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Chicken erythroid AE1 anion exchangers receive endoglycosidase F (endo F)-sensitive
sugar modifications in their initial transit through the secretory pathway. After delivery
to the plasma membrane, anion exchangers are internalized and recycled to the Golgi
where they acquire additional N-linked modifications that are resistant to endo F. During
recycling, some of the anion exchangers become detergent insoluble. The acquisition of
detergent insolubility correlates with the association of the anion exchanger with cy-
toskeletal ankyrin. Reagents that inhibit different steps in the endocytic pathway, includ-
ing 0.4 M sucrose, ammonium chloride, and brefeldin A, block the acquisition of endo
F-resistant sugars and the acquisition of detergent insolubility by newly synthesized
anion exchangers. The inhibitory effects of ammonium chloride on anion exchanger
processing are rapidly reversible. Furthermore, AE1 anion exchangers become detergent
insoluble more rapidly than they acquire endo F-resistant modifications in cells recov-
ering from an ammonium chloride block. This suggests that the cytoskeletal association
of the recycling anion exchangers occurs after release from the compartment where they
accumulate due to ammonium chloride treatment, and prior to their transit through the
Golgi. The recycling pool of newly synthesized anion exchangers is reflected in the
steady-state distribution of the polypeptide. In addition to plasma membrane staining,
anion exchanger antibodies stain a perinuclear compartment in erythroid cells. This
perinuclear AEl-containing compartment is also stained by ankyrin antibodies and
partially overlaps the membrane compartment stained by NBD Cg4-ceramide, a Golgi
marker. Detergent extraction of erythroid cells in situ has suggested that a substantial
fraction of the perinuclear pool of AE1 is cytoskeletal associated. The demonstration that
erythroid anion exchangers interact with elements of the cytoskeleton during recycling to
the Golgi suggests the cytoskeleton may be involved in the post-Golgi trafficking of this

membrane transporter.

INTRODUCTION

Erythroid cells have served as the paradigm for un-
derstanding how interactions between the peripheral
membrane cytoskeleton and integral membrane
polypeptides of the plasma membrane can regulate
cell shape. The N-terminal cytoplasmic domain of the
AE1 anion exchanger provides a major attachment site
for the membrane cytoskeleton with the plasma mem-
brane of erythroid cells through its association with
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ankyrin (Bennett and Stenbuck, 1980), protein 4.1 (Pas-
ternack et al., 1985), and protein 4.2 (Cohen and Kors-
gren, 1988). The critical role of these interactions in the
maintenance of erythroid cell shape and stability is
best illustrated by the recently described AE1 anion
exchanger knockouts (Mutsumi et al., 1996; Peters et
al., 1996). In addition to their severely altered mor-
phology and fragility, erythroid cells from these ani-
mals have an ~50% reduction in cellular ankyrin and
completely lack protein 4.2 (Peters et al., 1996).
Molecular analyses have shown that multiple vari-
ant transcripts are derived from the AEI1 anion ex-
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changer gene in human (Tanner et al., 1988; Kollert-
Jons et al., 1993), mouse (Kopito and Lodish, 1985;
Brosius et al., 1989), rat (Kudrycki and Shull, 1993),
and chicken (Cox and Cox, 1995; Cox et al., 1996).
These transcripts, which primarily accumulate in ery-
throid cells and kidney, encode polypeptides that dif-
fer only in the sequences present at the N terminus of
their cytoplasmic domains. In vitro binding studies
have shown that the alternative N-terminal sequences
of the variant AE1 anion exchangers affect their ability
to associate with specific elements of the membrane
cytoskeleton. The human (Wang ef al., 1995) and mu-
rine (Ding et al., 1994) erythroid AE1 anion exchangers
can associate with erythroid ankyrin in vitro. In con-
trast, the human and murine kidney AE1 variants,
which lack the 65 and 79 N-terminal amino acids,
respectively, of their erythroid counterparts, are un-
able to bind erythroid ankyrin.

The diversity observed among erythroid AE1 anion
exchangers in chickens is greater than that seen in
other species. Twelve transcripts are derived from two
erythroid-specific promoters (Cox et al., 1996). These
transcripts give rise to four structural variants with
predicted molecular masses of ~99, ~102, ~104, and
~108 kDa. Two additional erythroid transcripts that
are derived from a promoter that is active in both
erythroid cells and kidney encode a single polypep-
tide with a predicted molecular mass of ~94 kDa (Cox
and Cox, 1995). Transfection studies have shown that
the alternative N termini of the variant chicken anion
exchangers can serve as signals to target these
polypeptides to different membrane compartments
within cells (Cox et al., 1996).

Pulse-chase studies have shown that newly synthe-
sized AE1 anion exchangers slowly associate with the
detergent-insoluble cytoskeleton of chicken erythroid
cells over a period of hours (Cox et al., 1987). Although
the association of AE1 with elements of the membrane
cytoskeleton is critical for erythroid cell shape and
stability (Mutsumi ef al., 1996; Peters et al., 1996), the
mechanisms that regulate these interactions are poorly
understood. The studies described here have further
investigated the steps involved in the cytoskeletal as-
sociation of this electroneutral transporter. These anal-
yses have shown that after delivery of newly synthe-
sized AE1 to the plasma membrane, the majority of
the polypeptides are internalized and recycled to the
Golgi where they acquire additional N-linked modifi-
cations. During recycling, some of the anion exchang-
ers associate with cytoskeletal ankyrin. These recy-
cling anion exchangers are reflected in the steady-state
distribution of the polypeptide. In addition to the cell
surface population of anion exchangers, a substantial
fraction of these electroneutral transporters are local-
ized in a perinuclear compartment where they colo-
calize with cytoskeletal ankyrin. The observation that
anion exchangers interact with cytoskeletal ankyrin
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during recycling to the Golgi suggests the cytoskele-
ton may be involved in the post-Golgi trafficking of
anion exchangers in erythroid cells.

MATERIALS AND METHODS

Generation of Chicken Erythroid Ankyrin Peptide
Antibodies

Polyclonal antibodies have been generated in rabbit against a pep-
tide corresponding to a 16-amino acid sequence (TVERSADRLRD-
WNAEG) near the C terminus of chicken erythroid ankyrin. This
peptide is homologous to amino acids 1692-1707 of the human
erythroid ankyrin 2.1 polypeptide and amino acids 1530-1545 of the
human erythroid ankyrin 2.2 polypeptide (Lux et al., 1990). The
sequence of this 16-mer is based upon the deduced sequence of a
chicken erythroid ankyrin cDNA (GenBank accession number
AF107255) that was generated using a reverse transcriptase-PCR
protocol. Briefly, poly A* RNA isolated from 10-d embryonic ery-
throid cells was reverse transcribed using an oligo-dT primer. This
first-strand cDNA was PCR amplified using oligonucleotides iden-
tical to nucleotides 5133-5148 and 5257-5272 of the human ery-
throid ankyrin 2.1 cDNA (Lux et al., 1990) as sense and antisense
primers, respectively. The resulting amplification product was sub-
cloned into a pGEM-3 vector and sequenced by the dideoxy chain
termination method.

Immunoprecipitation

Circulating erythroid cells were isolated from 10-d-old chicken em-
bryos as described previously (Cox et al., 1987) and washed once in
methionine-free DMEM. After the cells were incubated in this me-
dia for 20 min at 37°C, 0.25 mCi/ml 35S-Translabel (ICN Biochemi-
cals, Costa Mesa, CA) was added to the cells, and they were incu-
bated an additional 15 min at 37°C. At this time, an aliquot of 107
cells was removed and processed for immunoprecipitation. The
remainder of the cells were pelleted and resuspended in DMEM
containing 10% FCS. After incubation for times ranging from 30 min
to 4 h, additional aliquots of 107 cells were removed and processed
for immunoprecipitation. At each time point, the cells were lysed by
incubation in 150 mM NaCl, 10 mM Tris (pH 7.5), 5 mM MgCl,, 2
mM EGTA, 6 mM B-mercaptoethanol, and 1% (vol/vol) Triton
X-100 for 5 min on ice. The lysate was centrifuged for 5 min in an
Eppendorf centrifuge. The detergent-soluble supernatant was di-
luted twofold in 20 mM Tris (pH 7.5), 1% (wt/vol) NaCl, 5 mM
EGTA, 5 mM EDTA, 0.1% (wt/vol) SDS, 1% (vol/vol) Triton X-100,
and 1% (wt/vol) sodium deoxycholate (immunoprecipitation buff-
er). The detergent-insoluble pellet was resuspended in immunopre-
cipitation buffer and sonicated two times for 15 s. Insoluble material
was pelleted by centrifugation and discarded. Immunoblotting
analysis with chicken AE1 anion exchanger-specific (Cox and Cox,
1995) and chicken ankyrin-specific peptide antibodies has shown
this discarded material to be devoid of AE1 and ankyrin. Protein
A-agarose beads preloaded with AE1 anion exchanger-specific pep-
tide antibodies (Cox and Cox, 1995) or with chicken ankyrin-specific
peptide antibodies were added to the detergent-soluble and -insol-
uble fractions and incubated overnight at 4°C. The protein A-agar-
ose beads were then washed three times in immunoprecipitation
buffer, and the immune complexes were released by incubation in
SDS sample buffer and analyzed on a 6% SDS polyacrylamide gel. In
each instance, the gels were treated with 20% 2,5-diphenyl-oxazole
in DMSO, dried, and exposed to Kodak XAR-5 x-ray film (Eastman
Kodak, Rochester, NY) at —80°C.

