cytoskeletal Association of AE1-4

Other investigators have identified dominant cytoplasmic
sorting signals that direct the basolateral sorting of inte-
gral membrane polypeptides in epithelial cells (Casanova
et al., 1991; Matter et al., 1992; Thomas et al., 1993; Hun-
ziker and Fumey, 1994; Honing and Hunziker, 1995). The
studies described above have indicated that the alternative
NH2-terminal cytoplasmic sequences of the chicken AE1-3
and AE1-4 anion exchangers direct these variant trans-
porters to the apical and basolateral membrane, respec-
tively, of polarized MDCK cells. To determine the se-
quences at the NH2 terminus of AE1-4 that direct its
basolateral accumulation, a variety of mutants have been
generated (Fig. 8 A). NH2-terminal truncation mutants
that deleted the NH2-terminal 21 (AE1-4D21) or 37 (AE1-
4D37) amino acids of AE1-4 primarily accumulated in the
basolateral membrane of stably transfected MDCK cells
(Fig. 8, B and C). In contrast, AE1-4D53, which lacks the
NH2-terminal 53 amino acids of AE1-4, exhibited a diffuse
pattern of localization in or near the apical membrane, and

Figure 8. Localization of
AE1-4 mutants in confluent
MDCK monolayers. The
amino acid sequence of the
NH2-terminal truncation and
point mutants of AE1-4 are
illustrated in A. Dots indi-
cate sequence that is identi-
cal among all of the con-
structs. Point mutants are
underlined. MDCK cells
stably expressing AE1-4D21
(B), AE1-4D37 (C), AE1-
4D53 (D), AE1-4(Y44A) (E),
AE1-4(Y47A) (F), or AE1-
4(Y44A,Y47A) (G) were
grown in confluent monolay-
ers on coverslips. The cells
were fixed and incubated
with an AE1-specific pep-
tide antibody, followed by
incubation with DAR-IgG
conjugated to lissamine. Im-
munoreactive polypeptides
were visualized on a Zeiss
Axiophot microscope. Im-
ages were collected near the
center (B, C, E, and F) or at
the apical surface (D and G)
of the cells.
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accumulated in an undefined intracellular compartment of
transfected cells (Fig. 8 D). This indicated that sequences
between amino acids 37 and 53 of AE1-4 are required for
its basolateral accumulation in MDCK cells.

The region between amino acids 37 and 53 of AE1-4
contains two tyrosine residues, at positions 44 and 47.
Other investigators have shown that tyrosine residues are
critical for the basolateral sorting of several type I integral
membrane proteins in MDCK cells (Matter et al., 1992;
Thomas et al., 1993; Honing and Hunziker, 1995). To in-
vestigate the role of these residues in directing the intra-
cellular localization of AE1-4, point mutants were gener-
ated in which an alanine was substituted for each of the
tyrosine residues separately or together. Substituting ala-
nine for either of these residues separately, AE1-4(Y44A)
or AE1-4(Y47A), had no effect on the basolateral accu-
mulation of AE1-4 (Fig. 8, E and F). In contrast, the AE1-
4(Y44A,Y47A) double mutant primarily accumulated in
the apical membrane and in an undefined intracellular
compartment of transfected MDCK cells (Fig. 8 G). In a
small percentage of the cells, the AE1-4(Y44A,Y47A)
mutant also accumulated in the basolateral membrane.
These data suggest that efficient basolateral targeting of
AE1-4 in MDCK cells is dependent upon these cytoplas-
mic tyrosine residues. Interestingly, either one of the ty-
rosines at amino acids 44 or 47 is sufficient to direct the ba-
solateral accumulation of this variant transporter.

