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ABSTRACT: AE1, which exists in the erythrocyte plasma membrane as a noncovalent dimer, facilitates
transmembrane Cl-/HCO3

- exchange. Here a concatamer of AE1 (two AE1 monomers fused via a two-
residue linker to form an intramolecular dimer) was designed to facilitate fluorescence resonance energy
transfer (FRET) studies. The concatameric protein (AE1 3AE1) was expressed at the plasma membrane at
levels similar to that of wild-type AE1 and had Cl-/HCO3

- exchange activity indistinguishable from that of
wild-type AE1. Nondenaturing gel electrophoresis revealed that AE1 3AE1 does not associate into higher-
order oligomers when expressed in HEK293 cells and Xenopus laevis oocytes. The cysteine-less concatamer
(AE1 3AE1-C-) enabled introduction of unique cysteine residues into the whole intramolecular dimer.
AE1(Q434C) 3AE1(Q434C)-C-, with a single cysteine residue in each AE1 subunit, was labeled with the
donor Alexa Fluor 488 C5-maleimide (AF) and the acceptor tetramethylrhodamine methanethiosulfonate
(TMR-MTS). Energy transfer efficiency revealed that the distance between these residues in the AE1 dimer is
49 ( 5 Å. The 72% FRET efficiency observed between AE1(Q434C) 3AE1-C- labeled with AF and the lipid
bilayer labeled with 1,10-didodecyl-3,3,30,30-tetramethylindocarbocyanine perchlorate indicates that Q434 is
less than 33 Å from the lipid bilayer.We thus provide two distance constraints for the position of Q434, which
is located in extracellular loop 1, connecting the first two transmembrane segments of AE1.

The most abundant integral membrane protein in the human
erythrocyte is anion exchanger 1 (AE1),1 also called Band 3 or
SLC4A1 (1), which facilitates exchange of chloride for bicarbonate
ions across the plasma membrane. This electroneutral process
increases the carbon dioxide carrying capacity of blood (2). The
second function ofAE1 in the erythrocyte is to provide themecha-
nical linkage between the membrane and the cytoskeleton to
maintain the proper shape and flexibility of the erythrocyte (3-5).
An alternate transcript of AE1, kAE1, is expressed only in the
basolateral membrane ofR-intercalated cells of the renal collecting
duct, where it facilitates reabsorption of HCO3

- (2).
AE1 forms dimers (6); however, previous studies demonstrated

that each AE1 monomer unit exhibits independent exchange

activity (7). Full-length AE1 protein consists of 911 amino acids,
forming two major domains: a 43 kDa N-terminal cytoplasmic
domain and a 55 kDaC-terminal membrane domain. Although a
high-resolution crystal structure has been reported for the
cytoskeletal interactingN-terminal domain (8), no high-resolution
structure of the C-terminal membrane domain is available, which
alone is able to facilitate ion exchange (2). Studies of AE1
topology (9-14) provided information about the transmembrane
segments, the extracellular and intracellular regions of the exchanger.
This led to the understanding that the membrane domain has
12-14 transmembrane segments (15), which are important for
anion exchange. The membrane domain, with dimensions of
60 Å� 110 Å, has a central depression that has been visualized by
an electron micrograph of negatively stained two-dimensional
crystals (16). Recent electron microscopy (EM) studies have
provided a projection map of the membrane domain at 7.5-
16 Å resolution (17), but all the transmembrane segments could
not be visualized in the projection map.

Conformational rearrangements are a feature of membrane
transport proteinmechanisms (18-24). AE1 transports up to 105

anions per second (25), a rate 100-1000-fold higher than the
rates of other membrane transport proteins. Unique conforma-
tional rearrangements may be part of the AE1 anion transport
mechanism, explaining the high turnover rate. The large volume
of activation found for AE1 (26) and chemical labeling experi-
ments (27) are suggestive of widespread conformational changes
in the protein. EM structural data from two-dimensional crys-
tals (16) and alternate accessibility of the K743 residue (14, 28)
also suggest that AE1 may experience significant conformational
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changes during ion transport. To date, little is understood regard-
ing the nature of these conformational changes. A model for the
monovalent anion exchange of AE1 proposes that the protein
follows “ping-pong” kinetics, in which substrate anions cross
the membrane one at a time and distinct inward or outward
conformations are formed (29).

We have developed a system for revealing distances between
transmembrane segments of human AE1 and for examining
conformational changes associated with transport activity, using
fluorescence resonance energy transfer (FRET). During FRET,
fluorescence energy is transferred from a donor to an acceptor
fluorophore. When a donor fluorescence probe is excited, its
energy can be absorbed by an acceptor probe if it is in the
proximity of the donor (typically 10-100 Å). The donor-acceptor
energy transfer leads to a decrease in donor fluorescence inten-
sity, a decrease in the donor excited state lifetime, and an increase
in the acceptor’s emitted fluorescence. The efficiency of energy
transfer is inversely dependent upon the sixth power of the
distance between the donor and acceptor as shown by F€orster
(F€orster distance) (30). This property can be exploited to report
on distances within the scale of biological macromolecules (31).

The main challenge in using FRET is the dimeric nature of
AE1. The minimal oligomeric state of AE1 is dimeric (6); AE1
monomers are strongly associated within the dimeric unit, such
that denaturation is required to dissociate them (32). If a
fluorescent FRET probe is introduced into AE1, there will be a
second probe within 110 Å [the length of an AE1 dimer (16)] on
the second subunit of the dimeric unit. To overcome this
problem, we designed a concatameric version of AE1 with two
AE1monomers fused into an intramolecular dimer. This enables
the control of positions of any desired site-directed mutations in
the dimeric form. In these studies, a cysteine-less version of AE1,
called AE1-C- (33), was used. AE1-C- has been characterized as
being functionally active (33) and has been used for protein
chemical studies (34). Use of AE1-C- enables insertion of new
cysteine mutations into a background that otherwise lacks
cysteine. Using specific cysteine-directed protein chemistry allows
fluorescent probes to be directed to unique cysteine sites.

In this study, anAE1 concatamer (AE1 3AE1) was constructed
and expressed in human embryonic kidney (HEK293) cells and
Xenopus laevis oocytes. We demonstrate that the concatameric
protein is processed to the plasmamembrane and is as functional
as the wild-type monomeric AE1. Site-directed labeling of two
mutatedQ434C residues in eachmonomeric unit of the cysteine-less
AE1 concatamer was exploited to measure the distance between
two transmembrane segments across the dimeric interface. A single
Q434C mutation in AE1 3AE1-C- was used to investigate the
proximity of this residue to the lipid bilayer.

MATERIALS AND METHODS

Materials. 1,10-Didodecyl-3,3,30,30-tetramethylindocarbocya-
nine perchlorate [DiIC12(3)] and Alexa Fluor 488 C5-maleimide
(AF) were purchased from Molecular Probes (Carlsbad, CA).
2-{[5(6)-Tetramethylrhodamine]carboxylamino} ethyl methane-
thiosulfonate (TMR-MTS) was purchased fromToronto Research
Chemicals (North York, ON). PfxDNApolymerase, Dulbecco’s
modifiedEagle’smedium(DMEM), fetal bovine serum, calf serum,
penicillin-streptomycin-glutamine, Alexa Fluor 488 chicken anti-
mouse IgG, and 30,60-bis(acetyloxy)-5(or 6)-{[(acetyloxy)methoxy]-
carbonyl}-3-oxospiro[isobenzofuran-1(3H),90-[9H]xanthene]-20,70-
dipropanoic acid 20,70-bis[(acetyloxy)methyl] ester (BCECF-AM)

were obtained from Invitrogen (Carlsbad, CA). Poly-L-lysine,
Igepal CA-630, andnigericinwere fromSigma-Aldrich (Oakville,
ON). Restriction enzymes were from New England Biolabs
(Ipswich, MA). Oligonucleotides were from Integrated DNA
Technologies (Coralville, IA). ECL enhanced chemiluminescence
reagent and anti-mouse horseradish peroxidase (HRP)-conju-
gated whole antibody (from sheep) were from GE Healthcare
UK Ltd. (Buckinghamshire, U.K.). Complete protease inhibitor
cocktail was from Roche Diagnostics (Indianapolis, IN). Sulfo-
NHS-SS-biotin and streptavidin agarose were from Pierce
(Rockford, IL). The mMessage mMachine T7 kit was from
Ambion (Austin, TX).
Molecular Biology. A plasmid with the wild-type AE1

sequence in pcDNA3.1(-) was constructed from pJRC9 (33).
A 603 bp oligonucleotide segment was amplified from pJRC9 by
polymerase chain reaction (PCR) with the forward primer 50-
GCG CCA TATGCT CGAGCAACTGGACAC TCAGGA
CCAC-30 and the reverse primer 50-GCGCGAGCAGAGGCT
GTGAAGGAT-30 to introduceNdeI andXhoI sites at the 50 end
of the AE1 sequence. The PCR product was cloned back into
pJRC9 usingNdeI and BssHII restriction sites to generate pDEJ3.
The AE1 coding sequence from pDEJ3 was introduced into
pcDNA3.1(-) within XhoI and HindIII sites to generate pDEJ4.