Endoglycosidase and Neuraminidase Digestion of
AE1 Anion Exchanger Immunoprecipitates

AE1 anion exchanger immunoprecipitates were prepared as de-
scribed above. After washing of the protein A-agarose beads with

Molecular Biology of the Cell



immunoprecipitation buffer, the beads were washed three times
with 10 mM Tris (pH 7.4) and 150 mM NaCl (TBS). The protein
A-agarose beads were then resuspended in TBS containing 1%
(vol/vol) Triton X-100 and 0.1% (wt/vol) SDS and digested either
with 2.5 mU endoglycosidase H (endo H), 10 mU N-glycosidase-free
endoglycosidase F (endo F), or 0.1 U N-glycosidase overnight at
room temperature. Alternatively, the beads were resuspended in
TBS containing 4 mM CaCl,, 1% (vol/vol) Triton X-100, and 0.1%
(wt/vol) SDS, and digested with 10 mU neuraminidase overnight at
room temperature. In some experiments, immune complexes were
digested first with endo F followed by digestion with N-glycosi-
dase. In each instance, the beads were washed one time in TBS
following digestion, and immune complexes were released by in-
cubation in SDS sample buffer and analyzed on a 6% SDS polyacryl-
amide gel. The observed digestion patterns were the same when
digests were carried out at 37°C.

Metabolic Labeling and Cell Surface Biotinylation

Erythroid cells from 10-d-old chicken embryos were pulsed with
35G-Translabel for 15 min and chased for 1 h. At this time, the cells
were washed three times in ice-cold 10 mM HEPES (pH 7.4), 154
mM NaCl, 7.2 mM KCl, and 1.8 mM CaCl, (Ringer’s buffer), and
then incubated in Ringer’s buffer containing 1 mg/ml NHS-SS-
Biotin (Pierce Chemical, Rockford, IL) for 30 min at 4°C. The cells
were then washed five times in Ringer’s buffer and detergent lysed
by incubating in 150 mM NaCl, 10 mM Tris (pH 7.5), 5 mM MgCl,,
2 mM EGTA, and 1% (vol/vol) Triton X-100 for 5 min on ice. The
detergent-soluble and -insoluble fractions were processed for im-
munoprecipitation as described above. Alternatively, the cells were
resuspended in DMEM containing 10% FCS after biotinylation and
washing in Ringer’s buffer and incubated an additional 1 or 3 h at
37°C. At each time point, immunoprecipitates were prepared. After
washing of the protein A-agarose beads in immunoprecipitation
buffer, the immune complexes were released by incubation in 0.2 M
glycine (pH 2.5), and 1% (vol/vol) Triton X-100. This solution was
neutralized and incubated overnight at 4°C with streptavidin-aga-
rose beads (Pierce Chemical). After washing, the streptavidin beads
were resuspended in TBS containing 4 mM CaCl,, 1% (vol/vol)
Triton X-100, and 0.1% (wt/vol) SDS, and digested with 10 mU
neuraminidase overnight at room temperature. Biotinylated anion
exchangers were then released by incubation in SDS sample buffer
and analyzed on a 6% SDS polyacrylamide gel. In control experi-
ments, cells were surface biotinylated after a 15-min pulse. Under
these conditions, we were unable to detect biotinylated forms of
newly synthesized AE1. This result indicates that intracellular forms
of AE1 are not biotinylated as a result of the cells becoming leaky
during the biotinylation protocol.

Effect of Various Reagents on AE1 Anion Exchanger
Processing

Erythroid cells from 10-d-old chicken embryos were pulsed with
35G-Translabel as described above. After a 45-min chase, the cells
were pelleted and resuspended in media containing either 10 pg/ml
brefeldin A (BFA), 25 mM ammonium chloride, 100 uM chloro-
quine, or 0.4 M sucrose. The cells were chased in media containing
these reagents until a total chase period of 2 or 4 h had elapsed, and
at each time point, the cells were detergent lysed and AE1 immu-
noprecipitates were prepared as described above. Immunoprecipi-
tates were either untreated or digested with endo F and analyzed on
a 6% SDS polyacrylamide gel. In some experiments, 10 ug BFA/ml
were added to the cells 20 min before the initiation of the pulse and
were included in the media throughout the experiment.
Additional experiments were performed to determine whether
the effects of hypertonic medium and ammonium chloride on anion
exchanger processing were reversible. Erythroid cells from 10-d-old
embryos were pulsed and chased in the presence of 0.4 M sucrose or
25 mM ammonium chloride as described above. After a 4-h chase,
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the cells were washed and incubated an additional 10 or 30 min in
media lacking the reagent. After 10- and 30-min reversals, cells were
detergent lysed, and AE1 immunoprecipitates were prepared. Im-
munoprecipitates were digested with 10 mU of endo F before anal-
ysis on a 6% SDS polyacrylamide gel.

Steady-State Biotinylation and Immunoblotting
Analysis

Erythroid cells from 10-d-old chicken embryos were surface biotin-
ylated with NHS-SS-Biotin and detergent lysed as described above.
The lysate was separated into detergent-soluble and -insoluble frac-
tions by centrifugation. Each fraction was split in half, and one half
was precipitated with streptavidin agarose. The detergent-soluble
and -insoluble fractions, as well as the streptavidin-precipitable
material from each fraction, were electrophoresed on a 6% SDS
polyacrylamide gel and electrophoretically transferred to nitrocel-
lulose. The filter was incubated overnight at room temperature with
a 1:20,000 dilution of the AEl-specific peptide antibody in TBS
containing 0.25% gelatin. The filter was then washed in TBS con-
taining 0.05% Tween-20 and incubated with goat anti-rabbit IgG
conjugated to horseradish peroxidase. After washing, immunoreac-
tive species were detected by enhanced chemiluminescence.

Similar immunoblotting analysis of detergent-soluble and insol-
uble fractions from 10-d embryonic erythroid cells were carried out
using the chicken erythroid ankyrin-specific peptide antibody at a
1:3000 dilution. The 225- and 205-kDa polypeptides detected with
the ankyrin antibody were not observed when the peptide antigen
used to generate the antibody was used as a competitor (10 ug/ml)
in the immunoblotting analysis.

Quantitative Densitometry

X-ray films were scanned using DeskScan II 2.1 software (Hewlett-
Packard, Palo Alto, CA), and quantitative densitometry was per-
formed using NIH Image. All quantitation was done on exposures
in which individual bands were not yet saturating.

Immunolocalization Analysis

Erythroid cells isolated from 10-d-chicken embryos were attached to
glass slides and fixed by incubating in 1% paraformaldehyde in PBS
for 15 min at room temperature. After fixation, the cells were
permeabilized with acetone. The cells were washed with PBS and
incubated with a 1:3000 dilution of the rabbit polyclonal AEIl-
specific peptide antibody in PBS for 2 h at room temperature. The
cells were then washed and incubated with donkey anti-rabbit
(DAR) IgG conjugated to lissamine. Alternatively, the cells were
double stained with a 1:50 dilution of an AE1-specific monoclonal
antibody (Jennings et al., 1986) and a 1:2000 dilution of the rabbit
polyclonal ankyrin-specific peptide antibody. In this instance, the
cells were washed and incubated with DAR-IgG conjugated to
lissamine and donkey anti-mouse (DAM) IgG conjugated to fluo-
rescein isothiocyanate (FITC). After washing, immunoreactive
polypeptides were visualized using a Zeiss Axiophot microscope or
a Bio-Rad laser scanning confocal microscope (Bio-Rad, Richmond,
CA). Background levels of staining were observed in control exper-
iments in which the peptide antigens used to generate the AE1-
specific and ankyrin-specific peptide antibodies were included as a
competitor. In some experiments, AE1-stained cells were incubated
with 50 pg/ml NBD Cg-ceramide (Molecular Probes, Eugene, OR)
for 1 h at 37°C after antibody incubations. The slides were then
washed three times for 15 min each with PBS containing 25 pg/ml
fatty acid-free BSA. The distribution of AE1 was compared with that
of ankyrin and NBD-ceramide in 0.5-um optical sections collected
on a Bio-Rad laser scanning confocal microscope .

