BIOCHEMISTRY

© Copyright 2004 by the American Chemical Society Volume 43, Number 38 September 28, 2004

Articles

Relocation of the Disulfonic Stilbene Sites of AE1 (Band 3) on the Basis of
Fluorescence Energy Transfer Measurenients

Philip A. Knauf,** Foon-Yee Law, Tze-Wah Vivian Leund,and Stephen J. Athertdn

Department of Biochemistry and Biophysics and Center for Photoinduced Charge Transfegrditpiof Rochester,
Rochester, New York 14642

Receied June 30, 2004; Resed Manuscript Receéd July 22, 2004

ABSTRACT: Previous fluorescence resonance energy transfer (FRET) measurements, using BIDS (4-
benzamido-4isothiocyanostilbene-2Zlisulfonate) as a label for the disulfonic stilbene site and FM
(fluorescein-5-maleimide) as a label for the cytoplasmic SH groups on band 3 (AE1), combined with data
showing that the cytoplasmic SH groups lie about 40 A from the cytoplasmic surface of the lipid bilayer,
would place the BIDS sites very near the membrane’s inner surface, a location that seems to be inconsistent
with current models of AE1 structure and mechanism. We reinvestigated the-BiMSlistance, using

laser single photon counting techniques as well as steady-state fluorescence of AEL, in its native membrane
environment. Both techniques agree that there is very little energy transfer from BIDS to FM. The mean
energy transferH), based on three-exponential fits to the fluorescence decay data,4s@B% (SEM,

N = 12). Steady-state fluorescence measurements also indiG8teenergy transfer from BIDS to FM.

These data indicate that the BIDS sites are probably over 63 A from the cytoplasmic SH groups, placing
them near the middle or the external half of the lipid bilayer. This relocation of the BIDS sites fits with
other evidence that the disulfonic stilbene sites are located farther toward the external membrane surface
than Glu-681, a residue near the inner membrane surface whose modification affects the pH dependence
and anion selectivity of band 3. The involvement of two relatively distant parts of the AE1 protein in
transport function suggests that the transport mechanism requires coordinated large-scale conformational
changes in the band 3 protein.

Band 3 or AE1 is a 101700 Da proteih)(in the human important in red blood cells, AE1 is a member of the AE
red blood cell, which catalyzes a very rapid exchange of CI gene family 6—8), which includes proteins that function as
for HCO;, thereby increasing the G@arrying capacity of ~ anion exchangers in a variety of cells and tissues, such as
the blood 2-5). In addition to being physiologically  kidney, white blood cells, epithelia, and neurons, where they
play a role in cell pH and volume regulation. AE1 catalyzes
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substrate binding facilitates the transition between these two Many years ago, Rao et al21) used fluorescence
conformationsZ—4). Although the primary sequence of AE1 resonance energy transfer (FRET) to measure the distance
has been known for over 15 years, and although a low- between the DS sites and SH groups (now known to be Cys-
resolution 3D structure has been obtained by electron 201 and Cys-317) located in the cytoplasmic, N-terminal
diffraction analysis of 2D crystalline array®)( little is segment of AE1, which can be selectively labeled by
known about the location and nature of the mechanism in fluorescein maleimide (FM). As a fluorescent label for the
the protein that gives rise to the one-for-one anion exchange.DS site, they used 4-benzamideigiothiocyanostilbene-22

The identification of band 3 or AE1 as the anion exchanger disulfonate (BIDS). By observing donor (BIDS) quenching
was first proposed on the basis of labeling experiments or stimulated emission of the acceptor (FM), they measured
with the disulfonic stilbene (DS)probes, such as DIDS an energy transfer efficiency of 0.46.47, corresponding
(4,4-diisothiocyanostilbene-22lisulfonate) and EDIDS to a distance of 3442 A, depending on which assumptions
(4,4-diisothiocyanodihydrostilbene-2;8isulfonate). Both of ~ were used regarding the number of acceptors and the relative
these act as affinity labels, with high-affinity honcovalent orientation of donor and acceptor transition dipoles. This was
binding preceding the covalent reactidi®(11). Increasing a seminal finding, because it showed that the DS sites were
concentrations of the substrate,”Cteduce the inhibitory  closer to the cytoplasmic SH groups than the thickness of
potency of HDIDS (12), as expected if EDIDS competes  the membrane~<45 A), demonstrating that the DS sites, and
with CI~ for binding to the external-facing anion transport thus it was thought the transport sites, were located within
site. Thus, it seemed that disulfonic stilbenes could be usefulthe membrane bilayer, rather than at the external surface.
probes for localizing the substrate binding site in the AE1  Thevenin et al. 22) used FRET as well as a novel
protein. radioisotope technique to determine that the distance between

Since then, several kinds of experiments have seriously the principal cytoplasmic SH site labeled by FM (Cys-201,
challenged the concept that the stilbenedisulfonates areshown by yellow circles in Figure 1) and the inner surface
competitive inhibitors of Cl exchange and, thus, that the of the membrane bilayer (indicated in blue in Figure 1) is
DS sites are equivalent to the Gfansport sites. Mutations ~ about 40 A. When combined with the FRET measurement
that strongly influence DS binding have little or no effect of the distance between the SH cluster and the DS site (34
on CI affinity (13), interactions between Cland DS are 42 A), these data place the DS site very near to the level of
observed which are not compatible with a simple competition the lipid headgroups of the inner half of the bilayer (Figure
(14, 15), and external DS can bind to the form of AE1 with 1; BIDS at this location is shown by the magenta cross-
the transport site facing inward®). Nevertheless, itis still  hatched rectangle). Another residue, Glu-681, which is the
true that DS such as DIDS and DNDS (4¢initrostilbene- site of reaction with Woodward's reagent K (WRK) and
2,2-disulfonic acid) greatly interfere with Chinding to AE1 which is thought to play an important role in AE1-mediated
(17), and the inhibitory potency of DS is far greater when transport of protons with sulfate, is also located near the inner
they are at the external side of the membrane than whenhalf of the bilayer (orange circles in Figure 1), on the basis
they are located internallyl®). Further, the binding of at  of biotin maleimide labeling studies of single-cysteine AE1
least some DS is highly selective for the form of AE1 with mutants. Location of the DIDS and WRK labeling sites close
the transport site in the external-facing, unloaded foEg) (  to each other near the inner surface of the lipid bilayer would
(16, 19, 20). Thus, the DS seem to bind to a region of the be consistent with a model in which anions diffuse through
AE1 protein that is intimately involved in the protein a long access channel from the outside to the transport site
conformational change that results in anion translocation, soand anion transport across the diffusion barrier takes place
these labels can provide very useful information concerning within a very small portion of the AE1 membrane domain
the location of part of the transporting mechanism within located right next to the cytoplasm.
the AEL protein. Such a locus for the DS sites seems very unlikely in view
of evidence that the DS IDS reacts covalently with two
1 Abbreviations: 150 KH, 150 mM KCI, 24 mM sucrose, and 20 amino groups, Lys-539 and Lys-8523). There is strong

ml\g ?epaség¢£-9 gt8ro<zm temtperaturet: 5PSé gsrg'l\/l Ssggium plhosphtatg recent evidence that Lys-851 is located immediately next to
and1m , pH 8 at room temperature; , 5P8 supplemente L o
with 135 mM NaCl and 0.1 mM NaEDTA; 5P7.4, 5 mM sodium an extracellular loop of AE1. Both biotin maleimid24)

phosphate, pH 7.4 at room temperatuag;fractional CI exchange and the positively charged reagent MTSET [[2-(trimethyl-
activity; B, concentration of free BIDS,, total concentration of BIDS; ammonium)ethyl]methanethiosulfonat@pf covalently label

b3B, concentration of BIDS bound to band 3;b®tal band 3 ; _ _ i i i
concentration; BADS, 4-benzamido-dminostilbene-2,2disulfonate; thebSIFeS Sde][ 85% and Th':d853 In AE1 mutdantsl_\:vElt}lecggtewllle
BIDS, 4-benzamido-4isothiocyanostilbene-2 2lisulfonate; BSA, bo- substituted for these residues, expressed In cells.

vine serum albumin; DADS, 4'4liaminostilbene-2/2disulfonic acid; Lys-539 is also thought to be near the extracellular end of a
DBDS, 4,4-dibenzamidostilbene-2;2isulfonate; DIDS, 4,4diisothio- transmembrane helix of AE1, and natural mutations of two
cyanostilbene-2;2disulfonate; DNDS, 4/4dinitrostilbene-2,2disul- AE1 residues not far from Lys-539 Pro—542131 and Thr-

fonic acid; DS, disulfonic stilbene; DTT, dithiothreitol; EM, eosin-5- . . . - . .

maleimide; FM, fluorescein-5-maleimide; FRET, fluorescence resonance 992 @7), give rise to antibodies against intact red blood cells,
energy transfer; BDIDS, 4,4-diisothiocyanodihydrostilbene-2;2 indicating that these sites are externally exposed. Models for
disulfonate; hct, hematocrit; K concentration which inhibits trans-  AE1 topology based on this and other evidence agree that

port by 50%k, rate constant fot°’Cl exchangek., control rate constant .
for 3C| exchangeKs, dissociation constant for BIDS binding to band (€ DS-reactive parts of AE1 are located near the external

3; KIOV's, Kl-stripped inside-out vesicles; NBD, 4-nitrobenz-2-oxa- surface of the membrand, (28, 29). In the very likely case
1,3-diazole; PBS, 25 mM NajfQ;, 1 mM EDTA, and 95 mM NaCl, that the analogous DS BIDS also reacts with one or both of

pH 7.4 at room temperature; PMSF, phenylmethanesulfonyl fluoride; 1nage sites, it would not be possible for the BIDS molecule
, distance in angstroms at which energy transfer efficiency is 0.5; ' !