From this plasmid (pDEJ4), two different constructs were
derived. In the first construct, the start codon of AE1 was
mutated to a BspEI site (pAB1) bymegaprimermutagenesis (35).
The first round of PCR with pDEJ4 used the forward primer 50-
CCA CTG CTT ACT GGC TTA TCG-30 and the reverse
mutagenic primer 50-AGC TCC TCT CCG GAG TGG TCC
TG-30. In the second round of amplification, the product from
the first PCR was used as the forward megaprimer and 50-CGG
AAC ACC CTC TCT GAC ATG-30 as the reverse primer. The
second round PCR product was cloned back into pDEJ4 using
XhoI and ClaI restriction sites to create pAB1. In the second
construct (pAB2), the stop codon ofAE1wasmutated to aBspEI
site using a similar mutagenesis strategy. In the first round of
PCR, the forward primer was 50-GAT CCA GGA GGT CAA
AGAGCAG-30 and the mutational reverse primer was 50-GGA
CCC GCT CCG GAC ACA GGC-30. The PCR product was
used as a forward megaprimer, and the reverse primer for second
round of PCRwas 50-CCACAGATGGCTGGCAACTAG-30.
An∼3 kbDNA fragment generated by double digestion of pAB2
with XhoI and BspEI was ligated in place of the XhoI-BspEI
fragment of pAB1 to generate construct pABCON1, which
encoded a concatamer of AE1 (AE1 3AE1), where two wild-type
AE1 sequences were joined in tandem, connected by a two-residue
linker (Ser-Gly).

The AE1 sequence, in which all of the cysteine codons were
mutated to serine codons from pJRC26 (14), was cloned in place
ofwild-typeAE1 cDNA inpcDNA3, pAE1.WT (a kind gift from
R. Reithmeier, University of Toronto, Toronto, ON), to create
pHJS4, cysteine-less AE1 in pcDNA3. Plasmids containing a
cysteine-less AE1 sequence with the start codon and stop codon
mutated to BspEI sites (pAB3 and pAB4, respectively) were
constructed bymegaprimermutagenesis, using the samemethods
and primers described above. An ∼3 kb DNA fragment,
generated by double digestion of pAB4 with XhoI and BspEI,
was ligated in place of the XhoI-BspEI fragment of pAB3 to
create pABCON2, containing the sequence of the cysteine-less
concatamer (AE1 3AE1-C-).

A cysteine mutation at the Q434 position of AE1 in pAB4 was
introduced using the mutagenic reverse primer 50-CAC TCC
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CATACAGTTCCGGGTCTTTTC-30 to generate pAB4-434.
The forward primer for the first round of PCR and the reverse
primer for the second PCR were 50-TTG TGT TGC TGGGAC
CTG AG-30 and 50-ACC AAC ACC ACC AGC AGG AT-30,
respectively. A concatameric plasmid, pCON434X, containing a
cysteine codon at the Q434 position of the 50 (left) subunit of
AE1 3AE1 [AE1(Q434C) 3AE1-C

-], was constructed from pAB4-
434 and pAB3. To introduce a cysteine codon at the 30 (right)
subunit of AE1 3AE1, a plasmid construct, pAB3-434, was gener-
ated by introduction of a cysteine codon at the Q434 position of
AE1 in pAB3, by megaprimer mutagenesis. Primers used were the
same as stated above. Two plasmids, pCONX434 and pCON434-
434, containing DNA sequences for concatamers AE1 3AE1-
(Q434C)-C- and AE1(Q434C) 3AE1(Q434C)-C-, respectively,
were constructed from pAB3-434/pAB4 and pAB3-434/pAB4-
434 pairs as stated above. The concatameric constructs were
subcloned into theX. laevis oocyte expression vector, pGEMHE,
within SmaI and HindIII sites.

AE1-Ct is a GST fusion protein, which contains the last 40
amino acids of AE1 (residues 872-911). The coding sequence for
these amino acids was amplified from pJRC9 (33) using the
forward primer 50-CGCGGATCCGTCCTGCTGCCGCTC
ATC TTC-30 and the reverse primer 50-CGC GGA TCC TCA
CACAGGCATGGCCACTTCGT-30. The PCR product was
inserted into pGEX-6p-1 (GE Healthcare Life Sciences), a GST
expression vector, by BamHI digestion and subsequent ligation
to generate expression construct pHJC1 (36).

DNA sequences generated by PCR were confirmed by DNA
sequencing (DNA Core Services Laboratory, Department of
Biochemistry, University of Alberta).
Tissue Culture. HEK293 cells were transiently transfected

with cDNA by the calcium phosphate method (37). Cells were
grown in Dulbecco’s modified Eagle’s medium, supplemented
with 5% fetal bovine serum and 5% calf serum at 37 �C in an
environment of air, containing 5% CO2. Cells were used for
experiments ∼48 h post-transfection.
Determination of Subunit Stoichiometry by Perfluoro-

octanoic Acid-PolyacrylamideGel Electrophoresis (PFO-
PAGE). The oligomeric states of AE1-C- and AE1 3AE1-C-

were determined, using the PFO-PAGE method, as described
previously (38), with modifications. Cells were rinsed twice with
ice-cold phosphate-buffered saline (PBS) [137mMNaCl, 2.7mM
KCl, 10 mM Na2HPO4, and 1.76 mM KH2PO4 (pH 7.4)] and
harvested via centrifugation.Cell pellets were resuspended in 4 �C
in PBS, containing 1% (v/v) Igepal CA-630 and protease
inhibitor cocktail. Proteins were solubilized for 20 min at 4 �C
and centrifuged at 16000g for 15 min to remove debris. Lysates
were mixed in a 1:1 ratio with PFO-PAGE sample buffer [20%
(v/v) glycerol, 0.005% bromophenol blue, and 100 mMTris (pH
8.0)] containing varying concentrations of PFO [from 0 to 8%
(w/v)]. Dithiothreitol (DTT) was added to a final concentration
of 25 mM. Samples were incubated at 4 �C for 15 min before
being loaded onto detergent-free 6% Tris-glycine gels and electro-
phoresed at 100 V in precooled running buffer [192 mM glycine,
0.5% Na-PFO, and 25 mM Tris (pH 8.5)] at 4 �C. Proteins were
immunoblotted as described below.
Immunoblot Analysis. Total membrane preparations from

oocytes or HEK293 cell lysates were treated with SDS-PAGE
sample loading buffer [10% (v/v) glycerol, 1% (v/v) β-mercap-
toethanol, 2% (w/v) SDS, 0.005% (w/v) bromophenol blue, and
65mMTris-HCl (pH6.8)], electrophoresedon 6%polyacrylamide
gels (39), and transferred onto PVDF membranes. Membranes

were incubated in 10 mL of TBST-M {TBST [137 mM NaCl,
0.1% (v/v) Tween 20, and 20 mM Tris base (pH 7.5)] containing
5% (w/v) nonfat dry milk powder} and a 1:2000 monoclonal
anti-AE1 antibody dilution, IVF12, kindly provided by M.
Jennings (University of Arkansas, Fayetteville, AR) (40) for
16 h at 4 �C. Blots were washed three times in TBST and then
incubated in TBST-M containing 1:3000 anti-mouse HRP-
conjugated antibody dilution, for 1 h at room temperature.
After three washes with TBST, blots were visualized using ECL
reagent as previously described (41) in a Kodak Image Station
440CF. Quantitative densitometric analyses were completed with
Kodak Molecular Imaging Software version 4.0.3 (Kodak,
Rochester, NY).
Purification of AE1-Ct. BL21-CodonPlus Escherichia coli

cells were transformed with pHJC1. Transformed cells were
grown in LB medium, containing 0.1 mg/mL ampicillin, up to
anA600 of 0.6-0.8 at 37 �C while being shaken. Isopropyl β-D-1-
thiogalactopyranoside was added, to a final concentration of
1 mM, to induce protein expression, and cells were grown for an
additional 3 h at 37 �C. Bacterial cells were harvested by
centrifugation at 7500g for 10 min at 4 �C and were resuspended
in 4 �C PBS, containing complete protease inhibitor cocktail.
Cells were disrupted by sonication (four times for 60 s) using a
W185probe sonifier (Heat systems-Ultrasonic Inc., Plainview,NY).
TritonX-100was added to a final concentration of 1% (v/v), and
the cell suspension was stirred slowly for 30 min. Solubilized cells
were centrifuged at 2000g for 10 min at 4 �C to remove debris.
The supernatant was incubated with 1.2 mL of GSH-Sepharose
4B at room temperature with rotation for 1-2 h to bind the
GST-tagged AE1-Ct. After the resin had been washed six times
with PBS, AE1-Ct was eluted with three aliquots of 100 μL of
glutathione elution buffer [10 mM reduced glutathione and
50 mM Tris-HCl (pH 8.0)]. Protein concentrations were deter-
mined by a Bradford protein assay (42), and the purity ofAE1-Ct
was assessed by Coomassie blue-stained SDS-PAGE.
Oocyte Isolation and Injection. Oocytes were obtained

from X. laevis and isolated as described previously (43). Briefly,
freshly removed oocytes were incubated for 2 h in modified
Barth’s medium (MBM) [88 mM NaCl, 1 mM KCl, 2.4 mM
NaHCO3, 0.82 mMMgSO4, 0.33 mMNaNO3, 0.41 mM CaCl2,
2.5 mM C3H3O3Na, 10 mM HEPES (pH 7.5)], containing
100 mg/L penicillin, 50 mg/L gentamycin sulfate, and 2 mg/mL
collagenase type I,with agitation.Defolliculated oocytes at stages
V and VI (prophase-arrested) were selected and maintained at
18 �C inMBM. For AE1 protein expression in X. laevis oocytes,
cRNA was synthesized using the mMessage mMachine T7 kit
from cDNAs cloned into the pGEMHE vector. cRNA integrity
was verified by agarose gel electrophoresis, and the concentration
was determined by spectrophotometry. Oocytes were injected
with 50 nLof 1.5 ng/nL cRNAor 50 nLofwater and incubated in
MBM at 18 �C for 4 days.
Isolation of X. laevis Oocyte Membranes. To isolate

membranes, oocytes were treated as described previously (44).
Briefly, 4 days postinjection, oocytes were homogenized by being
pipetted up and down in MBM containing protease inhibitor
cocktail and centrifuged at 250 g for 10 min at 4 �C. The
supernatant was collected and centrifuged at 13000g for 30 min
at 4 �C. The membrane pellet was resuspended in MBM (2 μL/
oocyte) and frozen at -20 �C until it was used.
Cl-/HCO3