The distribution of detergent-insoluble AE1 and ankyrin was
examined by extracting erythroid cells from 10-d embryos with
ice-cold 150 mM NaCl, 10 mM Tris (pH 7.5), 5 mM MgCl,, 2 mM
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Figure 1. Posttranslational modification and detergent insolubility of AE1 anion exchangers. Erythroid cells from a 10-d-old chicken embryo
were pulsed with 3°S-Translabel in methionine-free DMEM for 15 min at 37°C. At the end of the pulse (lanes 1-6) an aliquot of cells was lysed
in isotonic buffer containing 1% Triton X-100. The lysate was separated into soluble (S) and insoluble (I) fractions by centrifugation. The
remainder of the cells were incubated at 37°C in DMEM containing 10% FCS for 1 h (lanes 7-12), 2 h (lanes 13-18), or 4 h (lanes 19-24), and
at each time point the cells were fractionated as described above. Immunoprecipitates prepared from the soluble and insoluble fractions using
AEl-specific peptide antibodies were either undigested, digested with endo F, or digested with endo F followed by digestion with
N-glycosidase. Immune complexes were analyzed on a 6% SDS polyacrylamide gel, and labeled anion exchangers were detected by
fluorography. Dashes adjacent to lane 1 mark the 97-, 100-, and 108-kDa AE1 polypeptides in the detergent-soluble fraction at the pulse point.
Asterisks adjacent to lane 20 mark the detergent-soluble AE1 polypeptides of 95, 98, and 105 kDa detected at the 4-h chase point after endo

F digestion.

EGTA, 6 mM B-mercaptoethanol, and 1% (vol/vol) Triton X-100 for
30 s. The preextracted cells were then fixed by incubation in 1%
paraformaldehyde in PBS for 15 min at room temperature, and the
intracellular localization of detergent-insoluble AE1 and ankyrin
was assessed as described above.

RESULTS

Posttranslational Processing of Erythroid AE1
Amnion Exchangers

Previous studies have shown that the extent to which
newly synthesized chicken AE1 anion exchangers as-
sociate with the detergent-insoluble cytoskeleton of
erythroid cells varies dramatically during embryonic
development (Cox et al., 1987). These analyses also
demonstrated that the acquisition of detergent insol-
ubility by AE1 polypeptides correlated with posttrans-
lational modifications of these electroneutral trans-
porters. To define the nature of these modifications
and determine their role in mediating the cytoskeletal
association of AEFE1, additional pulse-chase studies
have been performed.

Erythroid cells isolated from 10-d-old chicken em-
bryos were pulsed with %S-Translabel for 15 min and
chased for various periods ranging from 1 to 4 h. At
each time point, the cells were lysed in isotonic buffer
containing 1% Triton X-100 on ice and separated into
soluble and insoluble fractions by centrifugation. AE1
anion exchanger immunoprecipitates were prepared
from each fraction using AE1-specific peptide antibod-
ies that recognize a sequence present in each of the
five predicted chicken erythroid AE1 anion exchang-
ers. Before gel analysis, immunoprecipitates were ei-
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ther untreated, digested with endo F, or digested with
endo F followed by digestion with N-glycosidase. As
shown previously (Cox et al., 1987), newly synthesized
AEL1 anion exchangers are primarily detergent soluble
(~90%) at the end of a 15-min pulse (Figure 1, lanes 1
and 4). These polypeptides, which have apparent mo-
lecular masses of 97, 100, and a faint species of 108
kDa, were not detected when the AE1 peptide antigen
was used as a competitor in the analysis. These newly
synthesized polypeptides gradually become detergent
insoluble, until ~50% are insoluble at the 4-h chase
point (Figure 1, lanes 19 and 22).

A comparison of the glycosidase digestion profiles
of the immunoprecipitated anion exchangers indicates
that the endo F (Figure 1, lane 2) and N-glycosidase
(Figure 1, lane 3) digests are indistinguishable at the
pulse point, yielding a major species of 95 kDa and a
less abundant species of 98 kDa. The relationship of
these two digestion products to the five predicted
chicken erythroid AE1 anion exchangers is not known
at this time. The endo F digestion profile slowly
changes during the chase. This shift is first apparent at
the 1-h chase point, where diffuse species ranging
from 102 to 105 kDa appear in the detergent-soluble
fraction (Figure 1, lane 8), and a product of 105 kDa
appears in the detergent-insoluble fraction (Figure 1,
lane 11). After 4 h of chase, three digestion products of
95, 98, and 105 kDa are detected in both the soluble
(Figure 1, lane 20) and insoluble (Figure 1, lane 23)
fractions, and the 98-kDa polypeptide is the most
abundant species. The endo F-resistant species that
arise during the chase are, for the most part, still
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susceptible to digestion with N-glycosidase. However,
an additional N-glycosidase digestion product of 99
kDa arises during the chase. The modification that
gives rise to the 99-kDa species is first detectable in the
soluble (Figure 1, lane 15) and insoluble (Figure 1, lane
18) pool of anion exchangers at the 2-h chase point,
and further studies have shown this modification is
insensitive to digestion with O-glycosidase (our un-
published results).

The initial N-glycosidase-sensitive modifications ac-
quired by newly synthesized AE1 are also sensitive to
digestion with endo F (Figure 1) and endo H (our
unpublished results). This suggests that chicken AE1
polypeptides initially receive either high mannose or
biantennary hybrid sugars on their single predicted
N-linked site. However, by 1 h post synthesis, ~15%
of the polypeptides have acquired additional N-linked
modifications that are resistant to endo F and sensitive
to N-glycosidase, and by 4 h of chase ~70% of the
polypeptides have acquired these endo F-resistant,
N-glycosidase-sensitive modifications. The appear-
ance of endo F-resistant species probably results from
the conversion of high mannose or biantennary hybrid
sugars to tri- and/or tetra-antennary complex sugars
(Tarentino et al., 1985). The formation of these more
complex sugars requires the activity of a-mannosidase
IT and N-acetylglucosamine transferase, markers of the
medial compartment of the Golgi (Kornfeld and Korn-
feld, 1985). This suggests anion exchangers that ac-
quire endo F-resistant modifications between 1 and 4 h
of chase pass through the medial compartment of the
Golgi. Although detergent-insoluble AE1 exhibits a
mature endo F digestion profile earlier in the chase
than detergent soluble AE1, the profile of endo F-
resistant species is very similar in the soluble (Figure
1, lane 20) and insoluble (Figure 1, lane 23) fractions
following a 4-h chase. This result indicates that fac-
tor(s) other than N-linked glycosylation must be in-
volved in regulating the detergent solubility proper-
ties of the newly synthesized anion exchangers.

Association with Cytoskeletal Ankyrin Correlates
with the Acquisition of Detergent Insolubility by
Newly Synthesized AE1