SDS, sodium dodecyl sulfate; TLCK:1-chloro-3-(4-tosylamido)-7-  Which is only about 22 A long30), to have its fluorophore
amino-2-heptanone hydrochloride. located at the level of the inner bilayer surface.
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outside of the AE1 domain, in agreement with models based on
recent crystal structures of bacterial anion exchandgts (
32). Portions of this work have appeared previously in
abstract form 3).

EXPERIMENTAL PROCEDURES

Cell Preparation.Blood from apparently healthy adult
donors, who had given informed consent, was drawn into
heparinized vacutainers and then washed three times with
ice-cold 150KH (150 mM KCI, 24 mM sucrose, and 20 mM
Hepes, pH 6.9 at room temperature, unless otherwise
specified). The buffy coat was removed, and the cells were
resuspended to 50% hematocrit (hct) in 150KH.

Preparation of Ghosts and KI-Stripped Inside-Out Vesicles
(KIOV’s). Ghosts were prepare@4) by lysing packed cells
at 0°C in 5P8 (5 mM sodium phosphate and 1 mM EGTA,
pH 8 at room temperature) containing 0.2 mM phenyl-
methanesulfonyl fluoride (PMSF). After centrifugation at
FiGurRe 1: Schematic diagram of the AE1 dimer in red cell 3000@ at 4 °C for 7 min in a Dupont Instruments RC5
membrane. The membrane domain of the AEL dimer (approxi- yafrigerated centrifuge, the supernatant and the sticky pellet
mately residues 405880) is shown in green at the top, with the o
membrane bilayer indicated in blue. Dimensions are based on theat the bo'Ftom were re_move_d by aspl_ratlon. Ghosts were then
20 A resolution structure of Wang et alB)( A portion of the washed in 5P8 multiple times until white. KIOV’s were
cytoplasmic domains seen in the crystal struct® (residues prepared by the method of Bennedg). The protein content
55-356) is shown toward the bottom, with Cys-201 residues of ghosts or KIOV’s was determined by the BCA protein

indicated by yellow circles. The structure of the cytoplasmic domain ; ; : ;
at neutral pH is likely to be somewhat altered from the crystal assay (Pierce), using bovine serum albumin as a standard.

structure at pH 4.8, and the orientation of the structure relative to ~ Trypsin or Chymotrypsin Cleage. The procedures of
the membrane plane is somewhat uncertain, but this does not affecdennings 36) were used for enzyme treatments. BIDS-

the FRET data concerning the location of Cys-201. Because of the|gheled red cells at 25% hct in 150KH, pH 7.4 at 37,

very limited structural information on the intervening region ; ; ; _
between the part of the cytoplasmic domain seen in the crystal were treated with chymotrypsin at 1 mg/mL in the exira

structure and the membrane domain, this is shown by dashed linesCellular volume at 37C for 1 h. The reaction was stopped
Data of Rao et al.Z1) indicated a distance of 342 A (dashed by ice-cold 150KH containing 0.2 mM PMSF and 0.2%
arrow) between Cys-201 and BIDS. Together with data indicating BSA. The cells were washed two more times in 150KH.
that Cys-201 is located about 40 A from the cytoplasmic side of Ghosts at 1 mg/mL in 5P8 were cleaved by&s@mL trypsin

the membrane bilayer2p), this places the BIDS label at the ° ; o i
cytoplasmic surface of the membrane domain (indicated by the at 0°C for 5 min, except where otherwise indicated. The

magenta crosshatched rectangle), near the Glu-681 location, show#eaction was inhibited by adding 5@/mL TLCK (L-1-
by the orange circles. BIDS is shown with its chromophore chloro-3-(4-tosylamido)-7-amino-2-heptanone hydrochloride)

(approximately 16 A long) oriented vertically in the membrane, followed by three washes in 5P8.

the worst case scenario in terms of the ability of FRET to specify ; ) . ; ; ~
its location relative to the axis normal to the membrane surface. Synthesis of BIDSSADS (4-benzamido-4aminostilbene

Because certain DS, such astHDS, are able to cross-link residues 2,2 -disulfonate) was prgpareGX) by adding an.eqUim0|ar
that are unlikely to be at very different levels within the membrane, amount of benzoyl chloride dropwise to a solution of DADS

it is likely that the orientation is more horizontad, (75). Data in (4,4-diaminostilbene-2;disulfonic acid) and a 3-fold molar
t2h651 p:gs:&;ﬁ;‘%&;te(?yaengU/f*:)Laé?:;tg'ftsvr;]cighbgﬁa"’ceees”tE’éD;Sgdsﬁgi'excess of NaHC®in water at room temperature. After 4.5
(indicated by the solid magenta rec’tangles) near the center of theh regc_nor,] 6 N HCl was added FO reducg the pH to 1. The
membrane or in its outer half, far from the Glu-681 site. precipitate was collected and dissolved in methanol at 60
70°C and concentrated té;¢th its volume, and 5 volumes
The earlier BIDS-FM FRET measurements were made Of diethyl ether were added to precipitate BADS. The product
by steady-state fluorescence, possibly without acceptorwas dissolved in pyridineacetic acid-water (10:1:40),
background correction, or by modulation measurements of applied to a silica gel column, and eluted with the same
lifetime that may not have had sufficient time resolution to Solvent. The fractions containing BADS were identified by
accurately determine lifetimes as short as that of BIDS. Also, thin-layer chromatography, pooled, concentrated, and re-
most of the data were obtained with detergent-solubilized crystallized from methanelwater (10:1) and then from
AE1, which may have undergone conformational changes. water. The UV spectrum showed the expected peak at-342
We therefore reinvestigated the BIBEM distance, using 344 nm.
both steady-state fluorescence of AE1 and laser single photon BIDS was prepared2(l, 38) by dissolving 0.2 mmol of
counting techniques to measure energy transfer efficiency,BADS in 3.5 mL of 1% NaCl and then adding 10 of
while maintaining AE1 in its native membrane environment. thiophosgene with vigorous stirring. Afte3 h reaction,
The data we obtained are incompatible with the conclusions excess thiophosgene was removed by three 4 mL extractions
of Rao et al. and suggest instead that the DS sites are locateavith diethyl ether. The yellow precipitate was recrystallized
much farther from the cytoplasmic SH cluster. This relocation from 1% NaCl and dried. There was a UV peak at 338
of the DS sites implies that the transporting mechanism 340 nm as expected and a fluorescence emission peak at
involves conformational changes of widely separated portions 428 nm with excitation at 350 nm. All syntheses were
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performed by Dr. Xiuzhi Wang in the Department of 12% sodium dodecyl sulfatgpolyacrylamide gel42), and
Chemistry. scanned in a Fluorimager 575 (Molecular Dynamics). To
BIDS dissolved in 5P8 had anat 339 nm of 33800 Mt calculate the percent FM in band 3, the fluorescence in band
cm 2, based on a molecular weight of 516 for the acid form 3 was compared to the total fluorescence in the gel lane with
of BIDS. This is lower than the of 62000 Mt cm™! background subtracted. Total FM labeling was determined
reported by Rao et al2(), suggesting that there might be from the optical density at 491 nm, measured in a Shimadzu
some impurities or inert material in the BIDS sample. The UV1600U spectrophotometer, of ghosts solubilized in 0.2%
principal impurities that could arise from synthesis are DBDS SDS, using a® value of 55000 M* cm™? (21). The number
(4,4-dibenzamidostilbene-2;2lisulfonate) or DIDS (4,4 of moles of FM per mole of band 3 was calculated by
diisothiocyanostilbene-2;2lisulfonate). DBDS binds revers-  multiplying the percent FM in band 3 by the total amount
ibly and so would not be expected to be found in ghosts of FM per mole of band 3, assuming that b3 comprises 25%
from labeled cells; DIDS reacts irreversibly but has little of the total ghost proteind@) or 60% of the total protein of
optical absorbance and fluorescence. If some DIDS were KIOV'’s, using 101.7 kDa as the band 3 molecular mdss (

present in the BIDS sample, so that some of the band 3was g|ps |abeling selectivity was also assessed by electro-
labeled by DIDS rather than BIDS, this would reduce the phoresis on 12% SDS linear polyacrylamide gels followed
total donor fluorescence but should not affect the energy by observation in a UV light box (Chromato-Vue transillu-
transfer from the BIDS donors to internal FM. Thus, possible minator, Model C-62: Ultra Violet Products, Inc.) with
impurities in the BIDS are very unlikely to explain our oy .itation at 366 nm. Total BIDS binding to ghost mem-
results. branes was measured by absorption at 339 nm in 5P8