- Exchange Assays. HEK293 cells were grown
on poly-L-lysine-coated coverslips in 60 mm dishes. Cells were
transiently transfected with AE1 or AE1 3AE1, as described above.
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Anion exchange assays were performed as described pre-
viously (34). Briefly, 2 days post-transfection, coverslips were rinsed
three times in serum-free Dulbecco’s modified Eagle’s medium
(DMEM) and incubated in serum-free DMEM, containing 2 μM
BCECF-AM, at 37 �C for 15 min. Coverslips were mounted in a
cuvette and alternately perfused (3.5 mL/min) at 20 �C with
Ringer’s buffer [5 mM glucose, 5 mM potassium gluconate, 1 mM
calcium gluconate, 1 mM MgSO4, 2.5 mM NaH2PO4, 25 mM
NaHCO3, and 10mMHEPES (pH7.4)], containing either 140mM
NaCl or 140 mM sodium gluconate. Both buffers were continu-
ously bubbled with air, containing 5% CO2. Fluorescence changes
were monitored in a Photon Technologies International (London,
ON)RCR fluorimeter at excitationwavelengths of 440 and 503nm,
and the emission wavelength 529 nm. Fluorescence data were
converted to intracellular pH (pHi) by calibration using the
nigericin/high-potassium method (45). Initial rates of pHi change
were monitored by linear regression measured using Felix (Photon
Technologies International) to provide a measure of anion ex-
change activity. Transport activitywas normalized to the expression
of AE1 or AE1 3AE1, as quantified on immunoblots of cell lysates
prepared from the cells used in transport assays.
Cell Surface Biotinylation Assay. Cell surface processing

assays were preformed essentially as described previously (46).
HEK293 cells were transiently transfected with cDNA encoding
AE1 and AE1 3AE1. Forty-eight hours post-transfection, cells
were rinsed sequentially with 4 �C PBS and borate buffer
[154 mM NaCl, 7.2 mM KCl, 1.8 mM CaCl2, and 10 mM boric
acid (pH 9.0)] and incubated for 30 min at 4 �C in borate buffer,
containing sulfo-NHS-SS-biotin (0.5mg/mL) (Pierce). Cells were
washed with quenching buffer [192 mM glycine and 25 mM Tris
(pH 8.3)] and solubilized for 20min on ice in IPB [1% (v/v) Igepal
CA-630, 0.5% (w/v) deoxycholic acid, 150 mM NaCl, 5 mM
EDTA, and 10 mM Tris-HCl (pH 7.5)], containing complete
protease inhibitor. Cell lysates were centrifuged for 20 min at
13200g and 4 �C, and the pellet was discarded. For each solu-
bilized sample, half of the supernatant was retained for further
analysis (total protein, T). The remaining half was incubated with
50 μL of streptavidin agarose resin for 16 h at 4 �C with gentle
rotation. The supernatant was collected after centrifugation for
2 min at 8000g (unbound protein, U). Both T and U fractions of
each sample were treated with SDS-PAGE sample buffer and
separated via a 6%acrylamideSDS-PAGEgel.AE1wasdetected
on immunoblots with the anti-AE1 antibody, IVF12, and quanti-
fied by densitometry as described above. The percentage of
biotinylated protein was calculated as [(T-U)/T]� 100%, which
represents the fraction of protein processed to the cell surface.
WholeMountOocyte Immunochemistry.After removal of

the follicle membranes, oocytes were injected with water or
cRNA as described above and incubated at 18 �C for 4 days.
Oocytes were fixed in 3% paraformaldehyde in PBS for 15 min.
Oocytes were washed three times in PBS, containing 50 mM
NH4Cl, and permeabilized with 0.1% Triton X-100 in PBS for
4min.Oocyteswere thenwashed three times for 5min inPBS and
blocked for 30 min in 2% BSA in PBS. Next oocytes were
incubated in PBS, containing 2%BSAandmonoclonal anti-AE1
antibody, IVF12 (1:2000), for 1 h at 20 �C, followed by three
washes with PBS for 10 min. Oocytes were incubated for 30 min
in secondary antibody,AlexaFluor 488-tagged chicken anti-mouse
IgG (1:200) in PBS containing 2%BSA.After three 10minwashes
in PBS, oocytes were mounted in Vectashield (Vector Labora-
tories, Burlingame, CA). Images were taken using the confocal
microscopy parameters described below.

Confocal Microscopy. For confocal microscopic images,
oocytes were immunostained and fixed as described above.
Images were acquired on a spinning-disk microscope (WaveFx
fromQuorum Technologies, Guelph, ON) set up on anOlympus
IX-81 inverted stand (Olympus, Markham, ON). Alexa Fluor
488 was excited at 491 nm. Images were acquired through a 10�
objective (N.A. 0.3) with an EMCCD camera (Hamamatsu,
Tokyo, Japan). Z slices were acquired through the oocytes, and
two-dimensional (2D) or three-dimensional (3D) images were
produced using Volocity (Improvision/Perkin-Elmer).

To examine the fluorescence of oocytes treated with fluores-
cent compounds, 3 days postinjection with cRNA, oocytes were
incubated with 10 mM 3-maleimidopropionic acid in MBM for
1 h at 18 �C to block the endogenous reactive sulfhydryl groups in
the oocyte membrane (47). Oocytes were washed three times in
MBM and incubated at 18 �C for an additional day. On the
fourth day postinjection, oocytes were incubated for 20 min in
MBM, containing 270 μM AF. After three washes with MBM,
oocytes were mounted with Vectashield as described above.
Another group of oocytes was mounted similarly after sequential
incubation with MBM containing 270 μM AF and then with
MBM containing 1.5 μMDiIC12(3). Bound AF was excited by a
491 nm laser line (Spectral Applied Research, RichmondHill, ON)
to acquire images.
Fluorescence Spectroscopy. Endogenous reactive sulfhy-

dryl groups in the oocyte membrane were blocked as described
above. Individual oocytes, expressing AE1(Q434C) 3AE1-C-,
were labeled with fluorescence probes by incubation with
MBM, containing either 270 μM AF, 350 μM TMR-MTS, or
1.5 μMDiIC12(3) at 20 �C in the dark, over a range of incubation
periods (from 0 to 25 min) to determine the labeling kinetics. For
intersubunit fluorescence labeling, oocytes were sequentially
labeled in the dark with MBM containing 270 μM AF (donor),
up to 20% of the maximum labeling, and MBM containing
350 μMTMR-MTS (acceptor), to saturation. To label AE1 3AE1
with donor, and the membrane with an acceptor, we sequen-
tially labeled oocytes in the dark with MBM containing
270 μM AF (donor) or MBM containing 1.5 μM DiIC12(3)
(acceptor), both up to saturation. Under all conditions, the
unbound fluorophore was removed with three washes in
10 mL of MBM prior to fluorescence measurements. Labeled
oocytes were placed in a custom-designed oocyte holder (48)
and inserted into a standard 1 cm � 1 cm polystyrene cuvette,
and fluorescence spectra were recorded on a PTI fluorimeter
(Photon Technologies International).

To determine the kinetics of labeling withAF and TMR-MTS,
oocytes expressing AE1(Q434C) 3AE1-C- labeled with either
AF, TMR-MTS, or DiIC12(3) were directly excited at 484, 500,
or 505 nm, respectively, to record thewhole emission spectra. The
AF emission spectrum overlaps with the TMR-MTS and DiIC12(3)
excitation spectra and therefore could serve as an energy transfer
donor (D) for both acceptors (A).

For donor and acceptor fluorophore-labeled AE1(Q434C) 3
AE1(Q434C)-C-, the strategy was based on probability calcula-
tions, as shown previously (49). Briefly, each cysteine residue
in the double-cysteine mutant can be labeled with D or A
leading to three possibilities: 4% D:D, which contributes to
fluorescence but not to FRET; 32%D:A, which contributes to
both fluorescence and energy transfer; and 64% A:A, which
has negligible fluorescence at the donor excitation wavelength
and does not contribute to FRET. We estimate that ∼10% of
the donor fluorescence is derived from two donors and will



9230 Biochemistry, Vol. 49, No. 43, 2010 Basu et al.

not transfer energy. We therefore corrected our distance
calculations on this value.