Examination of the total profile of proteins present in
AE1 immunoprecipitates prepared from metabolically
labeled 10-d embryonic erythroid cells revealed a sin-
gle polypeptide of 225 kDa coprecipitated with deter-
gent-soluble AE1, while polypeptides of 225, 205, and
85 kDa coprecipitated with detergent-insoluble AE1
(Figure 2B). Longer exposure of this autoradiogram
revealed the 205-kDa polypeptide was also present in
the detergent-soluble AE1 precipitate. The 225- and
205-kDa polypeptides present in these AE1 immuno-
precipitates are similar in size and relative abundance
to the human erythroid ankyrin 2.1 and 2.2 splice
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Figure 2. Association of erythroid AE1 anion exchangers with ankyrin.
Detergent soluble (S) and insoluble (I) fractions from 10° erythroid cells
from a 10-d chicken embryo were analyzed on a 6% SDS polyacrylamide
gel, transferred to nitrocellulose, and probed with an ankyrin-specific
antibody. After washing, the blot was incubated with goat anti-rabbit IgG
conjugated to horseradish peroxidase, and immunoreactive species were
detected by enhanced chemiluminescence (A). Erythroid cells from a
10-d-old chicken embryo were also pulsed for 15 min with **S-Translabel
and chased for 1 or 4 h in complete media. Aliquots of cells from the pulse
and chase points were detergent lysed, and immunoprecipitates were
prepared with the ankyrin-specific antibody from the detergent-soluble
and insoluble fractions (D). Alternatively, AE1 anion exchanger immuno-
precipitates were prepared from the detergent-soluble and -insoluble frac-
tions of cells that had been pulsed for 15 min and chased for 4 h. The AE1
immunoprecipitates were either directly analyzed (B) or dissociated in
SDS sample buffer and reprecipitated with the ankyrin-specific antibody
(C). The immunoprecipitates were analyzed on a 6% SDS polyacrylamide
gel, and labeled species were detected by fluorography. Asterisks to the
right of panel B mark the 225-, 205-, and 85-kDa polypeptides that copre-
cipitate with AE1. Molecular weight markers to the left of panel A corre-
spond to myosin (200 kDa), and B-galactosidase (120 kDa).
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variants (Lux ef al., 1990), which associate with human
erythroid AE1 in vitro (Davis et al., 1992). To investi-
gate whether these coprecipitating polypeptides cor-
responded to ankyrin, AE1 immunoprecipitates iden-
tical to those shown in Figure 2B were dissociated in
SDS sample buffer, diluted 1:10 in immunoprecipita-
tion buffer, and reprecipitated with a chicken ery-
throid ankyrin-specific peptide antibody. Immunoblot-
ting analysis has shown this ankyrin-specific antibody
recognizes a 225-kDa polypeptide in the detergent-
soluble fraction and 225- and 205-kDa polypeptides in
the detergent-insoluble fraction prepared from 10-d
embryonic erythroid cells (Figure 2A). Longer expo-
sure of this immunoblot revealed the 205-kDa ankyrin
isoform is also present in the detergent-soluble frac-
tion. Reprecipitation of AE1 immunoprecipitates with
this ankyrin-specific antibody indicated the 225- and
205-kDa polypeptides that coprecipitated with AE1
could be reprecipitated with the ankyrin antibody,
suggesting they are indeed ankyrin (Figure 2C). The
identity of the additional polypeptide of 85 kDa that
coprecipitates with detergent-insoluble AE1l is not
known at this time.

It cannot be determined whether the ankyrin mole-
cules detected in AE1 immunoprecipitates are associ-
ated with the newly synthesized pool of anion ex-
changers monitored in pulse-chase analyses (Figure
1), or with a preexisting pool of unlabeled molecules.
To address whether ankyrin is involved in the chang-
ing solubility properties observed for newly synthe-
sized AE1, immunoprecipitates were prepared with
the ankyrin-specific antibodies. These analyses re-
vealed that the 225- and 205-kDa ankyrin polypep-
tides can be immunoprecipitated from both the deter-
gent-soluble and -insoluble fractions after a 15-min
pulse (Figure 2D). Furthermore, ~60% of newly syn-
thesized ankyrin fractionated in the detergent-soluble
pool at the pulse point. This is in contrast to the
immunoblotting analysis that indicated >95% of
ankyrin is detergent insoluble at steady state (Figure
2A). After 4 h of chase, only ~25% of labeled ankyrin
fractionated in the detergent-soluble pool. Some of the
soluble molecules were chased into the detergent-in-
soluble pool (Figure 2D, lanes 4-6). However, ~40%
of the detergent-soluble molecules turned over during
the 4-h chase. In addition to ankyrin, polypeptides
that comigrate with the variant AE1 anion exchangers
were detected in the ankyrin immunoprecipitates (Fig-
ure 2D). These polypeptides were shown to be anion
exchangers by virtue of their ability to be reprecipi-
tated with AE1-specific antibodies after dissociation of
ankyrin immunoprecipitates in SDS sample buffer (see
Figure 7). The variant anion exchangers primarily pre-
cipitated with detergent-soluble ankyrin at the pulse
and 1-h chase points (Figure 2D), even though this
form of ankyrin only represents ~5% of ankyrin at
steady state. However, by 4 h of chase, ~70% of the
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newly synthesized anion exchangers that coprecipi-
tate with ankyrin are associated with the detergent-
insoluble or cytoskeletal form of ankyrin (Figure 2D).
This association of newly synthesized AE1 with cy-
toskeletal ankyrin mimics the kinetics with which
these polypeptides become detergent insoluble during
pulse-chase analyses (Figure 1).

Because AE1 and ankyrin have the capacity to in-
teract in vitro, it was possible that the coprecipitation
of anion exchangers with ankyrin resulted from inter-
actions that occurred postlysis. To control for this
possibility, the detergent-soluble and -insoluble frac-
tions from cells pulsed for 15 min were mixed before
immunoprecipitation with ankyrin antibodies. Even
though ~20-fold more ankyrin was available to bind
the newly synthesized anion exchangers when the
soluble and insoluble fractions were mixed before im-
munoprecipitation, the amount of anion exchanger
that coprecipitated with ankyrin from these mixed
fractions was no greater than that observed when
ankyrin was precipitated from the detergent-soluble
fraction alone (our unpublished results). This result
indicates that postlysis interactions between deter-
gent-insoluble ankyrin and the newly synthesized, de-
tergent-soluble anion exchangers did not occur. These
coprecipitation data suggest that association with cy-
toskeletal ankyrin is at least partially responsible for
the acquisition of detergent insolubility observed for
AE1 during pulse-chase studies.

Posttranslational Processing of AE1 Occurs after
Delivery to the Plasma Membrane

Previous studies demonstrated that the bulk of newly
synthesized erythroid AE1 anion exchangers are sus-
ceptible to extracellular proteinase K digestion after a
10-min pulse and a 30-min chase (Cox et al., 1987). This
observation, together with the results described above,
suggests that the additional N-linked modifications
and enhanced cytoskeletal binding observed for AE1
between 1 and 4 h of chase (Figure 1) occur to mole-
cules that have been delivered to the plasma mem-
brane. To verify that these changes occur to anion
exchangers that have been delivered to the plasma
membrane, we determined whether the newly synthe-
sized polypeptides could be surface biotinylated with
a membrane-impermeant biotinylating reagent, NHS-
SS-Biotin, after a 15-min pulse and a 1-h chase. Fol-
lowing biotinylation, cells were detergent lysed, and
anion exchangers were immunoprecipitated as de-
scribed above. Immunoprecipitated proteins were re-
leased from protein A agarose beads and either di-
rectly analyzed or reprecipitated with streptavidin
agarose before gel analysis. This experiment indicated
that the population of newly synthesized AE1 that can
be surface biotinylated after a 1-h chase (Figure 3,
lanes 3 and 6) is similar in composition to the total
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Figure 3. Glycosylation and acquisition of detergent insolubility
by AEL1 anion exchangers occurs after delivery to the plasma mem-
brane. Erythroid cells from a 10-d-old chicken embryo were pulsed
for 15 min with 35S-Translabel and chased for 1 h in complete media.
The cells were then washed in Ringer’s buffer and incubated in the
presence (lanes 1-8) of 1 mg/ml NHS-SS-Biotin in Ringer’s buffer
for 30 min at 4°C. At this time, an aliquot of cells (lanes 1, 2, 3, and
6) was detergent lysed, and AE1 immunoprecipitates were prepared
from the detergent-soluble (S) and the detergent-insoluble (I) frac-
tions. One-half of each precipitate was directly analyzed on a 6%
SDS polyacrylamide gel (lanes 1 and 2), and the other half was
reprecipitated with streptavidin agarose before gel analysis (lanes 3
and 6). The remainder of the cells were chased an additional 1 h
(lanes 4 and 7), or 3 h (lanes 5 and 8) in complete media after
biotinylation. At the latter time points, AE1 was immunoprecipi-
tated followed by precipitation with streptavidin agarose. Strepta-
vidin-precipitable material was analyzed on a 6% SDS polyacryl-
amide gel, and labeled AE1 anion exchangers were detected by
fluorography. Lanes 9 and 10 are controls that were processed
identically to lanes 3 and 6 except the cells were not biotinylated
with NHS-SS-Biotin before immunoprecipitation and streptavidin
precipitation. Precipitates were digested with neuraminidase before
gel analysis.

pool of immunoprecipitable AE1 (Figure 3, lanes 1
and 2).