BIDS Labeling Cells were washed once in 150KH, pH 8  containing 0.2% SDS using a molar extinction coefficient
(150KH, pH= 8 at 37°C). BIDS from a 1 mMstock in of 51000 M1 cm~%(21).
water was added to 2660% cells at a final concentration
of 24—300uM in the extracellular volume, as indicated. (All
concentrations are expressed in terms of extracellular vol-
ume.) At the end b1 h incubation at 37C, at least four
volumes of ice-cold 150KH containing 1% BSA was added
to the cell suspension, which was spun down and washed
three more times in 150KH without BSA. Alternately, cells
were labeled with BIDS according to the method of Rao et
al. (21). Portions of the BIDS-labeled and control cells were
incubated with®¢Cl, and CI exchange was measured at 0
°C as described previouslB9, 40).

To determine the dissociation constant for reversible BIDS
binding, we examined the effects of short exposures to BIDS
on the rate constant for Clexchangek, at 0 or 21°C, by

adding BIDS directly to the medium in which the cells were was measured at T as described previousigg, 40). The

suspended for flux measurements. For experiments AC21 fractional activity of Ct exchange was plotted against the
cells were pretreated with DIDS to reduce the corkradlue total number of )IgIDS (or DIDS)gmolecques resegnt er cell
to a level that would permit measurement of the time constant . P P

by the rapid syringe filtration method used at®. in the 'abe"”9 suspension. . S
FM Labeling of Cells or GhostsCells were labeled at Although this method measures irreversible inhibition due

externally accessible sites with FM (FMas described by to covalent binding of.BIDS or DIDS, for disuhfonic ;tilbengs
Bicknese et al.41). Briefly, 50% cells in PBS (25 mM Nai the covalent reaction is preceded by a reversible high-affinity

PO, 1 mM EDTA, and 95 mM NaCl, pH 7.4 at room bind.ing'. The fractional activity remaining after exposure to
temperature) were incubated ia 1 mMfinal concentration  the inhibitor, a, can be approximated by the equation for
of FM for 1 h at 23°C. The reaction was stopped by diluting Single-site reversible binding:

10-fold with PBS supplemented with 1 mM cysteine and 5

mg/mL BSA. The labeled cells were washed three times in a=1/(1+ B/Ky) 1)
PBS and once in 150KH.

Ghosts were labeled by the method of Thevenin e4), ( whereB is the concentration of free BIDS in the solution
except at pH 8 instead of pH 7.4. Ghosts at a protein andKgy is the apparent dissociation constant for BIDS binding
concentration of 1 mg/mL in 5P8 supplemented with 135 to band 3. In this caseq is not equal to the reversible
mM NaCl and 0.1 mM NaEDTA (5P8CI) were treated with binding constant but rather is a phenomenological constant
50 uM FM for 30 min at 0°C. DTT (dithiothreitol) was ~ that is dependent on the time and rate of the covalent
added at 0.2 mM final concentration to stop the reaction. reaction. For labels such as BIDS and DIDS, whisgeis
The FM-labeled ghosts, which are primarily labeled at very small, this has little effect on the fits to the deBecan
internally accessible sites (FMwere then washed three be expressed in terms of the total concentration of BIDS
times in 5P8. Alternately, as indicated, ghosts were labeled added,B;, and the concentration of BIDS bound to band 3,
with FM by the method of Rao et al2y). b3B:

Measurement of LabelingThe FM-labeled ghosts or
KIOV'’s were solubilized in 1% SDS, electrophoresed in a B=B,— b3B (2)

Determination of the Number of BIDS Binding Sites by
Stoichiometric Inhibition of Cl Exchange.A maximal
estimate for the number of BIDS binding sites was obtained
by a method similar to that used previously with a high-
affinity oxonol dye @4). Cells at 20% hematocrit were
treated with concentrations of BIDS (or DIDS, for compari-
son) less than or slightly greater than the concentration of
band 3 sites fol h at 37°C in 150KH, pH 8 at 37°C. A
sample was taken for determination of the number of red
cells by spectrophotometry of a lysate in water at 549 nm,
taking the molar extinction coefficient for hemoglobin as
12060 Mt cm™t and the hemoglobin content as 30 pg per
cell. Cells were washed once with 150KH containing 1%
BSA and three times without BSA, and then @xchange
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and similarly b3B can be expressed in terms of the total bandfor the IRF, to an equation for two- or three-exponential
3 concentration in the labeling suspension,, l#hd the decay:
fractional activity,a (=1 — b3B/b3):

n

o () = ) o, exp(—t/ty) (6)
b3B= (1 — a)b3 3) 4 !
Substituting (2) and (3) into (1), we obtain a quadratic Wherel(t) is the fluorescence intensity (photons) andnd
equation: 7; are the amplitudes and time constants forrhedividual
exponential components. Deviations of the experimental
b3[a2 +(B,— b3 +Kpa—Ky=0 (4) points from the best fit line were expressed as weighted
t

residuals: (actual counts calculated counts)/(calculated
countsy’? (48).
Calculation of Energy Transfer Efficiency, E, and Doror
Acceptor Distance, Rn cases such as the present observa-
b3 — Ky — B+ \/(bg[ — Ky — B)? + 4b3K, tions, where the individual components of the decay curve
a= 2b3 (5) cannot be accurately resolved, because of the mathematical
difficulties in fitting multiple exponential functions, effects

) i ) of energy transfer can be measured from changes in the
Equation 5 was fitted by nonlinear least squares to the dataaverage lifetime?, given by (see p 130 of ref9)

for a versusB, to determine b3 The total number of BIDS

binding sites was determined from:p8vogadro’s number, T= zaifizlzaifi (7)

and the concentration of red cells in the labeling suspension. . .

This method assumes that every molecule of BIDS (or DIDS) ] o

in the solution contributes to the inhibition of Céxchange; ~ E was determined from donor (BIDS) lifetime measurements

thus it gives a maximal estimate for the number of binding from the equationg0):

sites present. E=1-7,,/7, ®)
Steady-State Fluorescence Measuremelisorescence

spectra were acquired and corrected with a modified Photonherer;, is the lifetime of the donor antb, is the lifetime

Technologies, Inc. (Monmouth Junction, NJ) Alphascan of the donor in the presence of acceptor. Alternatglyas

fluorometer, using Felix software supplied by the manufac- determined from steady-state measurement$@s (
turer.

Quantum Yield and {Determination.The quantum yield E=1-FpalFp 9)

of BIDS bound to ghosts was determined in 5P8 at room ) )
temperature by comparing the quantum vyield to that of whereFp is the fluorescence of the donor in the absence of

fluorescein in 0.1 M NaOH, which was taken as 0.93. acceptor andFpa is the fluorescence with acceptor present.
was determined from the fluorescence emission curve for 1N€SEE values were used to determine the distance between

BIDS-labeled ghosts and the absorbance spectrum for FM-the donor and acceptor from the equatisa)(

whose solution is

labeled ghosts using= 55000 Mt cm™! for FM-cysteine
(21) and taking the refractive index as 1.34 aridas s R=Ry/(1— E)E (10)
(45, 46).