To determine whether the basolateral accumulation of
the AE1-4 mutants correlated with their ability to colocal-

ize with the actin cytoskeleton, subconfluent monolayers
of MDCK cells expressing the mutant transporters were
double stained with AE1-specific antibodies and FITC-
phalloidin. This analysis revealed that only those mutants
that were efficiently targeted to the basolateral membrane
in confluent monolayers, including AE1-4D21, AE1-4D37,
AE1-4(Y44A), and AE1-4(Y47A), colocalized both with
stress fibers in the basal membrane of subconfluent
MDCK cells, and with cortical actin at sites of cell-cell
contact (Fig. 9). In addition to colocalizing with stress fi-
bers in the basal membrane of cells, AE1-4D37 often accu-
mulated in clusters in the basal membrane that were also
stained by FITC-phalloidin (arrows in Fig. 9 L). These ac-
tin-containing clusters were rarely observed with the other
mutant constructs, and they were negative for staining
with talin antibodies, a marker for focal adhesions (data
not shown). Although AE1-4(Y44A,Y47A) colocalized
with cortical actin at sites of cell-cell contact in a small per-
centage of transfected cells (arrowheads in Fig. 9 O), this
mutant transporter was never observed to colocalize with
stress fibers in the basal membrane of cells. These results
suggest that association of AE1-4 with specific elements of
the actin cytoskeleton, like efficient basolateral targeting,
requires at least one of the tyrosine residues at amino ac-
ids 44 and 47 of the polypeptide. At this time, we can not
distinguish whether the association of AE1-4 with the de-
tergent insoluble actin cytoskeleton is a prerequisite for or
a consequence of the basolateral sorting of this variant
transporter in MDCK cells.

Figure 9. Localization of AE1-4 mutants in subconfluent MDCK monolayers. MDCK cells expressing AE1-4D21 (A), AE1-4D37 (B),
AE1-4(Y44A) (C), AE1-4(Y47A) (D), or AE1-4(Y44A,47A) (E) were grown on coverslips in subconfluent monolayers. The cells were
fixed and incubated with an AE1-specific peptide antibody, followed by incubation with DAR-IgG conjugated to lissamine (A–E) and
FITC-conjugated phalloidin (F–J). Immunoreactive polypeptides and phalloidin stained microfilaments were visualized on a Zeiss Ax-
iophot microscope. Images were collected at the basal surface of the cells. Merged images were generated in Adobe Photoshop (K–O).
The arrows in L mark two of the actin-containing clusters that colocalize with AE1-4D37. The arrowheads in O indicate where AE1-
4(Y44A,47A) colocalizes with cortical actin at sites of cell-cell contact.
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The Acquisition of Detergent Insolubility and the 
Stability of AE1-4 Is Linked to Efficient Golgi Recycling

To determine whether the NH2-terminal truncation and
point mutants of AE1-4 affected the detergent solubility
properties and posttranslational modifications of this vari-
ant transporter, confluent MDCK cells stably transfected
with each construct were detergent lysed, and separated
into soluble and insoluble fractions by centrifugation. Im-
munoblotting analysis of these fractions with AE1-specific
antibodies revealed that the AE1-4 mutants could be
grouped into three classes. Quantitation of three indepen-
dent experiments identical to the one shown in Fig. 10 has
revealed that the first class of mutants, AE1-4D21 and
AE1-4(Y44A), was similar to wild-type AE1-4 in terms of
the percent of the steady state population that was deter-
gent insoluble (z40%), and the percent of the molecules
that acquired complex N-linked sugars (z95%). The sec-
ond class of mutants, AE1-4D37 and AE1-4(Y47A), ex-
hibited partial defects in their posttranslational processing
(Fig. 10). The percentage of AE1-4(Y47A) polypeptides
that acquired complex N-linked sugars (z45%) was re-
duced relative to that observed with AE1-4, and both
AE1-4D37 and AE1-4(Y47A) were substantially reduced
in their ability to associate with the detergent insoluble
fraction of MDCK cells (z5% of total protein). Interest-
ingly, unlike AE1-4, most of the AE1-4(Y47A) polypep-
tides that associated with the detergent insoluble fraction
possessed only simple N-linked sugars suggesting that
AE1-4(Y47A) may acquire detergent insolubility by a
mechanism distinct from that used by AE1-4. Finally,
AE1-4D53 failed to acquire complex N-linked sugars and
was entirely detergent soluble (Fig. 10). A similar pheno-
type was observed for AE1-4(Y44A,Y47A) suggesting
that Golgi recycling and the acquisition of detergent insol-
ubility, like efficient basolateral targeting, requires at least
one of the tyrosines at amino acids 44 and 47 of AE1-4.