To monitor energy transfer, we excited AF at 475 nm,
a wavelength that is below the maximum excitation wavelength of
this fluorophore, to prevent direct excitation of acceptor fluoro-
phores, TMR-MTS or DiIC12(3). Fluorescence spectra were
recorded over the range of 500-700 nm. The AF fluorescence
intensity of oocytes expressing AE1(Q434C) 3AE1-C-, AE1 3
AE1(Q434C)-C-, orAE1(Q434C) 3AE1(Q434C)-C

-wascorrected
by the autofluorescence measured from a single oocyte expressing
AE1 3AE1-C

- and labeled with AF.
Spectra from four to five oocytes, labeled withAF as described

above, were averaged. The AF fluorescence was detected with an
excitation wavelength of 475 nm. The same oocyte was then
incubated in MBM, containing the acceptor probe, DiIC12(3) or
TMR-MTS, and washed in MBM three times to remove un-
bound fluorophores. AF fluorescence was recorded again. AF
spectrum quenching (50) in the presence of the acceptor, TMR-
MTS or DiIC12(3), was used to assess FRET. The decrease in
fluorescence at 520 nm was measured, as at this wavelength both
autofluorescence and acceptor fluorescence were negligible with
excitation at 475 nm.
DistanceCalculations by FluorescenceResonance Energy

Transfer. FRET is a distance-dependent interaction between
electronically excited states of two molecules, in which energy is
transferred from an excited donor fluorophore to an acceptor
fluorophore. The efficiency of energy transferred (E) is defined as

E ¼ 1-F=F0 ð1Þ
where F and F0 are the donor fluorescence intensities in the
presence and absence of the acceptor, respectively. The efficiency
of energy transfer depends on the distance (R) between the donor
and acceptor according to

E ¼ 1=½1þðR=R0Þ6� ð2Þ
where R0 (F€orster distance) is the distance at which half of the
energy is transferred. R0 is calculated as follows:

R0
6 ¼ ½9QDðln 10ÞK2J�=ð128π5n4NAÞ ð3Þ

whereQD is the quantum yield of the donor in the absence of the
acceptor, K2 is the dipole orientation factor (usually assumed to
be 2/3 when the donor and acceptor aremobile), n is the refractive
index of the medium, NA is Avogadro’s number, and J is the
spectral overlap integral. Here we assumed the refractive index of
biomolecules in aqueous solution to be 1.4 (51). The spectral
overlap integral, J, is calculated by

J ¼
Z

f0ðλÞεAðλÞλ4 dλ ð4Þ

where f0 is the normalized donor emission spectrum and εA is the
acceptor molar extinction coefficient. Our R0 value of ∼50 Å
agrees with the previously published value of the AF/TMR-MTS
FRET couple (52).
Anisotropy Measurements. Uncertainties in K2 can lead to

error in the estimated R0. We therefore measured anisotropy
from a single oocyte labeled with AF (rd) or TMR-MTS (ra). We
used a polarized cube beam splitter to measure the parallel and
perpendicular emitted light at the same time and used eq 5 for the
calculation of anisotropy (r).

r ¼ ðI ) - I^Þ=ðI ) þ 2I^Þ ð5Þ

where I ) is the parallel and I^ the perpendicular emitted light with
respect to the polarized excitation light. The parallel and per-
pendicular emitted light weremeasured in a PhotonTechnologies
International RCR fluorimeter with polarized filters (motorized,
computer-controlled Glan-Thompson polarizers, K-141-B, Photon
Technologies International). The anisotropy values obtained for
the donor (rd) and acceptor (ra) were used to set the upper and
lower limits for K2 as shown in eqs 6 and 7.

Kmax
2 ¼ 2=3ð1þFrd þFra þ 3FrdFraÞ ð6Þ

Kmin
2 ¼ 2=3½1- ðFrd þFraÞ=2� ð7Þ

Frd and Fra are described in eqs 8 and 9, respectively, and r0 is the
fundemental anisotropy of each fluorophore (0.4 for AF and 0.4
for TMR-MTS):

Frd ¼ ðrd=r0Þ0:5 ð8Þ

Fra ¼ ðra=r0Þ0:5 ð9Þ
Statistical Analysis. Statistical analyses were performed

using Prism (GraphPad Software Inc.). Groups were compared
by a paired t test, or ANOVA, where P<0.05 was considered
significant.

RESULTS

Construction and Expression of the AE1 Concatamer.
Concatameric AE1 (AE1 3AE1) was constructed by fusing the
coding sequences for two human AE1 monomers consecutively,

FIGURE 1: Expression of AE1 3AE1 in HEK293 cells and X. laevis
oocytes. (A) Schematic diagramofAE1 andAE1 3AE1.HumanAE1
monomers joined in tandem with a two-residue (serine and glycine)
linker and expressed as a single∼200 kDapolypeptide. Left and right
labels differentiate the N- and C-terminal AE1 subunits within the
concatamer, respectively. The circled region, labeled SG, indicates
the site atwhich a two-residue Ser-Gly linkerwas introduced between
the twoAE1 subunits. (B)HEK293 cellswere transfectedwith cDNA
encodingWTAE1,AE1 3AE1 concatamer, or empty vector.X. laevis
oocytes were injected with AE1 3AE1 cRNA or water (H2O), and
membranes were isolated. Whole cell lysates of HEK293 cells or
solubilized X. laevis membranes from 10 oocytes were resolved on
6% acrylamide SDS-PAGE gels and transferred to PVDF mem-
branes. Immunoblots were probedwith IVF12 anti-AE1monoclonal
antibody.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101134h&iName=master.img-000.jpg&w=234&h=219
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connected by a short serine-glycine linker (Figure 1A). AE1 3AE1
allows themutagenesis of any combination of amino acids within
an entire AE1 dimer, the fundamental unit of AE1 (6). HEK293
cells were transfected with cDNA of AE1 or AE1 3AE1, while
cRNA encoding AE1, AE1 3AE1, or a water control was injected
into X. laevis oocytes. Expression of the AE1 monomer and
concatamer was confirmed by immunoblot analysis (Figure 1B).
Immunoreactive bandswere detectedwith the anti-AE1 antibody
at approximately 100 kDa for the monomer, AE1, and approxi-
mately 200 kDa for the concatamer, AE1 3AE1 (Figure 1B). No
AE1 band was detected from vector-transfected HEK293 cells or
water-injected oocytes by the monoclonal antibody indicating
specificity of immunodetection. A faint band, consistent with
dimeric AE1 that was not dissociated by SDS, was observed for
HEK293 cells transfected with monomeric AE1 cDNA, indicat-
ing that AE1 dimers were not fully dissociated during electro-
phoresis. These experiments indicate that AE1 3AE1 is expressed
at a level similar to that of AE1 inHEK293 cells as determined by
densitometry.

To determine the number of molecules of AE1 3AE1 expressed
in a single oocyte, solubilized oocyte membranes, expressing
AE1 3AE1, were immunoblotted and compared to a known
amount of AE1-Ct, run in parallel. AE1-Ct is a glutathione
S-transferase fusion protein fused to the 40 C-terminal amino acids
of human AE1. Because the anti-AE1 antibody, IVF12, recog-
nizes the C-terminus of AE1, blots loaded with AE1-Ct allowed
measurements of AE1 3AE1 expression following densitometry
of the immunoblots. This analysis revealed that each oocyte
expresses an amount of AE1 C-terminal epitopes equivalent
to 3.9 ng of AE1 monomer, corresponding to 1.2 � 1010 AE1 3
AE1molecules per oocyte (data not shown), which is in line with
expression levels of other transporters whose cRNA has been
expressed in this system (53, 54).
Cell Surface Expression of AE1 3AE1. Small changes in

protein structure can affect the way a membrane protein is
processed through the biosynthetic pathway to the plasma mem-
brane (55).We therefore assessed the degree of plasmamembrane
processing of AE1 3AE1 and AE1 3AE1-C-, a version of the
concatamer in which all cysteine residues were mutated to serine
residues. AE1 3AE1-C- was prepared using a cysteine-less AE1
(AE1-C-) mutant previously characterized as functional (33).
IntactHEK293 cells expressingAE1,AE1 3AE1, andAE1 3AE1-C

-

were incubated with the membrane impermeant, amine-directed
compound sulfo-NHS-SS-biotin, which labels primary amine
groups at the extracellular surface of the plasma membrane.
Detergent lysates were prepared from the cells, and biotinylated
proteins were removed by incubation with streptavidin resin. The
total lysate (total) and the fraction that did not bind streptavidin
resin (unbound) were analyzed on immunoblots probed with anti-
AE1 antibody, IVF12 (Figure 2A). AE1, AE1 3AE1, and AE1 3
AE1-C-were processed to the plasmamembranewith efficiencies of
40 ( 1, 35 ( 2, and 34 ( 1%, respectively (Figure 2B). Three-way
ANOVA revealed that the difference was not statistically significant
(P>0.05).