Fluorescence Lifetime MeasuremerB#DS fluorescence RESULTS
lifetimes were measured by the single photon counting Kinetics of the BIDS Reactioiio have sufficiently bright
method at the Center for Photoinduced Charge Transfer influorescence to analyze, it is preferable that the BIDS labeling
the Department of Chemistrd () at room temperature with  of AE1 be as complete as possible. Figure 2 shows the time
ghosts at a concentration of 0.2 mg of protein/mL in 5P8. course of the irreversible inhibition of Clexchange at pH
For comparison, a BIDSlysine standard was prepared by 8 by 28.6uM BIDS at 37°C. The data fit quite well to a
reacting 1 mM BIDS in 5 mM lysine at pH 9 fa2 h at single exponential with a rate constant of 0.0%30.003
room temperature 20). A mode-locked Nd:YLF laser min ! corresponding to a half-time of 9.5 min. Since band
produced pulses at 1053 nm, which were frequency doubled3 is known to be in the form of dimers or higher oligomers
in a KTP (potassium titanyl phosphate) crystal. The pulses in the red cell membrane&2—54), reaction of BIDS with
were used to synchronously pump a Coherent 700 seriesone band 3 monomer might decrease the reactivity of the
pyridine-1 dye laser, with a Coherent 7220 cavity dumper, adjacent monomer in a band 3 dimer. A two-exponential
used to reduce pulse repetition rate and decrease pulse widtlunction gave a very slightly better fit, but with the faster
to about 6 ps. The output at 700 or 720 nm was frequency component amounting to only 12% of the total, inconsistent
doubled in a BBO (beta barium borate) crystal to produce with the dimer interaction model. The very good fit of the
350-360 nm light for excitation. Fluorescence at 440 or data to a single exponential indicates that, if there is any
442 nm was collected at right angles using a SPEX mono- effect of reaction with one monomer on the adjacent
chromator and a microchannel plate photomultiplier. The monomer, the effect is very small.
instrument response function (IRF) was obtained from the If BIDS acts as an affinity label like other disulfonic
light scattering signal at the excitation wavelength. Data stilbenes {1), with reversible binding preceding the covalent
were acquired and fitted by least squares, using FLA90O0 reaction step, the reaction rate should approach a plateau
software (Edinburgh Analytical Instruments), with correction when the reversible binding reaches saturation. To determine
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Ficure 2: Time course of BIDS inhibition of Clexchange. Red
cells at 33% hct were exposed to 2&®l BIDS in 150KH at pH
8 for various times at 37C. The reaction was stopped by adding

Knauf et al.

uv

Ficure 3: Polyacrylamide gel electrophoresis of ghosts from BIDS-
labeled cells. Cells were treated with 2419 BIDS (concentration
in the extracellular medium) for 90 min at 3T. Ghosts were

ice-cold 150KH with 1% BSA, and then the cells were washed solubilized in 0.2% SDS and electrophoresed on 12% polyacryla-

three times in 150KH. Cells were incubated w#iCI~ at room

mide gels as described in Experimental Procedures. The left-hand

temperature for 15 min and placed on ice, and the rate constant forPanel (UV) shows the fluorescence image obtained by long-wave

36CI~ exchange ) was measured at OC as described in

UV excitation on a Chromato-Vue transilluminator, Model C-62

Experimental Procedures. The rate constants were divided by the(Ultra Violet Products, Inc.). The left channel (A) shows ghosts

control rate constank{) and plotted against time. The line shows
the best fit to the equatioklk. = 1 — exp(—kt), wherek; is the
rate constant for the reaction of BIDS with AE1.

from cells labeled with BIDS; the right channel (B) shows the result
when cells were treated with chymotrypsin (1 mg/mL for 60 min

at 37 °C). The right panel (CB) shows Coomassie Blue stained
gels of the same samples: (C) control and (D) chymotrypsin. Note
that the very faint fluorescence runs at the position of band 3 in

the dissociation constant for the reversible binding, we the ghosts from BIDS-labeled cells and at the position of the 60
examined the effects of short exposures to BIDS on the ratekDa N-terminal band 3 fragment generated by chymotrypsin

constant for Ct exchangek, at 0 or 21°C as described in

Experimental Procedures. BIDS concentrations were deter-

cleavage.

mined by weight, assuming 100% purity. Data (not shown) quantum yield of BIDS in aqueous media, it was not possible

were fitted to the equation for single-site reversible inhibition,

k= k(1 + [BIDS]/ICsq), wherek; is the control rate constant
and 1Gy is the concentration of BIDS that gives 50%
inhibition of the flux. The IGywas 57+ 3 nM at 0°C and
62 4+ 18 nM at room temperature. Thedfat 0°C is similar

to that for the disulfonic stilbene with the highest known
affinity for AE1, DIDS (31 nM) 65). Thus it is likely that
BIDS binds to the same high-affinity DS site.

to quantitate the amount of BIDS in various regions of SDS
polyacrylamide gels of ghosts from BIDS-labeled cells.
When visualized under UV light (Figure 3), only a single
faint fluorescent band could be detected in a position
corresponding to band 3; after chymotrypsin treatment of
intact cells, this label was found in the position of the 60
kDa fragment of band 3. These data indicate that no other
single membrane component is labeled by BIDS to the same

Because there was very little effect of temperature on the extent as AE1, but they do not provide quantitative data to

ICs0, at 37°C the IGyq is probably also low. Thus it is not

rule out the possibility that a large fraction of the BIDS,

necessary to use high BIDS concentrations for the reactionperhaps even more than the amount bound to AE1, could
(although for complete labeling of band 3 at the high be distributed among a number of membrane proteins.

hematocrits used in most experiments, it is obviously

Because of the very high affinity of BIDS as an inhibitor

necessary to have more BIDS present than AE1 molecules).of CI~ exchange, it is possible to determine the maximum

As expected for an affinity-labeling mechanism, in which a
high-affinity reversible binding precedes the covalent reac-

tion, at 37°C 70 uM BIDS inhibited CI- exchange to the
same extent as did 2QoM BIDS (data not shown).
Specificity and Stoichiometry of BIDS Labelifk@gr BIDS

to provide reliable information about the structure of AE1,
it is necessary that the BIDS labeling be as specific for AE1
as possible, that is, that most or all of the BIDS molecules
be bound to AE1. We first examined labeling specificity by

reacting intact red blood cells with 29# BIDS for 1 h at

number of BIDS molecules that are interacting with red blood
cells by exposing cells to different amounts of BIDS and
measuring the inhibition of Clexchange, assuming that all

of the BIDS molecules present contribute to the inhibition.
The fraction of Ct exchange remaining is plotted against
the total number of BIDS molecules added (Figure 4), and
the data are fitted to a model which assumes that transport
inhibition is a linear function of the number of BIDS bound
per band 3 molecule and that there is a finite dissociation
constant Ky) for BIDS binding (see Experimental Proce-

37 °C and then analyzing the membrane proteins from thesedures). Since binding of BIDS to all sites, whether or not

cells on SDS-polyacrylamide gels. Clexchange flux was
inhibited by over 97%, indicating that nearly all band 3

this binding produces inhibition of Clexchange, depletes
the limited supply of BIDS molecules in the solution, this

molecules had reacted with BIDS, as expected from the method gives a maximal estimate of the number of BIDS
reaction kinetics described above. Because of the very lowmolecules bound to the cell that are required to completely
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molecules of BIDS or DIDS per RBC FiGURE 5: Correlation of BIDS binding to RBC membranes and
Ficure 4: Determination of total number of BIDS and DIDS Cl~ exchange inhibition. Cells were treated with 2&/é BIDS
binding sites from the Cl exchange inhibition. Red cells were for various times at pH 8 and 3T and washed, and Ckxchange
treated with different concentrations of BIDS or DIDS and then rate constants were measured as described in Figure 2. Ghosts were
washed and loaded witRéCl~ as described in Experimental prepared from each cell sample, and the protein concentration was
Procedures. The Clexchange rate constant, expressed as percentmeasured by the BCA assay. Ghosts at a concentration of 0.6 mg/
of the control rate constant, is plotted as a function of the total mL were solubilized in 0.2% SDS in 5P8, and the optical density
number of BIDS or DIDS molecules per RBC present in the original was measured at 339 nm, using untreated ghosts at the same
reaction mixture. Data were fitted as described in Experimental concentration as a blank. The concentration of BIDS was calculated
Procedures to eq 5, based on the assumption that all BIDS or DIDSusinge = 51000 Mt cm™ for BIDS after conjugation to lysine
molecules present contribute to inhibition of Gixchange. Data  (21), and the concentration of band 3 was determined from the
for BIDS, with amounts based on weight assuming 100% purity, protein concentration, assuming that 0.25 of the protein is band 3
are shown in open circles; the best fit gives (14#0.10) x 10° with a molecular mass of 101700 DB (Bars indicate the standard
molecules/cell for 100% inhibition. With BIDS concentration deviation of two flux determinations, except for the control where
determined by the value of Rao et al. (62000 M cm™1), data three measurements were done. The solid straight line is the least