Pulse–chase analyses have examined whether mutations
that alter the posttranslational processing of AE1-4 affect
the kinetics with which these polypeptides acquire com-
plex N-linked sugars as well as their stability. These stud-
ies revealed that each mutant acquired N-linked modifica-
tions that were sensitive to endo H during a 15-min pulse
(Fig. 11). During the chase period, AE1-4D37 and AE1-

4(Y47A) acquired additional sugar modifications that
were resistant to endo H. However, the percentage of
newly synthesized AE1-4D37 and AE1-4(Y47A) polypep-
tides that acquired complex N-linked sugars by 4 h of
chase was substantially lower than that observed for AE1-4
(compare Figs. 4 and 11). These data indicate that tyrosine
47 and sequences in the NH2-terminal 37 amino acids of
AE1-4 are both necessary for efficient Golgi recycling of
AE1-4. The inefficient recycling of AE1-4D37 and AE1-
4(Y47A) may account for the reduced ability of these mu-
tant transporters to associate with the detergent insoluble
fraction of MDCK cells. Similar analyses with AE1-4D53
and AE1-4(Y44A,Y47A) indicated that these mutants ac-
quired no additional modifications after the pulse, and like
AE1-3, they were almost completely turned over by 4 h of
chase (Fig. 11). The pulse–chase and immunoblotting
studies indicate that Golgi recycling requires at least one
of the tyrosine residues at amino acids 44 and 47 of AE1-4.
Furthermore, these data suggest that the stable accumula-
tion of newly synthesized AE1 in this kidney epithelial cell
type is completely dependent upon its ability to undergo
recycling from the plasma membrane to the Golgi.

Discussion
The alternative NH2-terminal sequences of the variant
chicken kidney AE1 anion exchangers direct the intracel-
lular trafficking of these membrane transporters in trans-
fected MDCK cells. The AE1-4 variant accumulates in the
basolateral membrane of transfected cells, while the AE1-3
variant, which lacks the 63 NH2-terminal cytoplasmic
amino acids of AE1-4, primarily accumulates in the apical
membrane. In addition to targeting AE1-4 to the basolat-
eral membrane of transfected cells, the NH2-terminal 63
amino acids of AE1-4 are also required for recycling of
this membrane transporter from the plasma membrane to
the Golgi. Previous studies have shown that the associa-
tion of chicken erythroid AE1 anion exchangers with cy-
toskeletal ankyrin occurs during recycling of newly synthe-
sized polypeptides from the plasma membrane to the

Figure 10. Steady state frac-
tionation properties of the
AE1-4 mutants. MDCK cells
stably expressing the NH2-
terminal truncation (A) or
point mutants (B) of AE1-4
were detergent lysed and
separated into soluble (S)
and insoluble (I) fractions by
centrifugation. Equivalent
amounts of the resulting frac-
tions were separated on a 6%
SDS polyacrylamide gel, and
transferred to nitrocellulose.
The filter was incubated with

an AE1-specific peptide antibody, followed by GAR-IgG conju-
gated to horseradish peroxidase. Immunoreactive species were
detected by enhanced chemiluminescence.

Figure 11. Posttranslational
processing and stability of the
AE1-4 mutants. MDCK cells
stably expressing AE1-4D37,
AE1-4D53, AE1-4(Y47A),
or AE1-4(Y44A,Y47A) were
pulsed with 35S-Translabel™
for 15 min (lanes 1 and 2), or
chased for 1 h (lanes 3 and
4), or 4 h (lanes 5 and 6). At
each time point, AE1 immu-
noprecipitates were prepared
from total cell lysates using
antibodies directed against
the cytoplasmic domain of
AE1-4. Immunoprecipitates
were either undigested (lanes
1, 3, and 5) or digested (lanes
2, 4, and 6) with endo H be-

fore analysis on a 6% SDS polyacrylamide gel. Labeled anion ex-
changers were detected by fluorography.
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Golgi (Ghosh et al., 1999). The data described here have
shown that association with the detergent insoluble cy-
toskeleton and the stable accumulation of the chicken kid-
ney AE1 variants in MDCK cells is also linked to their
ability to undergo Golgi recycling.