Localization of AE1 and AE1 3AE1 at the plasma membrane
of X. laevis oocytes was assessed by the immunochemistry of
oocytes treated with the respective cRNAs and compared to that
of oocytes treated with water. Oocytes were permeabilized with
0.1% Triton X-100, incubated with anti-AE1 antibody, IVF12,
and further incubated with a secondary fluorescent antibody,
Alexa Fluor 488-conjugated chicken anti-mouse antibody. Con-
focal immunofluorescence microscopy revealed both wild-type

and concatameric proteins as plasma membrane-localized at
qualitatively similar levels (Figure 2C). The water-treated control
oocytes exhibited no immunoreactivity, indicating specificity of
detection (Figure 2C).
Cl-/HCO3

- Exchange Activity of AE1 3AE1. Cl
-/HCO3

-

exchange assays were performed to study AE1 3AE1 function in
transiently transfectedHEK293 cells (Figure 3). In these assays, a
pH sensitive fluorescent probe, BCECF-AM, was used to report
on the cytosolic pH changes associated with the Cl-/HCO3

-

exchange activity of AE1- or AE1 3AE1-transfected HEK293
cells grown on glass coverslips. Initially, cells were perfused with
chloride-containingRinger’s buffer.When the cells were perfused
with chloride-free Ringer’s buffer, AE1 mediates efflux of
chloride in exchange for bicarbonate, which alkalinizes the cell
(Figure 3A). Initial rates of cytosolic alkalinization were deter-
mined for HEK293 cells transfected with AE1 or AE1 3AE1 and
normalized to the amount of AE1 present at the plasma
membrane (Figure 3B). Cl-/HCO3

- exchange activities of AE1
andAE1 3AE1 (per AE1 unit) were statistically indistinguishable.
This indicated that the linkage of two AE1 units in tandem did
not affect the functional activity of each AE1 subunit as an anion
exchanger.
Oligomeric State of the Concatamer. One objective of this

study was to design an AE1 concatamer suitable for FRET
studies. AE1 exists in the erythrocyte membrane as a mixture
of dimers and tetramers, with tetramers forming by dimer-
ization of dimers, upon association with the cytoskeleton (6).
If AE1 3AE1 dimerizes, then FRET between the individual
concatamers would impair the ability to interpret FRET
data.

The density of AE1 3AE1 on the oocyte cell surface was
determined to examine the possibility of FRET between two
adjacent concatamers. The oocyte surface area (SA) was calcu-
lated from the surface area equation of a sphere (SA = 4πr2,
where r is the oocyte radius, which ranges from 0.5 to 0.6 mm),
implying a surface area of 3.0-4.5 � 106 μm2. Quantification of
AE1 3AE1 revealed that 1.2� 1010 AE1 3AE1 units are expressed
in each oocyte. Assuming that all AE1 3AE1 molecules are
processed to the plasma membrane, a density of 2.2-3.3 � 103

molecules/μm2 is expected. In this range of AE1 3AE1 densities,
the distance between two concatamer molecules should be
195-286 Å, a distance over which FRET is not possible, unless
the concatamer forms higher-order oligomers.

We assessed the oligomeric state of the AE1 concatamer by
two different methods. First, the oligomeric states of AE1 3AE1-
C- and AE1-C-, expressed inHEK293 cells, were determined by
PFO-PAGE (Figure 4). PFO-PAGE is an electrophoretic
approach that uses the molecule perfluorooctanoic acid (PFO)
as a relatively nondenaturing detergent to resolve proteins, while
maintaining protein-protein interactions. A gradient of PFO
concentrations in the sample buffer was used to either maintain
(low concentrations) or disrupt (high concentrations) any oligo-
meric complexes. The oligomeric state of AE1-C- was used as a
positive control, because AE1 is known to form dimers (56).
Consistent with this, PFO-PAGE resolved AE1-C- into two
bands withmolecular masses of approximately 200 and 100 kDa,
representing dimeric and monomeric states of the protein,
respectively. With increasing concentrations of PFO in the
sample buffer, a greater fraction of monomeric AE1-C- was
detected. In contrast, AE1 3AE1-C- appeared as a single band of
approximately 200 kDa at all PFO concentrations, consistent
with AE1 3AE1 monomers. No higher-molecular mass species
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was identified for AE1 3AE1-C-, suggestingthat the AE1 con-
catamer does not associate into oligomers.

We used FRET as a second approach to examine the AE1 3
AE1 oligomeric state in X. laevis oocytes. If AE1 concatamers
associate, the transfer of energy between fluorophores on differ-
ent concatameric units will be possible. To set the stage for FRET
experiments, labeling kinetics and spectral properties of fluores-
cently labeled AE1(Q434C) 3AE1-C- expressed in oocytes were
determined. AE1(Q434C) 3AE1-C- corresponds to the AE1 con-
catamer with no cysteine residues, except at Q434 of the left
subunit (Figure 5A). The Q434C mutation is located in extra-
cellular (EC) loop 1 of AE1 (2), making it accessible with the
cysteine-reactive fluorescent compounds AF and TMR-MTS. To
suppress the background fluorescence of oocytes, resulting from
endogenous cysteine-containing proteins, oocytes were treated
with 3-maleimidopropionic 3 days after being treated with cRNA,
an approach used previously in studies using cysteine-directed
fluorescent probes in oocytes (57). The kinetics of labeling of
AE1(Q434C) 3AE1-C

- by AF and TMR-MTS were measured to
determine the appropriate labeling conditions to achieve 20%
saturation, bymonitoring fluorescence as a function of incubation
time (Figure 5B,C). One of the primary conditions required for
FRET tooccur is the overlap of the donor (AF) emission spectrum

with the acceptor (TMR-MTS) excitation spectrum. The emission
spectrum of AF (donor) and the excitation spectrum of TMR-
MTS (acceptor) (Figure 5D) were used to calculate the overlap
integral. The calculated overlap integral (1.3 � 10-13 M-1 cm3)
(eq 4) is relatively high in comparison to those of many other
donor-acceptor pairs (51), resulting in anR0 of∼50 Å (eq 3). This
high emission/excitation overlap makes the AF/TMR-MTS pair
suitable for FRET studies in the distance range of 50 Å.

In experiments that aim to assess the AE1 3AE1 oligomeric
state byFRET,AE1 3AE1-C-, AE1(Q434C) 3AE1-C-, andAE1 3
AE1(Q434C)-C- were expressed individually by cRNA injection
in oocytes (Figure 6). In another set of oocytes, AE1(Q434C) 3
AE1-C- andAE1 3AE1(Q434C)-C

-were coexpressed.Each group
of oocytes was labeled with the donor (D) fluorophore, AF, up to
20%of themaximal labeling. The advantage of labeling up to 20%
of the maximal level is that, at this labeling stoichiometry, the
probability of two adjacent cysteines being labeledwith the donor is
low (4%). AF (donor, D) was excited at 475 nm, because at this
wavelength the acceptor fluorophore (TMR-MTS) has negligible
fluorescence at the donor’s wavelength of maximum emission
(520 nm) (52). As a consequence, TMR fluorescence does not
contribute to the fluorescence measured when monitoring the
fluorescence of AF. Next, the same oocyte was labeled up to

FIGURE 2: Cell surface expression of AE1, AE1 3AE1, and AE1 3AE1-C-. (A) Cell surface expression levels of AE1, AE1 3AE1, and AE1 3
AE1-C-weredeterminedby cell surface biotinylation.HEK293cellswere incubatedwith sulfo-NHS-SS-biotin, amembrane impermeant, amine-
directed compound, 48 h post-transfection. Cells were solubilized, and half of the sample protein was incubated with streptavidin Sepharose to
remove biotinylated protein. Total (T) and unbound (U) proteins were detected on immunoblots with anti-AE1 antibody, IVF12. (B)
Quantification of cell surface expression by densitometry. Cell surface protein (biotinylated fraction) was calculated as [(T - U)/T] � 100%.
Statistical analysis was done byANOVA (P>0.05). The standard error is shown with error bars (n=4). (C)X. laevis oocytes were treated with
75 ng of cRNA encoding AE1, AE1 3AE1, or an equal volume of H2O, as indicated. Four days postinjection, intact cells were subjected to
immunocytochemistry, andAE1was detected by incubationwith IVF12, themousemonoclonal anti-AE1 antibody, followed by theAlexaFluor
488-conjugated chicken anti-mouse antibody.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101134h&iName=master.img-001.jpg&w=350&h=342
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saturation levels with the acceptor (A) fluorophore TMR-MTS,
and the donor fluorescence was measured in the presence of the
acceptor. The fluorescence of oocytes expressingAE1 3AE1-C

- and
labeled with the donor probe AF served as a measurement of
background fluorescence, which can be attributed to labeling of
endogenous cysteines in the oocyte, as indicated by the dashed line
(Figure 6). The background fluorescence (indicated by the dashed
line in Figures 6 and 7) was subtracted from all values used for
FRET efficiency calculations.