(open triangles) correspond to (0.970.06) x 10° molecules/cell. squares best fit line, weighting all of the individual data points
For comparison, the DIDS data (solid squares) give (¥:2B07) equally, with they-intercept fixed at zero and a slope of 0.29
x 106 sites/cell. 0.03, corresponding to 1.27 10° sites/cell for complete inhibition.

inhibit CI- exchange. This can be compared with the To further examine the selectivity of BIDS for band 3
corresponding value for the highest potency disulfonic under our conditions, we labeled intact red cells with 28.6

stilbene inhibitor, DIDS, to see if BIDS has additional uM BI.DS for various times and plotted the irre.versible
binding sites as compared with DIDS. inhibition of CI~ exchange, measured after washing away

] ) o free BIDS with medium containing albumin, against the
The results of this experiment are shown in Figure 4. For ;5 mount of BIDS bound to membranes from the labeled
BIDS (open circles and triangles), as for DIDS (solid

Ji : cells, measured by optical density (Figure 5). Inhibition
squares), the Clexchange activity drops linearly as the jncreases fairly linearly with the amount of BIDS bound,
number of molecules added increases, until inhibition is ¢onsistent with the hypothesis that both the BIDS and the
nearly complete. Both data sets are fit well with a model pinding sites are homogeneous in terms of their reaction rate.
based on depletion of the added inhibitor by binding to sites The amount of BIDS binding associated with complete
on the red blood cells. In both cases, the apparent dissociationnhibition of CI- exchange is 1.2% 10° molecules per cell,
constant for binding is very low and is compatible with similar to the number of band 3 molecules per cell,
measurements of the 4for reversible inhibition of Ci reinforcing the concept that most of the bound BIDS is linked
exchange, although the precise value is poorly determinedtp pand 3.
by this type of experiment. Even if we assume that the BIDS  Energy Transfer in Inside-Out Vesicléontrol or BIDS-
is 100% pure and contains no inert material (open circles), treated cells were lysed, and ghosts were prepared as
the number of binding sites for BIDS is only 40% higher described in Experimental Procedures. A portion of each
than for DIDS (solid squares). If we adjust the concentration ghost preparation was then treated with @ FM. KI-
of BIDS by using the extinction coefficient of Rao et al. stripped inside-out vesicles (KIOV’s) were prepared from
(21) for BIDS (e = 62000 Mt cm™?), there would be slightly  each ghost sample, and some of these were solubilized in
fewer sites for BIDS (open triangles) than DIDS. Since DIDS SDS and electrophoresed on polyacrylamide gels. Figure 6
is known to bind very selectively to band 3, this result shows that more of the FM label was located in band 3 than
provides evidence that the great majority of BIDS is also in any other membrane protein in the KIOV’s and that after
bound to band 3 and that there is not a large population of trypsin cleavage most of this label was found in water-soluble
nonspecific binding sites. fragments of about 20 kDa, as expected if FM labels Cys-
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Ficure 7: Comparison of BIDS fluorescence decay in KIOV’s

. . . : without or with FM labeling. Cells were labeled with BIDS as
FIGURE 6: Polyacrylamide gel electrophoresis of KIOV's from FM-  gescribed in Figure 6. A portion of the ghosts from these cells was
labeled ghosts. Ghosts and KIOV's were prepared, solubilized in |apeled with 5Q:M FM at 0°C, as described in Figure 6, and then
SDS, and electrophoresed as described in Experimental Procedureg|ov’s were prepared from both BIDS-labeled and BIOBM-
and Figure 3. Panels-AD show proteins from ghosts that were  |apeled ghosts. Single photon counting fluorescence lifetime
labeled with 5q:M FM for 30 min at 0°C in 5P8CI, as described  measurements were performed using a picosecond laser apparatus,

in Experimental Procedures; panels are similar, except that 45 gescribed in Experimental Procedures. For each of these samples,
the ghosts were prepared from cells that were treated with®7 e numper of BIDS fluorescence events is plotted against time in
BIDS for 60 min at 66% hematocrit, 37C, in 150 KH, pH 8, nanoseconds. The width of the excitation pulse, including detector
resulting in 97.7% inhibition of Cl exchange. Qels were scqnned response (instrument response function, IRF; not shown)68s

for FM fluorescence on a fluorimager, as described in Experimental ps (fwhm). For these records, the excitation peak occurred at 1.097
Procedures. (A, E) Control; the major labeled band corresponds o5 op thex-axis. The data for BIDS-labeled cells are shown as red
the position of band 3 in CB-stained gels (not shown). All other . »s ‘together with a red line representing the best fit of the data to
lanes show ghosts that had been treated witlg/nL trypsin at 5 three-exponential functiond = 1.06), with values of 0.104,
approximately 1 mg/mL ghost protein for 5 min atG. (B, F) 0.410, and 0.714 ns. These values are too close to be resolved
Total ghosts. (C, G) Supernat_ant af_ter centrifugation (concentrated accurately, so the lifetime was expressed in terms of the mgean
1.5x). (D, H) Pellet after centrifugation (concentrated t)5After 7, which was 0.422 ns. A two-exponential fit had a higjp¢1.34),

trypsinization, most of the FM fluorescence is found in a low \ith 7 values of 0.193 and 0.537 ns, giving a very simii€0.425
molecular mass water-soluble fragment, 20 kDa, which probably gy The data for BIDSFM KIOV's, indicated by greent’s,

represents the C-terminal subdomain of the cytoplasmic N-terminal g nerimpose nearly perfectly on the data for BIDS alone, indicating
domain of band 36) and which contains Cys-201, the probable hat there is very little change in the BIDS lifetime because of

labeling site, as well as Cys-317. energy transfer to the FM acceptor. The individualalues were
0.092, 0.416, and 0.738 ns, and theas 0.418 ns.
201 or Cys-317 in the cytoplasmic domain of bands8, (
57). Cys-201 is the probable labeling site, because there isof BIDS might reflect either intrinsic characteristics of the
evidence that it is more reactive with SH reagents than Cys- BIDS molecule, such as rotational isomers, or heterogeneity
317 (7). Quantitation of the FM label in the KIOV's by in the environment around different populations of BIDS
spectrophotometry indicated that total FM labeling was molecules in BIDS-labeled red cells. When BIDS was
12.5-13 nmol/mg of ghost protein and that, based on the conjugated to lysine and suspended in acetonitrile (to provide
fraction of FM fluorescence in band 3, there were 6:98 a less polar environment, where BIDS decay rate would be
1.02 mol of FM/mol of band 3. This result is like that less rapid than in water and more similar to that in labeled
obtained by Thevenin et al2) under similar conditions.  membranes), the data (not shown) also were best fit with
Thus, as expected if only one SH group (Cys-201) reacts three exponentialgt = 1.08 compared with 3.68 for two-
with FM, on average one cytoplasmic SH per band 3 exponential fit). Thus it seems likely that the complexity in

monomer is labeled by FM under these conditions. the BIDS fluorescence decay represents an intrinsic charac-
Figure 7 shows typical fluorescence decay data for KIOV's teristic of BIDS. Multiple lifetimes have also been observed
from BIDS-labeled cells (points indicated by red's). for tryptophan §8) as well as for single molecule fluores-

Surprisingly, the fluorescence decay data fit very poorly to cence $9), where there is no possibility of heterogeneity in
a single exponential decay function. Least squares best fitslabeling sites.

to a three-exponential function gayé values that were Figure 7 also shows fluorescence decay data for KIOV’s
somewhat smaller (e.g., ranging from 0.83 to 1.59 with mean from BIDS-labeled cells which had been made into ghosts
of 1.20 for the data in Table 1) than those obtained for fits and then labeled with 5&M FM before KIOV’s were

to a two-exponential functionyf values ranging from 1.01  prepared (points indicated by greetis). The data super-

to 2.37 with a mean of 1.71). Attempts to fit to a four- impose nearly perfectly over those without FM labeling (red
exponential function did not converge. The adequacy of a x's). This becomes even clearer from the residual plots in
three-exponential fit (shown by the solid red line in Figure Figure 8, where the green line shows the weighted residuals
7) is demonstrated by the fact that plots of the weighted for the difference between the data for ghosts labeled with
residuals (expressed as a fraction of expected SD) did notBIDS alone compared to the decay curve calculated from
show a systematic deviation with increasing time (e.g., red data for BIDS-FM-labeled ghosts (scaled to give matching
line in Figure 8) and most of the residuals were less than 2 peak intensities), while the red line shows the comparison
times the expected SD. The three-exponential decay behavioof the data for BIDS-FM ghosts to the fitted BIDSFM
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Table 1: Energy Transfer Efficiency for BIDS-M;-Labeled AE1 in Ghosts or KIOV3s