The fate of the newly synthesized anion exchangers
that were cell surface biotinylated after a 1-h chase
was examined by incubating cells in media an addi-
tional 1 h (Figure 3, lanes 4 and 7) or 3 h (Figure 3,
lanes 5 and 8) after the biotinylation step. At each time
point, the anion exchangers were immunoprecipi-
tated, followed by precipitation with streptavidin aga-
rose. This analysis revealed that the biotinylated anion
exchangers receive additional posttranslational modi-
fications and undergo a gradual shift from the deter-
gent-soluble to the detergent-insoluble pool. In two
independent experiments, an average of 33% of the
biotinylated molecules became detergent insoluble
during 3 additional hours of incubation. The extent of
cytoskeletal association in these experiments is lower
than that observed in cells that are not biotinylated
(Figure 1). This may be due to the biotin groups inter-
fering with the normal processing of these polypep-
tides. Nonetheless, these data support the notion that
erythroid AE1 anion exchangers become detergent in-
soluble and acquire additional modifications after
their initial delivery to the plasma membrane. These
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results, together with previous studies (Cox et al.,
1987), further suggest that the N-linked modifications
acquired by newly synthesized polypeptides between
1 and 4 h of chase arise, in large part, via recycling of
cell surface anion exchangers to the Golgi.

The Acquisition of Detergent Insolubility by Newly
Synthesized AE1 Involves Recycling of Cell Surface
Molecules

To investigate the role of recycling in anion exchanger
processing, we have examined the effect of hypertonic
medium and ammonium chloride, reagents known to
block different steps in the endocytic pathway. Hyper-
tonic medium has been shown to inhibit clathrin-depen-
dent endocytosis by dissociating clathrin from the
plasma membrane (Hansen et al., 1993), and ammonium
chloride has been shown to inhibit the recycling of
TGN38 and furin from the plasma membrane to the
trans-Golgi network (TGN) by blocking endosomal acid-
ification (Chapman and Munro, 1994). In these experi-
ments, the reagent was added after a 15-min pulse and a
45-min chase, and the effect of the reagent on the acqui-
sition of endo F-resistant modifications and the deter-
gent insolubility of AE1 was monitored during a subse-
quent chase. These analyses revealed that both
ammonium chloride (Figure 4A, lanes 13 and 14) and
hypertonic medium (Figure 4A, lanes 15 and 16) block
the acquisition of endo F-resistant modifications by
newly synthesized anion exchangers that is observed in
control cells (Figure 4A, lanes 11 and 12) during a 4-h
chase. Quantitation of the inhibitory effect of hypertonic
medium and ammonium chloride from three indepen-
dent experiments has shown that both reagents almost
completely block the acquisition of endo F-resistant sug-
ars observed in control cells between 1 and 4 h of chase
(Figure 4B). Similar studies have shown that chloro-
quine, another reagent that inhibits the recycling of
TGN38 and furin from the plasma membrane to the
TGN by blocking endosomal acidification (Chapman
and Munro, 1994), also blocks the acquisition of endo
F-resistant sugars by newly synthesized AE1 (our un-
published results). These results are consistent with the
hypothesis that after delivery to the plasma membrane,
AE1 anion exchangers are slowly internalized in a clath-
rin-dependent manner and delivered to the Golgi for
additional N-linked modifications.

A comparison of the detergent solubility properties
of AEl anion exchangers precipitated from control
cells after a 4-h chase (Figure 4A, lanes 11 and 12) with
those precipitated from cells treated with ammonium
chloride (Figure 4A, lanes 13 and 14) or hypertonic
medium (Figure 4A, lanes 15 and 16) revealed both
reagents block the acquisition of detergent insolubility
by newly synthesized AE1. Quantitation of three in-
dependent experiments has shown that these reagents
significantly inhibit the shift of AE1 from the deter-
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gent-soluble to the detergent-insoluble pool (Figure
4C). Identical experiments have shown that chloro-
quine has a similar effect on the detergent solubility
properties of newly synthesized AEl (our unpub-
lished results). There is a small, but reproducible,
increase in detergent-insoluble AE1 between 1 and 4 h
of chase in the presence of hypertonic medium and
ammonium chloride (Figure 4C). However, these re-
sults suggest that the primary pathway for becoming
detergent insoluble requires that anion exchangers
are internalized from the cell surface and delivered to
a membrane compartment downstream of the com-
partment where they accumulate as a result of incu-

bating cells in hypertonic medium or ammonium
chloride.

Recycling Anion Exchangers Become Detergent
Insoluble before the Acquisition of Endo F-resistant
Sugars

Additional experiments have examined whether the
effects of hypertonic medium and ammonium chloride
on the processing of AE1 are reversible. Erythroid cells
were treated with hypertonic medium or ammonium
chloride as described above. After a 4-h chase, the cells
were washed and incubated an additional 10 or 30
min in media lacking the reagent. At each time point,
AE1 polypeptides were assayed for the acquisition of
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lanes 9, 10, 15, and 16) was added to media
after 45 min of chase and was present for
the remainder of the chase period. Autora-
diograms from three separate experiments
identical to the one shown in panel A were
scanned, and the abundance of the individ-
ual anion exchanger species after endo F
digestion was determined using NIH im-
age. The values shown in panel B reflect
the ratio of the 105-kDa AE1 species to the
95-kDa AE1 species at each time point. The
values shown in panel C reflect the per-
centage of newly synthesized AE1 that was
detergent insoluble at each time point. Er-
ror bars in panels B and C reflect the SD
from the three experiments.
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endo F-resistant sugars and their detergent solubility
properties. These analyses revealed that the inhibitory
effects of hypertonic medium on the processing of AE1
anion exchangers were not reversible during the time
course of the experiment. In contrast, AE1 rapidly
became detergent insoluble and acquired endo F-re-
sistant modifications after release from the ammo-
nium chloride block (Figure 5). Assuming the effects of
both reagents are reversible, these results suggest the
ammonium chloride block is downstream of the block
due to hypertonic medium, which is consistent with
their proposed effects on different steps in the endo-
cytic pathway. Interestingly, quantitation of two inde-
pendent experiments has shown that following rever-
sal of the ammonium chloride block, AE1 polypep-
tides became detergent insoluble at a more rapid rate
than they acquired endo F-resistant sugars. When
these properties are expressed as a percent of that
observed in control cells that were chased in the ab-
sence of ammonium chloride, the percent detergent-
insoluble AE1 reached 89% of the value seen in control
cells after a 30-min reversal. In contrast, endo F-resis-
tant modifications only reached 42% of the value seen
in untreated control cells after a 30-min reversal. These
results suggest that the acquisition of detergent insol-
ubility by recycling anion exchangers occurs after re-
lease from the compartment where these transporters

Molecular Biology of the Cell
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Figure 5. Fate of newly synthesized AE1 after removal of ammo-
nium chloride from the medium. Erythroid cells from a 10-d-old
embryo were pulsed for 15 min and chased for 45 min in complete
media. At this time, 25 mM ammonium chloride was added to the
media of some of the cells, and the cells were incubated until a total
of 4 h of chase had elapsed. Treated cells (lanes 3 and 4) and
untreated control cells (lanes 1 and 2) were then detergent lysed and
separated into soluble (S) and insoluble (I) fractions, and AE1 im-
munoprecipitates were prepared from each fraction. After the 4-h
chase period in 25 mM ammonium chloride, aliquots of cells were
also pelleted and resuspended in complete media lacking the re-
agent. The cells were then incubated an additional 10 min (lanes 5
and 6), or 30 min (lanes 7 and 8) at 37°C in reagent-free media and
processed for immunoprecipitation using AE1-specific antibodies.
Immunoprecipitates were digested with endo F before analysis on a
6% SDS polyacrylamide gel.

accumulate due to ammonium chloride and before
their transit through the Golgi.

The Recycling Pathway of AE1 Is Sensitive to BFA

To further dissect the steps involved in the trafficking
of AE1 anion exchangers, we have investigated the
effect of the fungal metabolite BFA on AE1 processing.
In these studies, BFA was added either 20 min before
the 15-min pulse or after a 45-min chase when the bulk
of the newly synthesized polypeptides have arrived at
the plasma membrane. At each time point, the deter-
gent solubility properties of newly synthesized AE1
was assessed. Addition of BFA before the pulse (Fig-
ure 6B) or after a 45-min chase (Figure 6C) had a
similar effect on the detergent solubility properties of
AEL. In each instance, ~20% of the newly synthesized
polypeptides fractionated in the detergent-insoluble
pool after a 4-h chase, as compared with ~50% in
control cells (Figure 6A). Endoglycosidase digestion
studies have shown that anion exchangers acquire
their initial high mannose or biantennary hybrid sug-
ars even when BFA is present throughout the experi-
ment. However, BFA added before the pulse or after a
45-min chase blocks the acquisition of endo-F-resistant
sugars by anion exchangers between 1 and 4 h of chase
(our unpublished results).