Because each concatamer contains only a single cysteine
residue available for labeling, and therefore only a single fluorescent
probe, we reasoned that FRET could occur only if concatamers
associate. The fluorescence of AE1(Q434C) 3AE1-C- and AE1 3
AE1(Q434C)-C-, labeled with donor and acceptor, was mon-
itored to test whether the concatamers might associate in such a
way that allows close apposition of Q434C in either the left of
right subunit. Similarly, fluorescence studies of the two proteins

coexpressed were used to determine whether an antiparallel
arrangement might occur, where the Q434C mutation in the left
subunit comes close to that in the right. No significant FRETwas
observed under any of the conditions tested, indicating that
AE1 3AE1 does not oligomerize in oocytes (Figure 6). The AE1
dimer unit has dimensions of 60 Å � 110 Å (16), so if oligo-
merization of AE1 3AE1 occurred, the Q434C position would be
within the 100 Å FRET limit in one of these orientations.
Anisotropy Measurements. To calculate the error asso-

ciated with R0 estimation, we determined the relative mobility
of AF and TMR-MTS, by measuring emitted light from AE1-
(Q434C) 3AE1-C- labeled with each probe, when excited by
polarized light. Low anisotropy values of 0.020 ( 0.003 (rd)
(n=6) and 0.030( 0.009 (ra) (n= 5), corresponding to a single
cysteine labeled with AF and TMR-MTS, respectively, indicate
that the fluorescent probes coupled to Q434C are highly mobile.
These values were used to establish the upper and lower orienta-
tion factor limits for theR0 calculation [1.1 (Kmax

2) and 0.5 (Kmin
2),

respectively] from eqs 6 and 7. The upper and lower limits of the
orientation factor were applied to eq 3 to obtain maximum and
minimumvalues forR0. Thus,we estimated amaximal error of 5 Å
inR0. The calculated orientation factor range, however, allows for
the use of the standard k2 value of 2/3 in our distance estimate (51).
Measurement of Distances in AE1 3AE1. To assess the

distance between two locations in the AE1 units across the dimer
interface, wemeasured FRET inAE1(Q434C) 3AE1(Q434C)-C-

(Figure 7A), expressed in X. laevis oocytes. AE1(Q434C) 3AE1-
(Q434C)-C-was labeled withAF (donor), up to 20% saturation,
and to assess the efficiency of energy transfer, its fluorescence was
recorded before and after it was labeled with TMR-MTS
(acceptor) (Figure 7B). The donor (AF) fluorescence decreased
by 46 ( 1% (Figure 7C) upon the addition of acceptor, due to
FRET. To calculate the Q434C-Q434C distance, we used the
F€orster equation (eq 2) by determining the donor fluorescence in
the presence (F) and absence (F0) of the acceptor. A FRET
efficiency of 0.54 suggests that the labeled residues are approxi-
mately 49 Å from each other. An estimate of the error on this
value arises from the error in R0 (5 Å). Figure 7D represents the
scale of the distance between two Q434C residues located at the
end of TM2 on the two-dimensional projection map of the AE1
dimer, determined by cryoelectron microscopy (16). Finally,
FRET observed between labeled Q434C residues in AE1 3AE1
can be used as a positive control for the FRET experiments
performed to assess the oligomeric state of AE1 3AE1 (Figure 6),
because it shows that if the distance between the donor and
acceptor is <100 Å it is possible to observe FRET.
Distance from Q434 of AE1-C- to the Lipid Bilayer.

Oocytes expressing AE1(Q434C) 3AE1-C- were labeled with AF
fluorescent donor, and the membrane was labeled with the
acceptor DiIC12(3) (Figure 8A), a 12-carbon aliphatic chain
coupled to adialkylindocarbocyanine (DiI) fluorescent group (58).
Residue Q434 is of special interest, because this residue maps to
extracellular loop 1 (2), close to TM2 at the membrane interface
region. The membrane surface proximity of Q434 ensures a rela-
tively fixed distance from the residue to the membrane surface.
Because the distribution of fluorescence acceptor molecules is
random in the membrane, there is a range of donor-acceptor
distances, which is reflected in an averaged FRET efficiency.
FRET efficiency depends on the distance between the donor and
acceptor, as well as on the acceptor concentration in the mem-
brane (51). The labeling kinetics of the donor, AF, coupled to
AE1(Q434C) 3AE1-C- (Figure 5B) and themembrane embedding

FIGURE 3: Cl-/HCO3
- exchange activity of theAE1 3AE1concatamer.

(A) HEK293 cells transiently transfected with cDNA encoding
AE1 3AE1were grownonglass coverslips.The coverslipswere incubated
with the pH-sensitive dye BCECF-AM and then mounted in a fluores-
cencecuvette.The cellswereperfusedalternativelywith chloride-contain-
ingRinger’sbuffer (graybar) or chloride-freeRinger’sbuffer (whitebar),
and the intracellular pH was monitored. (B) Rates of Cl-/HCO3

-

exchangeweremeasured from the initial slopes observed after buffer
changes (fromCl--containing to Cl--free) and converted to relative
transport, with the transport rate of AE1 considered to be 100%.
The transport rates were normalized to protein expression. A paired
t test revealed that there was no significant difference between the
rates (p = 0.18; n = 4).

FIGURE 4: AE1 3AE1 oligomeric state in HEK293 cells. HEK293
cells were transiently transfected with either AE1-C- or AE1 3AE1-
C- cDNA. Forty-eight hours post-transfection, cell lysates were
combined with sample buffer containing different concentrations of
PFO (as indicated at the top of each lane) for 15min at 4 �C. Samples
were electrophoresed on 6%acrylamide gels containing no detergent
using PFO-PAGErunning buffer, containing 0.5%PFO, and trans-
ferred to PVDF membranes. Monomeric AE1 and concatameric
AE1 were detected with the monoclonal anti-AE1 antibody, IVF12.
Prestained protein markers along with ferritin were run in parallel as
molecular mass standards. Ferritin (440 kDa) was detected with
Ponceau S staining (data not shown).

http://pubs.acs.org/action/showImage?doi=10.1021/bi101134h&iName=master.img-002.jpg&w=239&h=104
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of the acceptor probe DiIC12(3) (Figure 8B) were established.
Emission and excitation spectra were recorded for an individual
oocyte labeled with either AF or DiIC12(3). The overlap of donor
emission spectra and acceptor excitation spectra indicated that the
donor-acceptor couple was suitable for FRET (Figure 8C). The
spectral overlap integral (J), calculated with eq 4, was used in eq 3
to estimate the F€orster distance (R0) for this pair to be 33 Å. This
F€orster distance is identical to previously published values for the
Alexa Fluor 488 C5-maleimide (AF) and DiIC18(3) pair (59).

The transfer of energy between AF-labeled AE1(Q434C) 3AE1-
C- and the DiIC12(3)-labeled oocyte membrane was visualized by
the quenching of AF donor emission resulting from the transfer of
energy to DiIC12(3) using confocal microscopy and quantified
(Figure 9). To exclude the possibility that the observed decrease in
AF can be attributed to donor fluorophore bleaching or chemical
modifications associatedwith organic reagents used to dissolve the
acceptor probe, we treated a group of oocytes similarly, but in the
absence of acceptor. In these oocytes, donor fluorescence remained
unchanged (data not shown). In addition, subsequent excitations
of AF at 460 nmdid not have a noticeable effect on the intensity of
the donor fluorescence (data not shown). This indicates that the
decrease in the fluorescence intensity of AF was caused by the
transfer of energy to DiIC12(3). The possibility of errors in the
measured energy transfer due to acceptor transbilayer migration
(“flip-flop”) is not likely at room temperature and in the time
frame of the experiment (60).

We utilized confocalmicroscopy to evaluate donor fluorescence
in the presence or absence of an acceptor. Oocytes expressing

AE1(Q434C) 3AE1-C
- were labeled with either AF (donor),

DiIC12(3) (acceptor), or both. Labeling treatments maintained
the round shape of oocytes, and the fluorophores were distributed
homogeneously on the membrane surface (Figure 8D). Donor
fluorescence decreased in the presence of a membrane-embedded
acceptor probe (Figure 8D). Oocytes labeled with only DiIC12(3)
did not show any fluorescence when excited at the donor excitation
wavelength of 491 nm, supporting the suitability of this probe as an
acceptor fluorophore for AF. To ensure the presence of DiIC12(3)
in the membrane, we visualized its presence using confocal micro-
scopy and found a pericellular pattern, consistent with plasma
membrane labeling (Figure S1 of the Supporting Information).

FRETbetweenAF-labeledAE1(Q434C) 3AE1-C- and bilayer-
associated DiIC12(3) was measured (Figure 9). Fluorescence
values of AF from oocytes expressing AE1 3AE1-C- were used as
background fluorescence, which were subtracted during the calcu-
lation of FRET efficiency (Figure 9). Oocytes expressing AE1-
(Q434C) 3AE1-C- exhibited a high level of FRET as reflected by
the 72 ( 1% of Alexa Fluor 488 C5-maleimide fluorescence
quenching. The high efficiency of energy transfer suggested that
AF, labeled at Q434C, and DiIC12(3), in the membrane, are close
in space, at a distance shorter than the estimated F€orster distance
R0 (33 Å) for the fluorophore pair.

DISCUSSION

In the absence of a crystal structure, structural insights into
AE1 can be obtained only by alternate approaches. Distance
constraints withinAE1will be important in evaluating any future

FIGURE 5: Fluorescence labeling of AE1(Q434C) 3AE1-C-. (A) A single cysteine was introduced via substitution of Q434 on the left subunit of
AE1 3AE1-C- (as indicated by the arrow) to produce AE1(Q434C) 3AE1-C-. AE1(Q434C) 3AE1-C- was expressed in oocytes. Three days
postinjection, oocytes were treated with 1 mM 3-maleimidopropionic acid to block endogenous cysteines. Oocytes were then incubated for one
additional day to allowAE1(Q434C) 3AE1-C- expression at 18 �C.On the fourth day postinjection, oocytes were incubated inMBM, containing
270 μMAlexaFluor 488C5-maleimide (AF) (B) or 350 μMTMR-MTS (C) at 20 �C in the dark for different periods of time.At the indicated time
points, the unbound probe was washed away. Individual oocytes labeled with AF were excited with 484 nm light, and the fluorescence was
recorded from 500 to 700 nm. The fluorescence observed at the maximal emission wavelength (520 nm) was used for labeling time course
evaluation. The results obtained from the labeling of individual oocytes were fitted to a sigmoid function (B). An oocyte labeled with TMR-MTS
was excited at 500 nm, and the fluorescence was recorded from 520 to 700 nm. The fluorescence observed at the maximal emission wavelength
(575 nm) was used for labeling time course evaluation. The results were fitted with an exponential function (C). (D) Overlap of the Alexa Fluor
488 C5-maleimide (AF)-labeled oocyte emission spectrum (475 nm excitation) and the TMR-MTS-labeled oocyte excitation spectrum (620 nm
emission). The integral of this overlap (J) is colored gray.
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crystal structure andassessing conformational changes that occur
in AE1 during its transport cycle. To assess AE1 structurally and
conformationally by FRET, we constructed a concatamer of two
AE1 polypeptides joined head to tail, called AE1 3AE1. The AE1
concatamer mimics the normal AE1 dimeric structure, but in a
single polypeptide chain. AE1 3AE1 has normal Cl-/HCO3

-

exchange activity compared to that of wild-type AE1 and is
processed to theplasmamembranewhenexpressed inbothHEK293
cells and X. laevis oocytes. Because AE1 3AE1 did not associate
into higher-order oligomers, FRET studies of AE1 3AE1 will
report energy transfer only within the concatameric unit. FRET
measurements revealed a 49 Å distance between the two Q434
residues in the AE1 3AE1 intramolecular dimer unit. Finally, the
Q434 residue in the small extracellular loop between TM1 and
TM2 was mapped within 33 Å of the lipid bilayer, on the basis of
FRET efficiency.