BID BIDS + FM

BIDS 2-exp 3-exp EM 2-exp 3-exp E (%)
expt label Va 7 Vi 7 label Va 7 Va 7 2-exp 3-exp
1 A 1.95 0.394 1.13 0.395 T 1.68 0.401 1.13 0.395 -1.8 0.0
2 B 1.34-1.66 0.420+0.008 1.06-1.11 0.419+-0.007 T 1.351.41 0.4174+0.005 1.041.24 0.415£0.005 0.8 1.0
3 E60 2.37 0.393 1.59 0.399 T 2:32.94 0.375£0.004 1.67#1.84 0.392£0.001 4.7 19
4a E10 2.17#2.17 0.288t 0.002 1.44-1.47 0.30Cf 0.005 R 2.62-2.84 0.276:0.011 1.571.76 0.288:0.017 4.2 4.2
4ab T 241 0.282 1.58 0.294 21 20
4c E60 2.02 0.297 1.48 0.292 R2 1.89 0.296 1.49 0.298 831
4d R 2.04 0.269 1.45 0.268 94 8.2
4e C 1.94 0.310 1.34 0.307 R1.5 2.03 0.300 1.53 0.298 32 29
4f T 193 0.299 151 0.297 35 33
5a D 1.01 0.279 0.83 0.277 T 1.02 0.271 0.83 0.268 29 3.2
5b D 116 0.255 0.95 0.252 T 1.14 0.248 0.91 0.246 27 24
5c D* 1.10 0.283 0.89 0.277 T 1.05 0.271 0.91 0.268 42 3.2
mean 0.324 0.324 0.309 0.311 30 25
SEM 0.020 0.021 0.016 0.016 0.8 0.7
N 9 9 12 12 12 12

aBIDS labeling conditions: A, 4Q«M BIDS, 44% hct, 37°C, 30 min; B, 297uM BIDS, 44% hct, 37°C, 60 min; C, 200uM BIDS,
44% hct, 37°C, 1.5 h; D, 24uM BIDS, 25% hct, 37°C, 30 min; D, 53 uM BIDS, 25% hct, 37°C, 1.5 h; D*, cells were preincubated with
400uM DNDS before labeling as in D; E, the method of Rao et 21) (with 60 or 10 min reaction time at 37C, 205uM BIDS, 44% hct. FM
labeling conditions: T, the method of Thevenin et @2)((50 uM FM, 0 °C, 30 min); R, the method of Rao et a21) (1 mM FM, 37°C, 1 h),
R1.5 and R2 indicate labeling for 1.5 or 2 h, respectively. Errors, when shown, represent SEM of two or three replicates. KIOV’s were used in
experiment 2.

by less than a factor of 10. In cases such as this, because of

4 BIDS data versus BIDS-FM fit the mathematical difficulties in fitting multiple exponential
BIDS-FM data versus BIDS-FM fit

functions, the individuak values are not very well deter-
mined. Because there is no evidence to indicate that the
varioust values represent distinct populations of BIDS, the
best measure of the time dependence of BIDS fluorescence
is given by the average lifetimé, defined as described in
Experimental Procedured). The average of three values
of 7 determined from three-exponential fits to data for
KIOV’'s from BIDS-labeled cells was 0.41% 0.007 ns.
When the ghosts from the BIDS-labeled cells were treated
with FM, the corresponding mean of three determinations
1 of Twas 0.415t 0.005 ns, giving a calculated energy transfer
time (ns) of 1.0%. Data with two-exponential fits gave simitavalues,
Ficure 8: Residual plot of BIDS fluorescence decay. Deviations With energy transfer of 0.8%.
of the data from the best fit are expressed as weighted residuals (p These results are very different from those expected on
121 of ref48—actual value minus value calculated from best fit the basis of the energy transfer data presented by Rao et al.
divided by the square root of the calculated number of counts (21). From their energy transfer values of -467%, one
(expected standard deviation, SEgnd are plotted as a function o ,
of time. The red line shows the residuals for the fit of a three- would expect the BIDS I'f,et'me for the FM-treatgd KIOV's
exponential function to the data for BIB$M KIOV's shown in to be only 53-54% of the lifetime for the KIOV’s with BIDS
Figure 7. The green line represents the residuals calculated by usingalone, a difference that would easily be resolved with the
the data points for KIOV's from cells labeled with BIDS alone present instrumentation. The data in Figure 7 thus indicate

(red x’s in Figure 7), together with the best fit three-exponential ; ;
function for the BIDS-FM data. (The BIDS data were scaled by that the BIDS and FM labeling sites are much farther apart

a factor of 0.972, determined from the ratio of data for BIDS and than indicated by the earlier data1j.
BIDS—FM for the first 0.19 ns, to correct for the slightly higher Energy Transfer in Ghosts Using Various Labeling Condi-
peak fluorescence values for the BIDS data set.) These residualgions. Because our results differed so strikingly from those
?Or ewcgié?]etﬁ:r?fnr;?c?nmwss %?etgo_?%ifsorge V\‘;"eC”tU:é ?AE‘?&?% + o Of Rao et al. 21), and because their experiments were done
significant trend in the residuals with tirine, demonstrates that there with !’ed cell ghosts, rathe'f th.an KIOV's, we repe_ated the
is very little difference in the decay rate of BIDS fluorescence with [abeling and fluorescence lifetime measurements in red cell
or without FM labeling. ghosts. Table 1 shows the results from a series of experiments
in which the BIDS labeling conditions were varied and the
decay curve. Note that the fit of the BIDS-alone data to the FM labeling was done either at 2, as in our experiments
BIDS—FM decay curve is nearly as good as that of the and those of Thevenin et al22), or at 1 mM as in the
BIDS—FM data, and there is no systematic deviation as a experiments of Rao et al2{). Figure 9 shows the FM
function of time, as would be expected if the two data sets fluorescence in SDSpolyacrylamide gels of the FM-labeled
had different fluorescence decay rates. ghosts. As expected, because the ghosts contain much larger
Although a three-exponential function provided the best quantities of peripheral proteins, such as spectrin, attached
fit to the data, the lifetimes of the three components differed to the inner surface of the membrane, the FM labeling in

weighted residuals
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Ficure 10: Labeling of intact red blood cells with BIDS and
external FM (FM). Cells were labeled with 212M BIDS and/or

with 1 mM FM as described in Experimental Procedures. After
being washed to remove free FM, the cells were either made into
ghosts or cleaved by chymotrypsin and then made into ghosts.
Ghosts were solubilized in SDS and electrophoresed in 12% (A,
B) or 9% (C, D) polyacrylamide gels, and fluorescence was imaged
as described in Experimental Procedures. Lanes: A, ghosts from
FM-labeled, BIDS-blocked cells; B, no BIDS treatment; C, ghosts

from FM-labeled cells; lane D, the external chymotryptic cleavage
A A product of (C).

FiGURe9: Polyacrylamide gel electrophoresis of FM-labeled ghosts. Pinding to AE1 (D*), and thus reveal any effects of
Cells were divided into two portions, one of which was treated nonspecific labeling by BIDS, the results were similar. The

with 205uM BIDS at 44% hematocrit, 37C, pH 8, for 10 min average energy transfer from the three-exponential data was

(lanes A and B) and the other of which was treated for 60 min 0 — _ ;
(lanes C and D). The former treatment gave 60% inhibition of anion 2.5+ 0.7% (SEM,N = 12) and for the two-exponential

exchange, while the latter caused 97% inhibition. Ghosts were data was 3.0t 0.8%. The highest energy transfer values
prepared and labeled with FM, either 1 mM at 37, pH 7.4, for were found when the methods of Rao et al. were used to
60 min in 5P7.4 (lanes A and C) or 50 at 0 °C, pH 8, for 30 label with BIDS and FM, perhaps because the higher
min (lanes B and D) in 5P8 supplemented with 135 mM NaCl and concentrations, times, and temperatures used could have

0.1 mM EDTA (5P8CI). In the latter condition, 0.2 mM dithio- - L -
threitol was add(ed at t)he end of the reaction time to quench the caused labeling of additional sites, but energy transfer values

reaction. Ghosts were solubilized in SDS and electrophoresed on@S high as those reported earlier were never observed. If only
12% polyacrylamide gels, and fluorescence was visualized on athe three-exponential data with°@ 50 uM FM labeling

fluorimager, as described in Experimental Procedures. In each caseyvere used, which should have the best labeling specificity

the major FMT'a.tl’e'ed br?nﬂ_cgrresaplonded to band 3. The labeling gng which exhibited the begt values, the energy transfer
pattern was similar at the high and low FM concentration, except percentage was 22 0.4%.