The observation that BFA added after 45 min of chase
inhibits the processing of AE1 that occurs in control cells
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Figure 6. Effect of BFA on the posttranslational processing of
newly synthesized AE1 anion exchangers. Erythroid cells from a
10-d-old chicken embryo were pulsed for 15 min with 3S-Translabel
and chased in complete media for various periods ranging from 30
min to 4 h (A). To identical cultures of cells, 10 ug BFA/ml were
added either 20 min before the pulse (B), or after a 45-min chase (C),
and the drug was included in the media for the duration of the
experiment. At each time point, cells were detergent lysed and
separated into soluble (TS) and insoluble (TI) fractions. Immuno-
precipitates were prepared from both fractions using AE1-specific
antibodies. Alternatively, 10-d erythroid cells were pulsed for 15
min with **S-Translabel and chased in complete media for 1 h in the
absence (D, lanes 1 and 3), or presence (D, lane 2) of 10 ug BFA/ml.
At this time the cells were washed in Ringer’s buffer and incubated
in the presence (D, lanes 1 and 2), or absence (D, lane 3) of 1 mg/ml
NHS-5S-Biotin for 30 min at 4°C. The cells were then lysed in
immunoprecipitation buffer, and immunoprecipitates were pre-
pared using AEl-specific antibodies. After release from protein A
agarose beads, biotinylated polypeptides were precipitated with
streptavidin agarose. Each precipitate was analyzed on a 6% SDS
polyacrylamide gel, and labeled anion exchangers were detected by
fluorography.

between 1 and 4 h of chase indicates that one or more of
the vesicular sorting steps involved in the recycling of
AE1 to the Golgi is sensitive to BFA. To determine
whether BFA also affects the exocytosis of AE1, cell
surface biotinylation studies have examined whether the
addition of BFA to erythroid cells before the pulse pre-
vents the cell surface delivery of newly synthesized
polypeptides. Cells were pulsed for 15 min and chased
for 1 h in the absence (Figure 6D, lane 1) or presence
(Figure 6D, lane 2) of BFA. At this time the cells were
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Figure 7. Association of newly synthesized AE1 with cytoskeletal
ankyrin is inhibited by BFA. Erythroid cells from a 10-d-old chicken
embryo were pulsed for 15 min with **S-Translabel and chased for
1 h (lanes 1 and 2) or 4 h (lanes 3 and 4) in complete media.
Alternatively, BFA was added to the media at the 45-min chase
point and included in the media for the duration of a 4-h chase
(lanes 5 and 6). At each time point, the cells were detergent lysed,
and ankyrin immunoprecipitates were prepared from the detergent-
soluble (S) and -insoluble (I) fractions. The ankyrin immunoprecipi-
tates were dissociated in SDS sample buffer and reprecipitated with
AEl-specific antibodies. The AE1 immunoprecipitates were ana-
lyzed on a 6% SDS polyacrylamide gel, and labeled species were
detected by fluorography.

surface biotinylated and lysed in immunoprecipitation
buffer, and newly synthesized polypeptides were precip-
itated with AE1-specific antibodies followed by precipi-
tation with streptavidin agarose. This analysis revealed
that the cell surface delivery of AE1 in the presence of
BFA is comparable to that seen in control cells. This
suggests that the observed effects of BFA on anion ex-
changer processing are primarily due to its effect on
events that occur after the initial delivery of AE1 to the
plasma membrane.

Coimmunoprecipitation studies have directly exam-
ined whether the effect of BFA on the detergent solu-
bility properties of newly synthesized AE1 correlates
with a decrease in the association of AE1 with cy-
toskeletal ankyrin. Ankyrin immunoprecipitates were
prepared from the detergent-soluble and -insoluble
fractions of erythroid cells that were pulsed for 15 min
and chased for either 1 or 4 h. These precipitates were
dissociated in SDS sample buffer and reprecipitated
with AE1-specific antibodies. Similar to what was ob-
served in Figure 2, newly synthesized AE1 was pri-
marily associated with detergent-soluble ankyrin at
the 1-h chase point (Figure 7, lanes 1 and 2). During an
additional 3 h of chase, this profile changed such that
~70% of the newly synthesized anion exchangers that
coprecipitate with ankyrin are associated with the cy-
toskeletal form of the polypeptide (Figure 7, lanes 3
and 4). However, when BFA was added to the media
at the 45-min chase point and included in the media
for the duration of the experiment, the association of
AE1 with cytoskeletal ankyrin that was observed in
control cells between 1 and 4 h of chase was almost
completely blocked (Figure 7, lanes 5 and 6). These
results indicate that the association of newly synthe-
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Figure 8. Susceptibility of detergent-soluble and detergent-insol-
uble AE1 to surface biotinylation. Erythroid cells from a 10-d-old
chicken embryo were cell surface biotinylated by incubating with 1
mg NHS-55-Biotin/ml in Ringer’s buffer for 30 min at 4°C. The cells
were then washed in Ringer’s buffer and detergent lysed by incu-
bating in isotonic buffer containing 1% Triton X-100. The lysate was
separated into soluble (TS) and insoluble (TI) fractions by centrifu-
gation, and biotinylated polypeptides were precipitated using
streptavidin agarose. Streptavidin-precipitable material was ana-
lyzed on a 6% SDS polyacrylamide gel, transferred to nitrocellulose,
and probed with an AE1-specific antibody. After washing, the blot
was incubated with goat anti-rabbit IgG conjugated to horseradish
peroxidase, and immunoreactive species were detected by en-
hanced chemiluminescence. Lanes 1 and 4 correspond to the total
detergent-soluble and detergent-insoluble fractions, respectively,
from 10° erythroid cells. Lanes 2 and 5 correspond to the streptavi-
din-precipitable polypeptides from the soluble and insoluble frac-
tions of an equivalent number of cells. Lanes 3 and 6 are controls
that were processed identically to lanes 2 and 5 except the cells were
not biotinylated before lysis and streptavidin precipitation.

sized AE1 with cytoskeletal ankyrin is dependent
upon a BFA-sensitive recycling step.

Steady-State Distribution of Erythroid AE1 Anion
Exchangers

The data presented above indicate that the majority of
newly synthesized AE1 anion exchangers are recycled
from the plasma membrane to the Golgi where they
acquire additional N-linked modifications. Cell sur-
face biotinylation studies have examined whether this
recycling pool of anion exchangers is reflected in the
steady-state distribution of the protein. Erythroid cells
from 10-d chicken embryos were surface biotinylated
before detergent lysis. After separation into detergent-
soluble and -insoluble fractions, half of each fraction
was precipitated with streptavidin agarose. The deter-
gent-soluble and -insoluble fractions, as well as the
streptavidin-precipitable material from each fraction,
were subjected to immunoblotting analysis using
AEl-specific antibodies. This analysis revealed, unex-
pectedly, that >95% of the detergent-soluble anion
exchangers were precipitable with streptavidin aga-
rose (compare lanes 1 and 2 in Figure 8), while only
~40% of the detergent-insoluble polypeptides were
streptavidin precipitable (compare lanes 4 and 5 in
Figure 8). Similar results have been obtained in two
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independent experiments. It is possible that the differ-
ence in the ability to streptavidin precipitate the de-
tergent-soluble and detergent-insoluble anion ex-
changers is due to conformational changes in the
insoluble polypeptides that render them less suscep-
tible to cell surface biotinylation. However, the differ-
ence in the ability to streptavidin precipitate the solu-
ble and insoluble anion exchangers could also be due
to the existence of a large pool of intracellular AE1 that
is associated with the detergent-insoluble cytoskele-
ton.