AE1 3AE1was created for structural studies, but does it behave
like wild-type AE1? When the concatamer was expressed in
HEK293 cells, immunoblots showed that its expression level was
similar to that of AE1. AE1 3AE1 and AE1 also are processed to
the cell surface to a similar degree in HEK293 cells and oocytes,
indicating that AE1 3AE1 is recognized like wild-type AE1 by the
endoplasmic reticulum’s biosynthetic apparatus and processing
machinery of the Golgi apparatus. Because the Cl-/HCO3

-

exchange activity of AE1 3AE1 was indistinguishable from that

of AE1 alone, we infer that the concatamer adopts a native
structure in its membrane domains, which are solely responsible
for transport function (61). The crystal structure of AE1 cyto-
plasmic domains reveals a dimer with a flexible unstructured
cytoplasmic N-terminus (8). The AE1 3AE1 concatamer was
designed with the C-terminus of the first AE1 sequence fused
to the second subunit with a two-residue linker. The presence of
the AE1 N-terminus at the surface of the N-terminal domain [as
indicated by the N-terminal domain crystal structure (8)] implies
that the protein did not need to achieve a non-native fold to
expose the N-terminus of the right AE1 subunit in the AE1
concatamer, so that it could be joined with the C-terminus of the
left AE1 subunit. The ability of AE1 cytoplasmic domains to
accommodate the stretch to join theAE1 subunitsmay have been
enhanced by the high conformational flexibility of theN-terminal
domain (62). The structure of the 43 kDaN-terminal cytoplasmic
domain in the second AE1 subunit of AE1 3AE1 may have been
distorted, but this report does not assess the functionality of the
cytoplasmic domains, whose role in erythrocytes is to anchor the
plasma membrane to the cytoskeleton (2). Retention of AE1 3
AE1 functional activity is consistent with the fact that the Naþ/
HCO3

- cotransporter,NBC1 (SLC4A4), which is amember with
AE1 of the SLC4A family, also is dimeric and is functional as a
concatameric dimer (63).We conclude that AE1 3AE1membrane
domains have native structure and therefore provide an appro-
priate background for structural studies.

Whether AE1 3AE1 oligomerizes is a significant consideration
for this study. FRET studies of AE1 3AE1 are predicated on the
ability to control positions of introduced cysteine residues within
the AE1 dimeric unit that form the sites to introduce fluorescent
probes. If AE1 3AE1 oligmerizes, then FRET could occur between
AE1 3AE1 molecules, confounding the interpretation of FRET
data. The minimal oligomeric state of AE1 is dimeric (6); AE1
monomers are strongly associated within the dimeric unit, such
that denaturation is required to dissociate them (32). In erythro-
cytes,AE1 dimers and tetramers are found in a ratio of 60:40 (64).
Tetramers are associated with the cytoskeleton, suggesting a role
of cytoskeletal attachment in formation of tetrameric AE1 (6).
Nondenaturing gel electrophoresis revealed that AE1 3AE1 from
HEK293 cells was exclusively monomeric, found only as un-
associated concatamers. In FRET experiments, the transfer of
energy between fluorescently labeled Q434C residues was exam-
ined. We found that between two Q434C residues, one in each
AE1 unit, within a concatamer energy transfer occurred readily.
In contrast, when AE1 3AE1-C-, with a Q434Cmutation in either
the left or right subunit, was expressed alone or coexpressed, no
energy transfer was observed. We conclude that AE1 3AE1 con-
catamers do not associate in a way that brings Q434C residues
within 100 Å of each other. Because the AE1 dimer (and by
implication AE1 3AE1) is 110 Å long, we conclude that AE1 3AE1
does not oligomerize when expressed in X. laevis oocytes. Finally,
the expression level of AE1 3AE1 in oocytes indicates that the
protein’s density in the membrane is too low for FRET to occur,
unless the AE1 3AE1 units associate into oligomers. The average
distance between AE1 3AE1molecules is 200-300 Å, well beyond
the 100 Å limit for FRET.Taken together, our results indicate that
AE1 3AE1 does not associate into oligomers when expressed in
HEK293 cells or oocytes. Furthermore, AE1 3AE1 can be used for
FRET studies, and energy transfer will occur only within AE1 3
AE1 units.

For FRET studies, X. laevis oocytes were used to express
introduced cysteine mutants in the AE1 3AE1-C- background.

FIGURE 6: Measurementof theAE1 3AE1oligomeric state byFRET.
Oocytes were injected with 75 ng of cRNA encoding AE1 3AE1-C-,
AE1(Q434C) 3AE1-C-, or AE1 3AE1(Q434C)-C- alone, and oocytes
were coinjected with equal concentrations of AE1(Q434C) 3AE1-C-

and AE1 3AE1(Q434C)-C-. Three days postinjection, oocytes were
treated with 1 mM 3-maleimidopropionic acid to block endogenous
cysteines. Oocytes were then further incubated at 18 �C for one addi-
tional day to allow concatamer expression. On the fourth day, oocytes
were incubated for 8min inMBM, containing 270 μMAF (donor, D)
and AF fluorescence emission was recorded at 520 nm, with an excita-
tion wavelength of 475 nm. Oocytes were then incubated in MBM
containing 350 μM TMR-MTS (acceptor, A) for 20 min, and the
fluorescence was measured at an emission wavelength of 520 nm and
an excitationwavelength of 475 nm. Spectra from three to nine oocytes
were averaged and fluorescence counts measured in the presence of
donor alone (D) and donor and acceptor (DþA) recorded. AF
fluorescence from AE1 3AE1-C- was taken as the background and is
indicatedby thedashed line.The fluorescence intensitywasnormalized
by the value for AE1(Q434C) 3AE1-C-, with the donor alone. Above
the bars are cartoons in which each pair of boxes represents a conca-
tamer ofAE1 and the star represents theAE1 subunit that contains the
Q434Cmutation. To determine whether FRET occurred between AF
(donor, D) and TMR-MTS (acceptor, A), paired t tests were per-
formed between fluorescence counts with D alone compared to DþA.
The p value was greater than 0.05 in all cases and is indicated as N.S.
(not significant).

http://pubs.acs.org/action/showImage?doi=10.1021/bi101134h&iName=master.img-005.png&w=152&h=154
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Oocytes have been used for similar studies in the past (65, 66),
because they provide an expression system that can be readily
physically manipulated (oocytes are 1 mm in diameter) and
expresses membrane proteins readily (66, 67). Here we found
that AE1 3AE1 was expressed at high levels, 1.2 � 1010 copies/
oocyte, which is similar to the expression levels of other mem-
brane proteins (53, 54). Interestingly, this is the first report we can
find that quantified the number of AE1molecules expressed in an
oocyte. AE1-mediated Cl- fluxes in oocytes (7) combined with
our measurement of AE1 expression level in the oocyte suggest
that in oocytes AE1 turnover is 15-50-fold slower than in
erythrocytes, where its rate of turnover is 105 s-1 (25). Optimal
AE1 activity depends on interaction with a particular range of
lipids (68, 69) that may not be found in the oocyte membrane.
Also, AE1may require activation by kinases that are absent from
oocytes. Finally, AE1 Cl-/HCO3

- exchange activity increases
upon interaction with carbonic anhydrase II (70), which is not
found in oocytes.

InFRET studies, the ability of cysteine residues endogenous to
the oocytes to react with fluorescent probes was suppressed by
treatment with 3-maleimidopropionic acid. Subsequently, ex-

pression of AE1 3AE1 was allowed to proceed for another day
before oocytes were labeled with cysteine-directed fluorescent
probes and FRET studies were performed. The blocking proce-
dure, which has been used previously (57), was successful in
reducing background fluorescence (as reported by oocytes ex-
pressing AE1 3AE1-C-) to less than 20% of the fluorescence of
cells expressing AE1(Q434C) 3AE1-C-.