that additional labeling of bands other than band 3, particularly
band 4.1, was seen at the higher FM concentration (lanes A and Contributions of External FM Labeling to Fluorescence
©). Energy Transfer.A possible explanation for the higher
ghosts is much less specific for band 3 than it is when energy transfer seen in some experiments where we used
KIOV’s are prepared (compare with Figure 6), and this is the labeling methods of Rao et al. could be that there is an
particularly true at the higher FM concentrations (lanes A additional FM labeling site at Lys-430, an externally acces-
and C). The total FM labeling rose from 13.1 to 15.5 nmol/ sible site that is labeled by eosin-5-maleimide (EMID)(
mg of protein with 5Q«M FM to 29—30 nmol/mg of protein Indeed, Bicknese et al4{) have shown that, at 1 mM, FM
with 1 mM FM; the corresponding labeling in the band 3 does label a site in intact red cells which is probably Lys-
region of gels was 2:44.8 and 11.8-12 mol/mol of band 430. Macara and Cantle@) showed that if red blood cells
3, respectively. For comparison, Rao et all)(reported 8.2 are labeled with substoichiometric amounts of BIDS (far less
nmol/mg of protein for ghosts (about 3.3 mol/mol of band than required to saturate the band 3 sites) and then with EM,
3) and 18-22 nmol/mg of purified band 3 (1-82.2 mol/ substantial energy transfer (x81%) is observed from BIDS
mol of band 3). FM labeling under our reaction conditions to EM, so itis likely that BIDS might transfer some energy
was at least as large as in the experiments of Rao et al., sdo FM located at this site. When we labeled intact red cells
any lack of energy transfer in our experiments could not with FM under the conditions of Rao et al. and visualized
be ascribed to a failure of the acceptor (FM) to react with the labeled proteins by SBSPAGE, there was substantial
band 3. labeling of band 3 and of the 60K chymotryptic fragment of
Table 1 shows the average lifetimes calculated from two- band 3 (Figure 10, lanes-HD), demonstrating that external
or three-exponential fits to the data for ghosts or KIOV's FM can label a site in the 60K segment, probably Lys-430,
(experiment 2). In all cases tievalues without or with FM under the conditions of Rao et al. Pretreatment with BIDS
treatment were very similar, indicating ttatvas very small, prevented this labeling (lane A), demonstrating that FM at
regardless of the method used to label with BIDS or FM. Lys-430 could not serve as antramolecular acceptor for
Even when DNDS was used to reduce the amount of BIDS energy transfer from BIDS. Because the extent of BIDS
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labeling of AE1 was probably over 80% in the experiments 1.5x10°
of Rao et al., few sites would be available for external FM
labeling, so the contribution of this additional acceptor is
probably insufficient to explain the larger energy transfer
they observed.

A

1.2x10%F

Determination of the Critical Transfer Distancego.R o g 9.0x10°
check the value oR, given by Rao et al., we measured the g
quantum yield of BIDS in ghosts from BIDS-labeled cells, § s.0x10t |
as described in Experimental Procedures, and obtained a =a

quantum yield of 0.088, somewhat lower than their value of
0.16. To determine the overlap integrdlwe multiplied the 3.0x10%
normalized fluorescence of BIDS-labeled ghosts by the
extinction coefficient for FM-labeled ghosts over the same
part of the spectrum, using 1 nm intervals. Assumifig=

2[5 (45, 46), the value for random orientation of donor and
acceptor dipoles, and taking the refractive index as 1.34, we
obtained arR, value 60) of 36.04 A, slightly higher than B
the value of 34.6 A reported by Rao et a&1). 8.0x10 -

Steady-State Fluorescence Measuremertie. measure-
ments R1) of energy transfer in red cell ghosts by Rao et
al. were done by steady-state donor quenching or sensitized 6.0x10%
emission of the acceptor, whereas we measured donor
fluorescence decay. To see whether the difference in methods
might account for the different results, we performed steady-
state fluorescence measurements on ghosts from cells labeled
with external BIDS, with internal FM, or with both external 2.0x10%
BIDS and internal FM.

Figure 11A shows the emission spectra for these three
types of ghosts, with excitation at 334 nm, near the maximum
for BIDS. In all cases, the spectra for control ghosts have ; - ; -

. .. . 350 400 450 500 550
been subtracted. The dotted line [visible only at the right, wavelength (nrm)
superimposes over the dastiot (uppermos) line at the left] Ficure 11: Fluorescence emission spectra of ghosts from FM,
shows the spectrum for BIDS-labeled ghosts, which have B|pS, and FM+ BIDS-labeled cells with excitation at 334 nm
the expected emission peak around 425 nm. In comparison(A) or 350 nm (B). Cells at 25% hct in 150KH, pH 8, were labeled
the ghosts with both BIDS and FM labeling (solid line) show With 21.2uM BIDS for 60 min. Ghosts were prepared in 5P8, and

some decrease in fluorescence around 425 nm and a ver)égn;ﬁwofzmetfi ?nr:ﬁ;zt%?] "‘é?”o"f}é Cf%?tl;;)(; %L]%Stjswgégclggeeée?nw'th

large peak around 520 nm, where fluorescein emission is gyperimental Procedures. The ghosts were suspended at 0.2 mg/
expected. In this and other measurements, including anmL, and corrected emission spectra were measured. All spectra have
experiment with KIOV's, the apparent quenching around 425 the spectrum for unlabeled ghosts subtracted. Key: solid line,

nm was always<8%. Even this minor quenching, however, BIDS—FM labeled; dashed line, FM labeled; dotted line, BIDS
is nearly entirely accounted for by the additional optical ::gg:gg;gdhefzgm line, sum of curves for FM-labeled and BIDS-
density at the excitation and emission wavelengths resulting '
from FM treatment, reducing the value Bfcalculated from essentially no background correction and the error in the
all donor quenching experiments t3%. The dashed line  [sensitized emission] measurement was less than 10%.” To
(visible only at the left, superimposes over the solid line at see whether this may have been true with excitation at 350
the right) shows the spectrum for ghosts labeled only with nm, even though it was clearly not so with 334 nm excitation,
FM. From this it is apparent that the entire increase in we repeated the experiments at 350 nm (Figure 11B). This
fluorescence around 520 nm is actually due to direct indeed reduced the contribution of direct FM excitation to
excitation of the acceptor (FM). The sum of the emission the apparent sensitized emission peak, but as in Figure 11A,
for ghosts labeled separately with either FM or BIDS (dash the sum of the BIDS and FM emissions at 520 nm was
dot line) in the 508-560 nm region is indistinguishable from  approximately equal to that observed for the doubly labeled
that for the ghosts labeled with both BIDS and FM. Similar ghosts, providing no evidence for significant sensitized
results (not shown) were obtained with KIOV’s. Thus, there emission.
is no evidence for significant sensitized emission or donor It seems very likely that a similar problem may have
quenching resulting from energy transfer. affected the measurements of Rao et al., because their FM
Although the excitation wavelength for the energy transfer labeling stoichiometry (8.2 nmol/mg of protein) was not
experiments is not stated in Table 2 of Rao et al., where themuch smaller than ours (13.3 nmol/mg). Besides the very
energy transfer data are presented, it appears from othetarge FM background, there is an additional contribution to
experiments described in the paper that 350 nm may havethe fluorescence at 520 nm due to the small but significant
been used. On p 4509 of their paper, Rao et al. state: “Sincefluorescence of BIDS-labeled ghosts at this wavelength
the excitation peaks and the emission peaks of this donor (dotted lines in Figure 11). In Figure 2C of their paper, Rao
acceptor pair (BIDS and FM) are well separated, there was et al. also report considerable BIDS fluorescence at 520 nm.