The sorting of type I membrane proteins to the basolat-
eral membrane of kidney epithelial cells has been shown
to be dependent upon dominant cytoplasmic sorting sig-
nals that direct the vectorial transport of newly synthe-
sized proteins from the TGN to the basolateral membrane
(Casanova et al., 1991; Matter et al., 1992; Thomas et al.,
1993; Hunziker and Fumey, 1994; Honing and Hunziker,
1995). Many of these basolateral sorting signals are ty-
rosine-dependent (Matter et al., 1992; Thomas et al., 1993;
Honing and Hunziker, 1995). The accumulation of variant
chicken AE1 anion exchangers in the basolateral mem-
brane of transfected MDCK cells is also dependent upon
cytoplasmic tyrosine residues. Furthermore, the NH2-ter-
minal cytoplasmic sequence of AE1-4 contains two ty-
rosine residues at amino acids 44 and 47, either one of
which is sufficient to direct the basolateral accumulation
of this variant transporter. A similar result has previously
been observed for the low density lipoprotein receptor,
which contains two tyrosine-dependent cytoplasmic sort-
ing signals, either one of which is sufficient to direct the
basolateral sorting of this type I membrane protein (Mat-
ter et al., 1992). Interestingly, the same tyrosine residues
that are involved in the basolateral accumulation of vari-
ant AE1 anion exchangers in MDCK cells are also re-
quired for the recycling of AE1 from the plasma mem-
brane to the Golgi. Substitution of alanine for tyrosine 44
and 47 of AE1-4 results in a polypeptide that is almost
completely deficient in Golgi recycling, and like AE1-3,
the AE1-4(Y44A,Y47A) mutant is rapidly degraded.

Either of the tyrosine residues at amino acids 44 and 47
of AE1-4 is sufficient to direct the basolateral accumula-
tion of this type III membrane protein. However, there are
differential requirements for these tyrosine residues for
Golgi recycling. Substitution of an alanine for tyrosine 47
reduces the efficiency of Golgi recycling of AE1-4 by
z50%, while a similar substitution at tyrosine 44 has no
significant effect on recycling. Tyrosine 47 resides within
the sequence, YVEL, that is conserved among all charac-
terized AE1 anion exchangers except for chicken AE1-3
(Cox and Cox, 1995), and the mammalian kidney AE1
variants (Brosius et al., 1989; Kudrycki and Shull, 1989;
Kollert-Jons et al., 1993). This tetrapeptide matches the
sequence motif, YXXF, where X is any amino acid and F
is a hydrophobic residue. This sequence motif has been
shown to associate with the m subunits of the AP1, AP2,
and AP3 adaptor complexes (Boll et al., 1996; Ohno et al.,
1996, 1998; Aguilar et al., 1997; Dell’Angelica et al., 1997),
and function as an endocytic (Collawn et al., 1990; Eberle
et al., 1991; Naim and Roth, 1994; Schafer et al., 1995) and
trans Golgi network recycling (Wong and Hong, 1993) sig-
nal for several type I membrane proteins. The hydropho-
bic residue in the YXXF motif is critical for the ability of
this sequence to serve as a sorting signal (Wong and Hong,
1993; Naim and Roth, 1994; Schafer et al., 1995), and for
its ability to associate with adaptins (Ohno et al., 1996;
Ohno et al., 1998). Future studies will address whether ad-
ditional residues in the YVEL tetrapeptide of AE1-4 are

involved in directing the intracellular trafficking of this
variant transporter in MDCK cells.