To measure distances in AE1 3AE1, we used the Q434C
mutants. This residue is located in the first extracellular loop of
AE1 (15) and was cloned into AE1 3AE1-C- to generate AE1-
(Q434C) 3AE1(Q434C)-C-. On the basis of FRET efficiency, the
distance between Q434 residues within the AE1 dimer is 49 Å.
The distance is reasonable in the context of what is known about
AE1 structure. A two-dimensional projection map of the AE1
dimer, with dimensions of 60 Å � 110 Å (16, 71), readily
accommodates a Q434-Q434 distance of 49 Å. Cross-linking
of introduced cysteine mutants and studies of coexpressed trans-
membrane segments of AE1 suggested that extracellular loop 1 is
relatively close to the dimeric interface (10, 34, 72). Cross-linking
of the two T431C residues in an AE1 dimer revealed that the
residues must be able to come within 28 Å of each other (34).

FIGURE 7: Distance between Q434 positions within an AE1 concatamer. (A) Cysteine residues were introduced at Q434 positions in the left and
right subunits of AE1 3AE1-C- (indicated by the arrows) to produce AE1(Q434C) 3AE1(Q434C)-C-. (B) Oocytes were treated with cRNA
encoding AE1 3AE1-C- and AE1(Q434C) 3AE1(Q434C)-C-. Three days postinjection, oocytes were treated with 1 mM 3-maleimidopropionic
acid acid to block endogenous cysteines. Oocytes were then further incubated for an additional day at 18 �C to allow concatamer expression. On
the fourth day, oocytes were incubated for 8 min in MBM containing 270 μM AF (donor, D) and the AF fluorescence emission spectrum was
recorded over the 495-540 nm range, with an excitationwavelength of 475 nm. The same oocyte was then incubated inMBMcontaining 350 μM
TMR-MTS (acceptor,A) for 20min followedby a fluorescence scanunder the conditions as described above. Fluorescence scanswere recorded in
the presence of donor alone (D) and donor and acceptor (DþA) for AE1(Q434C) 3AE1(Q434C)-C-. The background fluorescence was assessed
for AE1 3AE1-C--expressing oocytes, labeled with D only (bottom curve). (C) Fluorescence intensity at the peak fluorescence emission
wavelength (520 nm) determined forAE1 3AE1-C- andAE1(Q434C) 3AE1(Q434C)-C-. Paired t testswere performed todeterminewhether there
was a statistically significant difference between fluorescence counts with D alone compared toD and A, which revealed p<0.02 as indicated by
the asterisk. (D) Outline map of the AE1 dimer, based upon amodel determined by cryoelectronmicroscopy (71), shownwith a possible position
of TM2, indicated as labeled circles. FRET estimated the intersubunit C434-C434 distance to be 49 Å, as indicated by the scale bar.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101134h&iName=master.img-006.png&w=304&h=322
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Because chemical cross-linking covalently traps the nearest
approach of two residues, it may be that AE1 can adopt rare
conformations that bring these residues within 28 Å of each
other. We have modeled possible positions of Q434 within the
AE1 dimer, taking into account their 49 Å separation and the

relative proximity of the residue to the lipid bilayer (Figure 7D).
Without knowing the position of the dimeric interface within the
two-dimensional projection map, we found Q434 residues could
be in a range of possible sites consistent with a 49 Å separation of
the homologous positions in each of the AE1 monomers. The

FIGURE 8: FRETbetweenAE1(Q434C) 3AE1-C- and the oocyte plasmamembrane. (A)A single cysteinewas introduced at theQ434position of
the left subunit of AE1 3AE1-C- (indicated by the arrow) to produce AE1(Q434C) 3AE1-C-. DiIC12(3) (purple dots) was incorporated into the
oocyte plasma membrane. (B) Fluorescence labeling time curve for the X. laevis oocyte membrane by DiIC12(3) monitored by excitation at
505 nm. The fluorescence emission at 585 nmwas plotted vs incubation time and fittedwith an exponential function. (C)Overlap (colored gray) of
the Alexa Fluor 488 C5-maleimide (AF) emission spectrum and the DiIC12(3) excitation spectrum recorded for one oocyte. The integral of the
overlap is denoted as J. (D)Confocalmicroscopy images of oocytes expressing (from left to right)AE1 3AE1-C- labeledwithAlexaFluor 488C5-
maleimide (donor), AE1(Q434C) 3AE1-C- labeledwithAlexa Fluor 488C5-maleimide (donor), AE1(Q434C) 3AE1-C- labeledwithAlexa Fluor
488 C5-maleimide and DiIC12(3) (donorþacceptor), and AE1(Q434C) 3AE1-C- labeled with DiIC12(3) (acceptor).

FIGURE 9: Measurement of FRET between AE1(Q434C) 3AE1-C- and the plasma membrane of oocytes. (A) Average fluorescence emission
from six oocytes expressingAE1(Q434C) 3AE1-C-, labeledwithAF (D) orAFandDiIC12(3) (DþA).Endogenous fluorescence fromAE1 3AE1-
C- labeledwithAFwas also recorded (dashed line,D). (B)Average fluorescence fromoocytes expressingAE1(Q434C) 3AE1-C- labeledwithAF
and DiIC12(3) (DþA) or AF (D) compared with average endogenous fluorescence from oocytes expressing AE1 3AE1-C- labeled with AF.
Fluorescence emission was recorded at 520 nm. A paired t test was performed to determine whether there was a statistically significant difference
between fluorescence counts fromoocytes expressingAE1(Q434C) 3AE1-C- labeledwithDalone compared toDandA(p<0.04) as indicatedby
the asterisk.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101134h&iName=master.img-007.jpg&w=313&h=327
http://pubs.acs.org/action/showImage?doi=10.1021/bi101134h&iName=master.img-008.png&w=300&h=145
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49 Å Q434-Q434 distance can now be used to test any AE1
structural model.

The distance from Q434 to the lipid bilayer provides a second
distance constraint. FRET efficiency between a single Q434C in
the left subunit of AE1 3AE1-C- [AE1(Q434C) 3AE1-C-], la-
beled with AF, and the lipid bilayer, labeled with the lipophilic
dye DiIC12(3), revealed a distance of less than 33 Å. The
measurement must be viewed with caveats. First, the FRET
measurement represents FRETbetweenAFonAE1 andmultiple
DiIC12(3) molecules. That is, the value represents an average of
FRET between AE1 and the belt of lipid around AE1. We
assumed that DiIC12(3) was randomly and homogenously dis-
tributed in the membrane. We also know that there was no
clustering of AE1(Q434C) 3AE1-C- protein molecules, allowing
us to presume that the distance measured between the donor and
acceptor depends upon the dimension of a single concatamer
[60 Å � 110 Å (16)], and the position of the Q434C mutation
within the protein molecule. Second, we consider our experi-
mental system as planar, because the Q434C mutation is close to
themembrane surface (2), according to the latest topologymodel,
and the fluorescent moiety of DiIC12(3) is present at the
membrane surface (and not buried in the membrane core) with
a slight possibility of DiIC12(3) flipping to the inner leaflet (60).
FRET in a planar distribution system, like the lipid bilayer, is a
complex case in which the efficiency of donor quenching by the
acceptor is influenced by two factors: the minimum distance
between the donor/acceptor pair and the acceptor concentration
in the bilayer (51). Here, we obtained optimal energy transfer by
saturating the membrane with the acceptor fluorophores. An
accurate measurement of the Q434C-DiIC12(3) distance would
require measurements of FRET efficiency over a range of DiIC12-
(3) concentrations. The measured FRET efficiency was very high
(72%), suggesting that the donor and acceptor fluorophores are
very close. ConsideringR0 represents the distance atwhichFRET
efficiency is 50%, we can say that Q434 is located much less than
the R0 distance [33 Å for the AF/DiIC12(3) pair] from the lipid
bilayer. An accurate measurement of the Q434C-DiIC12(3)
distance would require measurements of FRET efficiency over
a range of DiIC12(3) concentrations. The model for the location
of Q434C in the AE1 dimer has Q434 located close to the lipid
bilayer, reflecting this finding.

Finally, the data presented here show that AE1 3AE1 can be
used as a model for structural studies of AE1. Preservation of
AE1 functional activity implies that AE1 3AE1 has native
structure. The FRET studies here demonstrate that AE1 3AE1
is amenable to FRET studies of structure. The ultimate utility of
AE1 3AE1 may be in FRET studies in which one subunit is
cysteine-less and the other has two Cys residues, between which
FRET can be measured. Use of AE1 3AE1 will enable FRET
measurements of distance within an AE1 unit, without con-
founding the FRET signal resulting from FRET across the
dimeric interface. That is, if one expressedAE1 alone (as opposed
to AE1 3AE1) with two Cys residues, then FRET could occur
within the monomer, but also between the monomers in the
dimeric unit. Similarly, one could map distances from a fixed
position in one subunit to different positions in the other subunit.
AE1 3AE1 effectively allows for an intramolecular dimer inwhich
FRET can be controlled closely.

Here we report two distance constraints in the structure of
AE1: 49 Å separation between Q434 residues in the AE1 dimer
and a distance of less than 33 Å separating Q434 and the lipid
bilayer. These constraints can be used to test the validity of any

model or crystal structure ofAE1.The datawere collected using a
new system to characterize AE1 structure: an AE1 concatamer
(AE1 3AE1) with individual cysteine mutations, combined with
FRET. We found that AE1 3AE1 is functional, consistent with
the maintenance of a native structure in the membrane domain,
and that AE1 3AE1 does not oligomerize. Together, these studies
show that AE1 3AE1 is suitable for studies of AE1 structure and
conformation by FRET.
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