To further define the intracellular distribution of
AE1, immunolocalization studies have determined its
steady-state pattern of localization. These analyses re-
vealed that AE1 accumulates both in the plasma mem-
brane and in a perinuclear compartment in most, if not
all, erythroid cells from 10-d chicken embryos (Figure
9A). Confocal microscopy has shown that both the cell
surface (our unpublished results) and perinuclear pool
(Figure 9, D-F) of AE1 in these embryonic erythroid
cells colocalizes with ankyrin. The perinuclear com-
partment stained by anion exchanger antibodies also
partially overlaps the staining pattern of NBD-cer-
amide (Pagano et al., 1991), a Golgi marker (Figure 9,
G-I). In addition to perinuclear staining, AE1 antibod-
ies stained filamentous membrane projections that ex-
tended from the perinuclear region of some cells
(marked by arrow in Figure 9A). These filamentous
membrane projections, which can be clearly seen in
the higher magnification confocal images in Figure 9,
B and C, do not appear to be present at the cell surface
nor do they overlap the distribution of NBD-ceramide
staining. To determine whether the intracellular pool
of AE1 is associated with the detergent-insoluble cy-
toskeleton, erythroid cells were extracted in situ with
1% Triton X-100 before fixation and staining with AE1
antibodies. Although the cell surface staining was sub-
stantially reduced in these detergent-extracted cells,
essentially all of the cells exhibited strong perinuclear
staining for the anion exchanger (Figure 10, A-D).
Furthermore, AE1 antibodies stained filamentous pro-
jections extending from the perinuclear compartment
to the plasma membrane in some of the detergent-
extracted cells (Figure 10, A and B). Double staining of
these preextracted preparations with AE1 and ankyrin
antibodies has shown that the detergent-resistant pe-
rinuclear pool of AE1 significantly overlaps the distri-
bution of detergent-resistant ankyrin (Figure 10, D-F).
These results suggest that a substantial fraction of the
intracellular pool of AE1 in these embryonic erythroid
cells is associated with the detergent-insoluble cy-
toskeleton, perhaps through interaction with ankyrin.
These localization profiles also provide an explanation
for why a large percentage of the detergent-insoluble
AELl in these cells is not susceptible to surface bioti-
nylation.
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Figure 9. Intracellular localization of chicken erythroid AE1 anion
exchangers. Erythroid cells from a 10-d-old chicken embryo were
fixed in 1% paraformaldehyde in PBS for 15 min. The cells were
permeabilized with acetone and incubated with a rabbit polyclonal
antibody specific for AE1 (A, B, C, and G). Alternatively, cells were
incubated with an AE1-specific mouse monoclonal antibody and a
rabbit polyclonal antibody specific for ankyrin (D-F). Immunoreac-
tive polypeptides were detected with DAR-IgG conjugated to lissa-
mine and DAM-IgG conjugated to FITC and visualized on a Zeiss
Axiophot microscope (Carl Zeiss, Thornwood, NY) (A), or on a
Bio-Rad laser scanning confocal microscope (B-I). After antibody
incubations, the cell shown in panels G-I was incubated with 50
png/ml NBD-ceramide for 1 h at 37°C, and washed. AE1 accumu-
lated both in the plasma membrane and in a perinuclear compart-
ment of erythroid cells (A). Filamentous membrane projections
extend from this perinuclear compartment in some cells (marked by
arrow in panel A). These filamentous membrane projections, shown
at higher magnification in the 0.5-um confocal images in panels B
and C, do not appear to be present at the level of the cell surface.
The 0.5-uwm confocal images showing the perinuclear distribution of
AE1 (D) and ankyrin (E) were pseudocolored green and red, respec-
tively, and merged (F) in Adobe Photoshop. Likewise, the 0.5-um
confocal images showing the perinuclear distribution of AE1 (G)
and NBD-ceramide (H) were pseudocolored green and red, respec-
tively, and merged (I). Bar, 2 um.

Immunoblotting and immunolocalization studies
have examined whether ammonium chloride, BFA, and
hypertonic medium, which affect the processing of
newly synthesized AEL], also alter the steady-state prop-
erties of these transporters. After treatment of 10-d em-
bryonic erythroid cells for 2 h with each reagent, cells
were detergent lysed, and the soluble and insoluble frac-
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Figure 10. Perinuclear AE1l anion exchangers and ankyrin are
resistant to detergent extraction. Erythroid cells from a 10-d-old
chicken embryo were extracted with 1% Triton X-100 in isotonic
buffer before fixation in 1% paraformaldehyde in PBS. The cells
were incubated with rabbit polyclonal antibodies specific for AE1
(A-C). Alternatively, cells were incubated with an AEIl-specific
mouse monoclonal antibody and a rabbit polyclonal antibody spe-
cific for ankyrin (D-F). Immunoreactive polypeptides were detected
with DAR-IgG conjugated to lissamine and DAM-IgG conjugated to
FITC and visualized on a Zeiss Axiophot microscope. The images
showing the perinuclear localization of AE1 (D) and ankyrin (E)
were pseudocolored green and red, respectively, and merged (F) in
Adobe Photoshop. Erythroid cells preextracted with Triton X-100
before fixation exhibited reduced cell surface staining and strong
perinuclear staining for both AE1 (A-D) and ankyrin (E). In addi-
tion, AE1 antibodies stained filamentous projections extending from
the perinuclear compartment to the plasma membrane in some of
the preextracted cells (A and B). Bar, 1 um.

tions were subjected to immunoblotting analysis using
AE1-specific antibodies. Quantitation of two indepen-
dent experiments revealed that ~60% of AE1 is deter-
gent insoluble in control cells. Although similar results
were observed in cells treated with ammonium chloride
and BFA, only ~40% of the anion exchangers were de-
tergent insoluble in cells treated with hypertonic me-
dium. Immunolocalization analysis has revealed no ob-
vious effect of these reagents on the intracellular
distribution of AE1 (our unpublished results). These re-
sults suggest that at least the effects of ammonium chlo-
ride and BFA on the processing of newly synthesized
anion exchangers are not due to a general redistribution
of anion exchangers within erythroid cells.

DISCUSSION

The experiments described here have investigated the
mechanisms through which chicken AE1 anion ex-
changers associate with the detergent-insoluble cy-
toskeleton of erythroid cells. These analyses have re-
vealed that after their initial delivery to the plasma
membrane, the bulk of newly synthesized AE1 anion
exchangers are internalized and delivered to the Golgi
where they acquire additional N-linked modifications.
During this recycling process, a subset of the anion
exchangers become detergent insoluble. Although
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multiple mechanisms may contribute to the acquisi-
tion of detergent insolubility, coprecipitation studies
suggest that detergent insolubility is due, at least in
part, to the association of newly synthesized AE1 with
cytoskeletal ankyrin. Pulse-chase and inhibitor studies
have shown that the acquisition of detergent insolu-
bility by recycling anion exchangers occurs before
their transit through the Golgi. This result suggests the
possibility that the detergent-insoluble cytoskeleton
plays an active role in the post-Golgi trafficking of
anion exchangers in erythroid cells.

Endoglycosidase digestion studies have shown that
newly synthesized anion exchangers acquire high-
mannose or biantennary hybrid sugars on their single
predicted N-linked site during their initial passage
through the secretory pathway. After delivery to the
cell surface, newly synthesized AE1 is recycled to the
Golgi where it acquires additional N-linked modifica-
tions that are insensitive to digestion with endo F. The
appearance of endo F-resistant forms of the anion
exchanger suggests that the high-mannose or bianten-
nary hybrid sugars of these polypeptides are con-
verted to endo F-resistant tri- or tetra-antennary sug-
ars (Tarentino et al., 1985). This conversion would
require the activities of «-mannosidase II and
N-acetylglucosamine transferase, markers of the me-
dial compartment of the Golgi. Additional studies
have shown that the initial N-linked modifications
acquired by newly synthesized anion exchangers are
insensitive to digestion with neuraminidase, whereas
the endo F-resistant modifications that begin to appear
after a 1-h chase are neuraminidase-sensitive (our un-
published results). Taken together, these data suggest
that newly synthesized AE1l is recycled from the
plasma membrane to the medial compartment of the
Golgi. After delivery to this compartment, the poly-
peptides transit through the remainder of the Golgi
complex to the TGN, where the addition of sialic acid
occurs.

Several polypeptides (Reichner et al., 1988; Volz et
al., 1995) recycle from the plasma membrane to the
TGN where they can acquire additional N-linked
modifications. In addition, in some cell types the
transferrin receptor recycles from the plasma mem-
brane to the cis and medial compartments of the Golgi
(Woods et al., 1986). However, in each instance it has
been examined, polypeptides that undergo recycling
acquire complex N-linked modifications in their initial
transit through the secretory pathway (Reichner et al.,
1988; Volz et al., 1995). It is unclear why newly syn-
thesized AE1 must undergo recycling from the cell
surface to acquire complex N-linked modifications.
Although it is possible that the glycosylation machin-
ery of the Golgi is saturated by the high levels of AE1
produced in erythroid cells from 10-d chicken em-
bryos, this seems unlikely since the variant anion ex-
changers quantitatively acquire high-mannose sugars
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in the endoplasmic reticulum during a 15-min pulse.
The conformation of anion exchangers may also ren-
der them inaccessible to the glycosylation machinery
during their initial transit through the Golgi complex.
Alternatively, the newly synthesized polypeptides
could be compartmentalized such that they are segre-
gated from the enzymes involved in the addition of
complex sugars during their initial transit through the
Golgi. The latter two possibilities would further sug-
gest that modifications and/or protein interactions of
the anion exchanger that occur during the recycling
process may be necessary for access to the glycosyla-
tion machinery of the Golgi.