The molecular basis of detergent insolubility of AE1 in
MDCK cells varies as a function of polarity. Immunolocal-
ization analyses coupled with studies using the actin-depo-
lymerizing drug, latrunculin B, have indicated that the
detergent insolubility of AE1-4 in subconfluent, nonpolar-
ized MDCK cells is almost entirely dependent upon an in-
tact actin cytoskeleton. Although the exact role of the ac-
tin cytoskeleton in directing the intracellular trafficking of
AE1-4 is unclear, the ability of mutant AE1 constructs to
accumulate in the basolateral membrane of this cell type
correlated with their ability to colocalize with phalloidin-
stained stress fibers. Immunolocalization studies with
AE1-4D37 have further suggested that the organization of
the actin cytoskeleton is modified as a consequence of as-
sociating with this AE1-4 mutant. Filamentous actin colo-
calizes with AE1-4D37 in large clusters in the basal mem-
brane of subconfluent MDCK cells. This reorganization of
actin, which was not observed with wild-type AE1-4 or the
other mutant constructs, may contribute to the slow rate at
which AE1-4D37 recycles to the Golgi and acquires ma-
ture N-linked sugars.

As cells establish a more polarized epithelial phenotype,
the maintenance of detergent insolubility of AE1-4 is only
partially dependent upon the actin cytoskeleton. The al-
ternative interactions responsible for the maintenance of
AE1-4 insolubility in polarized MDCK cells are not
known. However, the fact that chicken erythroid AE1 an-
ion exchangers acquire detergent insolubility in part through
their association with cytoskeletal ankyrin (Ghosh et al.,
1999) suggests that the detergent insolubility of AE1-4 in
confluent MDCK cells could arise as a result of their asso-
ciation with the epithelial ankyrin 3 isoform (Peters et al.,
1995). Previous investigators have postulated that the sta-
ble accumulation of the Na1,K1-ATPase in the basolateral
membrane of polarized MDCK cells is dependent upon its
association with the detergent insoluble cytoskeleton via
its interaction with ankyrin and fodrin (Nelson and Ham-
merton, 1989). Regardless of the specific interaction(s)
that accounts for the detergent insolubility of AE1-4 in
MDCK cells, the stability of this variant transporter is not
dependent upon its continued association with the deter-
gent insoluble fraction, since detergent soluble and insolu-
ble AE1-4 turn over at a similar rate.

Other investigators have hypothesized that phosphory-
lation of the tyrosine residue in the YVEL tetrapeptide in
the cytoplasmic domain of skate erythroid AE1 may be in-
volved in regulating its association with elements of the cy-
toskeleton, such as ankyrin (Musch et al., 1999). Along
these lines it is interesting to note that substitution of an
alanine for the tyrosine in the Y47VEL sequence of AE1-4
only partially blocks Golgi recycling, while it almost en-
tirely inhibits the ability of this polypeptide to associate
with the detergent insoluble fraction of confluent MDCK
cells. Since AE1-4(Y47A) appears to be unimpaired in its
ability to associate with the actin cytoskeleton, these re-
sults suggest the possibility that tyrosine 47 may be di-
rectly involved in mediating the association of AE1-4 with
alternative cytoskeletal receptors, such as ankyrin 3.

Our analyses have suggested that a subset of the newly
synthesized AE1-3 anion exchanger is directed to the api-
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cal membrane of transfected MDCK cells. However, the
rapid turnover of this polypeptide in this epithelial cell
type prevents high levels of this variant transporter from
accumulating in the apical membrane domain. This rapid
rate of turnover may account for the fact that polypeptides
with the predicted molecular mass of AE1-3 are not de-
tected in chicken kidney membrane preparations by im-
munoblotting analysis (Cox and Cox, 1995). Although it is
possible that AE1-3 accumulates in the apical membrane
of a subset of cells in the kidney collecting duct, AE1-3
may also function by modulating AE1-4 activity through
heterodimer formation. Future studies will determine
whether AE1-3 and AE1-4 have the capacity to het-
erodimerize in vivo and the consequences of heterodimer-
ization on AE1-4 localization and stability in MDCK kid-
ney epithelial cells.
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