350 400 450 500 550
wavelength (nm)

4.0x10%F

fluorescence

0.0
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In view of these observations, it is difficult to understand probable value would place the BIDS site near the center of
how they could measure sensitized emission with essentiallythe bilayer. Even the extreme limits, which have a very low
no background corrections. Had we ignored the backgroundprobability and are based on a model with more restricted
corrections, we would have thought that there was very large motion than was observed for FM (38emiangle cone rather
energy transfer from BIDS to FM, like that which they than 44), demonstrate that BIDS must be at fe@d\ from
reported. Thus, our data suggest a reasonable explanatiothe inner surface of the membrane.
for their energy transfer values measured by sensitized Comparison with Preious Data.Our data, like those of
emission. Thevenin et al. Z2), were obtained entirely with ghosts or
Our steady-state data, however, provide no clear explana-KIOV’s, where the band 3 conformation is unlikely to be
tion for the observation of Rao et al. of similar energy transfer greatly altered from that in intact red blood cells. In contrast,
by donor quenching. If no corrections were made for the most of the data reported by Rao et &1, including all of
inner filter effect, our data would indicate some donor the data with doneracceptor pairs other than BIDFM,
guenching, but not the amount that would giveEanalue were obtained with purified band 3 solubilized in Triton
of 46% as they reported. Also, they report using triangular X-100, where the possibity of changes in the protein structure
cuvettes, which should reduce inner filter effects. The is more likely. The only data in ghosts reported by Rao et
explanation of their donor quenching observations thus al. are two measurements with BIB&EM, one by donor
remains a mystery, but it is clear that we cannot replicate quenching and the other by stimulated emission, and the latter
their observations. Our steady-state measurements giveprobably overestimate because of failure to correct for
results consistent with the fluorescence decay observationsbackground fluorescence, as described above. The fact that
namely, very little energy transfer from BIDS to FM at the these two measurements agreed well with a single stimulated

inner SH sites. emission measurement with BIB&M in purified band 3,
as well as with a donor quenching and lifetime measurement
DISCUSSION for BIDS with NBD (4-nitrobenz-2-oxa-1,3-diazole) used as

Estimate of Distance between Cys-201 and the BIDS Site.acceptor, was taken as evidence that the band 3 structure
From eq 10 and the mean energy transfer percent determineavas unaltered in the purified, detergent-solubilized band 3.
from all of the three-exponential data fits in Table 1, the In view of the questions raised about the steady-state
BIDS—FM distance is 63.6 A using the value of 34.6 A for experiments in ghosts, this evidence is weak at best. Although
Ro (21) or 66.3 A using our value of 36.0 A fd%. Addition the disulfonic stilbene site seems to retain its high affinity
of 1 SE to theE values gives distances of 61 and 63.5 A, in suitable nonionic detergent43), recent crystallographic
respectively. The value of 3% energy transfer from the evidence combined with earlier cross-linking data indicates
steady-state data gives distances of 61.8 and 64.3 A. If wethat the cytoplasmic domain of band 3 can undergo confor-
take 40 A as the distance between FM bound to Cys-201 mational changes that result in considerable displacements
and the lipid headgroups at the cytoplasmic side of the of Cys-201 and Cys-3176R, 63). This possibility is
membrane bilayerg(l), then these data would place BIDS supported by data demonstrating pH-dependent changes in
21.8-26.3 A from the cytoplasmic surface of the membrane, segmental motional freedom of parts of the band 3 cyto-
that is, somewhere near the middle of the lipid bilayer (see plasmic domain§6). Thus, it seems likely that conforma-
magenta rectangles in Figure 1), assuming a membranetional changes in detergent may have contributed to the
thickness of about 45 A2(l). Because the mean energy energy transfer observed by Rao et al. in purified band 3.
transfer is so small, and because little or no energy transfer Rao et al. determined the fluorescence lifetime of BIDS
was seen under the most specific labeling conditions by a modulation technique using frequencies of 30 and 18
(KIOV’s, Figure 7), the possibility that BIDS is located MHz, and a single lifetime of 0.81 ns is reported, probably
farther toward the external side of the membrane cannot befrom data with purified band 3. In contrast, our BIDS decay
excluded. data required a three-exponential fit and gave a much shorter

This distance estimate is based on the assumptioncthat average lifetime, with & value of 0.32+ 0.02 ns (Table 1).
= 2?/3, which strictly only applies to the case where donor Rao et al. state that “99% of the BIDS fluorescence intensity
and acceptor transition dipoles are randomly orien#s (  exhibited a single-exponential decay”, but the apparent basis
46). Although depolarization data indicate that BIDS is for this statement is agreement between the lifetimes as
probably rigidly fixed in the band 3 structur@l), FM at determined by phase shift) and by demodulationzf,).
the cytoplasmic cysteine site exhibits two components of Even at the highest frequency used, however, the phase shift
fluorescence depolarizatioB8). The more rapid component, corresponding to 0.81 ns would only be 8.@nd the
with 7 < 150 ps, exhibits residual anisotropy that can be demodulation (decrease in intensity of the fluctuating signal)
modeled as corresponding to random motion within a cone would be only 1.2%%0), that is, a decrease from 100% to
of 44° semiangle 22, 56). Hillel and Wu 61) performed 98.8%. The possibility of inaccuracy in the latter value casts
Monte Carlo calculations of the effect of uncertaintyxh doubt on the evidence for a monoexponential decay.
on the donoracceptor distance, for the case where one As mentioned above, our steady-state measurements
transition moment is fixed and the other is free to reorient indicate that failure to correct for the background fluores-
on the surface of a cone of 35emiangle. Based on a value cence of FM might explain the higk value obtained by
of 3.0% forE, with Ry = 36.0, the peak of the probability Rao et al. from sensitized emission. The reason for their
density is located at 62.5 A, with a lower limit of 49 A and observation of 46% donor quenching is not clear, although
an upper limit of 80.4 A. If the membrane thickness is taken both our lifetime and donor fluorescence data indicate far
as 45 A, and 40 A is subtracted for the distance from the less quenching<3%. Besides the two measurements in
FM site to the inner surface of the membra@g)( the most ghosts, Rao et al. provide 12 other measurements iof
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detergent-solubilized, purified band 3, with BIDS and FM
or other donot-acceptor pairs, which agree fairly well with

Biochemistry, Vol. 43, No. 38, 200411929

conformation on the affinities of various inhibitor4(). On
the basis of the high-resolution crystal structure of a bacterial

their results for ghosts. In all of these cases, however, either(Escherichia coli anion exchanger, GIpT, a “rocker switch”

the donor or acceptor labels more than one site on band 3,

and in many cases the valuesfre <0.2. This, together
with the possibility of changes in band 3 structure upon
detergent solublization, casts doubt on the degree to which
these data corroborate the results in ghosts.

Implications of a Longer Distance between BIDS and the
FM-Labeled Cytoplasmic SKDur data, unlike those of Rao
et al., do not constrain the disulfonic stilbene (BIDS) site to
be located near the cytoplasmic side of the membrane.
Instead, the site is probably located near the middle or even
in the external half of the membrane (shown by solid magenta
rectangles in Figure 1).

Such a location would be more compatible with evidence
that the disulfonic stilbene ®IDS can react with Lys-539
and Lys-851 23), both of which are thought to lie near the
external side of the membrané, @4, 25, 28, 29). It would
also fit with NMR evidence that reaction of Glu-681 with
Woodward’s reagent K, a carboxylic acid reagent that forms

mechanism has been propos&d)( in which an aqueous
cavity inside the protein, containing an anion binding site
composed of positively charged arginines, becomes alter-
nately accessible to the cytoplasmic or periplasmic side of
theE. colimembrane. The access of the inner cavity to one
side or the other is controlled by two gates, located over 20
A apart, that open and close by random thermal oscillations
between different protein conformational states and that are
structured so that one gate closes when the other is opened.
Another recent crystal structure of the mitochondrial ATP
ADP exchanger suggests a similar gated cavity mechanism
(32). Our evidence for separation of the BIDS and Glu-681
sites would be compatible with such a mechanism, although
other mechanisms, such as rotation of transmembrane helices
(73, 74), that cause coordinated changes in structure at
various distances from the cytoplasmic membrane surface,
cannot be ruled out. Further examination of these proposed
large-scale conformational changes during the transport cycle

a large, negatively charged adduct, does not prevent externain AE1, by means of FRET and other techniques, should

DIDS binding 64). On the basis of substituted cysteine
accessibility measurements, Glu-681 is probably located in
an a-helix three amino acids from the cytoplasmic side of
the apolar portion of the bilaye6%), which would place it
about 5-7 A from the inner surface of the membrane (orange
circles in Figure 1). If the disulfonic stilbene site were also

provide more detailed information on the molecular mech-
anism that transports ions in this and other coupled transport
systems.
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The fact that Glu-681 may patrticipate in gating of protons
across the band 3 permeability barrier during band 3-medi-
ated proton-sulfate transportg7—69) and that modification
of this residue affects anion selectivity(), together with
evidence that disulfonic stilbene binding is very strongly
affected by the orientation of the Clransport site (with
much higher affinity for the outward-facing formp@),
indicates that both Glu-681 and the DS site are involved in

the ion translocation process. Thus, the transport mechanism

of band 3 must involve coordinated conformational changes
in parts of the protein that are separated by about 15 A or
more, rather than a very localized conformational change in
a small region of the protein near the cytoplasmic membrane
surface, as suggested by the previous BHBF® distance
determination. Binding of DNDS, another DS, causes
changes in the accessibility to biotin maleimide of a number
of sites that are accessible from the external side of the
membrane, providing further evidence for widespread con-
formational changes in AE17(). The concept of a more
“global” conformational change during transport is supported
by the large activation volume displayed by band 3-mediated
sulfate transport42) and by the effects of transport site
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