Pulse-chase studies have shown that the recycling of
AE1 can be blocked with inhibitors that interfere with
clathrin-dependent endocytosis (hypertonic medium), or
endosomal acidification (ammonium chloride and chlo-
roquine). Each of these reagents completely blocks the
acquisition of endo F-resistant modifications by newly
synthesized AEIl. In addition, these reagents partially
block the transition of newly synthesized AE1 from the
detergent-soluble to the detergent-insoluble pool. Addi-
tional analyses have shown that the effect of ammonium
chloride on anion exchanger processing is rapidly re-
versible. After release from an ammonium chloride
block, AE1 anion exchangers become detergent insoluble
and acquire endo F-resistant modifications much more
rapidly than they do normally in untreated cells. This
suggests that ammonium chloride treatment effectively
concentrates anion exchangers in an endosomal com-
partment after their internalization from the cell surface.
Upon reversal of the block, anion exchangers move syn-
chronously from this compartment to the Golgi where
additional N-linked modifications are added. The obser-
vation that AE1 anion exchangers become detergent in-
soluble at a more rapid rate than they acquire endo
F-resistant sugars suggests that the association of AE1
with cytoskeletal polypeptides, such as ankyrin, occurs
after exiting the membrane compartment where they
accumulate as a result of the ammonium chloride block
and before their transit through the Golgi. This implies
that the initial association of recycling anion exchangers
with the detergent-insoluble cytoskeleton occurs in an
intracellular membrane compartment rather than at the
plasma membrane. Furthermore, ~10% of newly syn-
thesized AE1 becomes detergent insoluble during a 15-
min pulse (Figure 1). Cell surface biotinylation experi-
ments have indicated that this is insufficient time to
allow cell surface delivery of the newly synthesized
polypeptides (our unpublished results). These results
suggest the possibility that recycling anion exchangers
and anion exchangers in their initial transit through the
secretory pathway associate with the detergent-insoluble
cytoskeleton in the same intracellular membrane com-
partment.

The effects of BFA on the processing of newly syn-
thesized anion exchangers appear to be primarily due
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to its effect on events that occur after the initial deliv-
ery of AEl to the plasma membrane. This suggests
that one or more of the endosomal sorting steps dur-
ing AE1 recycling is Arf dependent. Previous studies
have shown that BFA inhibits a variety of steps in-
volved in the internalization and sorting of endocy-
tosed polypeptides. Although the recycling of TGN38
from the plasma membrane to the TGN is not blocked
by BFA, the kinetics of endocytosis of TGN38 was
altered by this drug (Reaves et al., 1993). In addition,
BFA has been shown to inhibit the return of endocy-
tosed transferrin receptor to the cell surface (Stoor-
govel et al., 1996). This latter result is consistent with
the observation that BFA blocks the formation of clath-
rin-coated buds on endosomes (Stoorgovel et al., 1996).
The specific step(s) in the recycling pathway of AE1
that is inhibited by BFA remains to be elucidated.
Although the intensity of staining varied consider-
ably, AE1 anion exchangers could be detected both at
the plasma membrane and in a perinuclear compart-
ment in most, if not all, of the erythroid cells from a
10-d chicken embryo. The erythroid cells from this
stage embryo are comprised of ~20% mature primi-
tive lineage cells, ~30% mature definitive lineage cells,
and ~50% mid- and late polychromatophilic erythro-
blasts and reticulocytes of the definitive lineage (Bruns
and Ingram, 1973). Similar immunolocalization pro-
files have been observed with erythroid cells isolated
from 15-d and 18-d chicken embryos (our unpublished
results), which are almost entirely definitive lineage in
origin. These results suggest that the ability of anion
exchangers to accumulate in a perinuclear compart-
ment is not dependent on the lineage or stage of
differentiation of the erythroid cell, nor is it dependent
upon the stage of embryonic development. Studies
with human erythroid cells have also detected anion
exchangers at the plasma membrane and in a perinu-
clear compartment in cells that have not yet under-
gone terminal differentiation (Nehls et al., 1993). The
perinuclear staining observed in chicken erythroid
cells may be due, in part, to the accumulation of
specific AE1 variants in this membrane compartment.
Previous transfection studies (Cox et al., 1996) have
shown that ~108-kDa chicken erythroid AE1 variant,
which contains exons 5 and 6, accumulates in a pe-
rinuclear compartment of transfected human erythro-
leukemia (HEL) cells. In contrast, the ~99 and ~102-
kDa variants, which lack exons 5 and 6, primarily
accumulate in the plasma membrane of transfected
HEL cells. It is possible that AE1 variants containing
exons 5 and 6 , which represent ~12% of the erythroid
AE1 transcripts on day 10 of development (Cox ef al.,
1996), account for the majority of the perinuclear stain-
ing observed in embryonic chicken erythroid cells.
Alternatively, the perinuclear staining observed in
these cells may reflect all variant anion exchangers in
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their initial transit through the secretory pathway, as
well as those in the process of recycling.

Previous studies have suggested that interaction of the
anion exchanger with ankyrin is necessary for the cell
surface delivery of newly synthesized anion exchangers
(Gomez and Morgans, 1993). Additional analyses have
suggested that the stable accumulation of the Na™ K-
ATPase in the basolateral membrane of polarized kidney
epithelial cells involves the recruitment of intracellular
complexes that contain the Na® K"-ATPase and the
membrane cytoskeletal polypeptides, ankyrin and fo-
drin (Nelson and Hammerton, 1989). In these studies,
the complexes between these membrane transporters
and components of the cytoskeleton are detergent solu-
ble. The studies described here have demonstrated that
detergent-soluble complexes containing AEl and
ankyrin also accumulate in chicken erythroid cells. Al-
though these soluble complexes were detected through-
out pulse-chase analyses, there is currently no evidence
that association with detergent-soluble ankyrin is in-
volved in either the cell surface delivery or recycling of
chicken erythroid AFE1. During the recycling process, a
shift occurs such that newly synthesized AE1 primarily
associates with the detergent-insoluble or cytoskeletal
form of ankyrin rather than the detergent-soluble form
of the polypeptide. The shift in the solubility properties
of these complexes during recycling is consistent with
localization studies that have shown detergent-resistant
forms of both AE1l and ankyrin are primarily perinu-
clear. The features of these complexes that alter their
detergent solubility properties remain to be determined.
In addition, the mechanism of recruiting detergent-sol-
uble forms of ankyrin and AE1 into the detergent-insol-
uble cytoskeleton is not known. One attractive possibil-
ity is that soluble complexes containing AE1 and ankyrin
undergo internalization from the cell surface and recy-
cling to the Golgi, where they are incorporated into the
perinuclear cytoskeleton of erythroid cells en bloc.

The observations that ~40% of the steady-state pool
of detergent-insoluble AE1 is present on the cell sur-
face, while cytoskeletal assembly of newly synthesized
AEl occurs in an intracellular membrane compart-
ment suggest that the detergent-insoluble cytoskele-
ton is involved in the post-Golgi trafficking of a subset
of AE1 polypeptides. The mechanism of translocating
cytoskeletal AE1 from the perinuclear compartment to
the cell surface is not known. However, it is possible
the filamentous projections that extend from the pe-
rinuclear region of some detergent-extracted erythroid
cells represent cytoskeletal forms of AE1 in the process
of shuttling from the Golgi to the plasma membrane.

Immunolocalization studies have indicated that the
perinuclear pool of anion exchangers in chicken ery-
throid cells substantially overlaps the distribution of
ankyrin. Similar results have been observed in human
erythroid cells that have not yet undergone terminal
differentiation (Nehls et al., 1993). Golgi-specific iso-

468

forms of both ankyrin (Devarajan et al., 1996; Beck et
al., 1997) and spectrin (Beck et al., 1994) have been
detected in epithelial cells, where they have been im-
plicated in the ER-to-Golgi transport of type I and type
III membrane proteins (Devarajan et al., 1997). Al-
though the role of ankyrin in the trafficking of ery-
throid AE1 is not known, the results presented here
suggest that a perinuclear membrane compartment
serves as the site for the initial interaction of the anion
exchanger with cytoskeletal ankyrin. This interaction
is dependent, in large part, upon the recycling of cell
surface anion exchangers to the Golgi. Previous inves-
tigators have shown that recycling of the mannose
6-phosphate receptor to the TGN allows this receptor
to associate with its cargo that is destined for the
lysosome (Duncan and Kornfeld, 1988). Additional
studies have shown that recycling from the plasma
membrane to the TGN provides a mechanism for the
return of TGN resident proteins to this compartment
(Chapman and Munro, 1994). It is tempting to specu-
late that recycling from the plasma membrane to the
Golgi may also provide a general mechanism through
which cell surface transporters and channels associate
with the membrane cytoskeleton in a variety of cell
types. This association with the cytoskeleton may fa-
cilitate the delivery of these integral membrane
polypeptides from the Golgi to specialized membrane
domains within cells.
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