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Binding Properties of the Stilbene Disulfonate Sites on Human Erythrocyte AE1:
Kinetic, Thermodynamic, and Solid State Deuterium NMR Anali{/ses
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ABSTRACT. A novel stilbene disulfonate, 4-trimethylammoniurnigbthiocyanostilbene-22lisulfonic acid
(TIDS), has been chemically synthesized, and the interaction of this probe with human erythrocyte anion
exchanger (AE1) was characterized. Covalent labeling of intact erythrocytes By¥qQM3)3] TIDS revealed

that specific modification of AE1 was achieved only after removal of other ligand binding sites by external
trypsinization. Following proteolysis, (1.2 0.4) x 10° TIDS binding sites per erythrocyte could be
blocked by prior treatment with 4 4liisothiocyanostilbene-22lisulfonic acid (DIDS), a highly specific
inhibitor of AE1. Inhibition of sulfate equilibrium exchange by TIDS in whole cells was described by a
Hill coefficient of 1.10+ 0.06, which reduced to 0.5% 0.01 following external trypsinization. The
negative cooperativity of TIDS binding following external trypsinization suggests that trypsin-sensitive
proteins modulate allosteric coupling between AE1 monomers. Thermodynamic analysis revealed that
TIDS binding induces smaller conformational changes in AE1 than is observed following DIDS binding.
The similar inhibitory potencies of both TIDS (¢= 0.71 £ 0.48 uM) and DIDS (IGo = 0.2 uM)

imply that there is no correlation between the ability of stilbene disulfonates to arrest anion exchange
function and the magnitude of ligand-induced conformational changes in AE1. SoliégttdR analysis

of a [N"(CD3)3]TIDS—AEL complex in both unoriented and macroscopically oriented membranes revealed
that large amplitude “wobbling” motions describe ligand dynamics. The data are consistent with a model
where TIDS bound to AE1 is located exofacially in contact with the bulk aqueous phase.

The anion exchanger (AE) superfamily is responsible for and (c) the isothiocyanate groups within a ligafE1l
chloride-bicarbonate electroneutral exchange in several complex were found to be in contact with solufi€),
types of biological membraned)( of which the human Although extensively used to study AE1 function, the
erythrocyte AE1 (band 3) is the best characterized membermechanism of stilbene disulfonate inhibition is not com-
(2). Stilbene disulfonates are a potent class of AE inhibitors pletely resolved. A direct competition model is supported
that are specific for AE1 in intact erythrocytes and have been by chloride NMR line-broadening studieklj, by work with
used to elucidate the kinetics of AE1-mediated chloride spin-labeled stilbene disulfonatel?), and by studies of the
bicarbonate exchang8)( The binding of these inhibitors to  direct binding of stilbene disulfonates to whole cellsS)(
AE1 is biphasic, where initial fast association of the ligand Conversely, both kinetic and site-directed mutagenesis
with AE1 precedes a much slower ligand-induced confor- investigations favor an allosteric model for AE1 inhibition
mational change in the proteid,(5). Fluorescence studies by stilbene disulfonates1(Q, 14). Although the spatial
indicate that the slower ligand-induced conformational location of the anion channel awaits more detailed structural
change in AE1 is concomitant with a relocation of the probes information than is available at the present time, the low-
to a rigid, hydrophobic cleft within the interior of the protein resolution structure reveals a putative central channel between
and close to the cytoplasmic membrane surfae 7j. two AE1 monomers X5). Perturbation of the monomer
However, this model is not supported by the observations monomer interface upon stilbene disulfonate binding may
that (a) ascorbate quenched a spin-labeled stilbene disultherefore provide an allosteric mechanism for inhibition.
fonate-AE1 complex only from the external surface of the Indeed, monomeric AE1 is unable to bind stilbene disul-
bilayer @), (b) the fluorescence lifetime of a stilbene fonates, suggesting that dimerization is a prerequisite for
disulfonate bound to AE1 was unaffected by labeling the stilbene disulfonate bindind.6). The negative cooperativity
protein Cytop|asmic domain with a fluorescent accem,r ( of inhibition observed for some stilbene disulfonates Supports
an allosteric model, although negative cooperativity also
seems to be a function of ionic strength, buffer composition,
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spectra of the quaternary ammonium group are sensitive toadaptation of a general method for quaternization of amines

motions about both the{Cand the G motional axes, where
the G' axis is defined as three-site exchange between the
C—D bonds of the methyl groups and theg &xis defines
three-site exchange between the methyl grodgs (f both

a static quadrupole coupling constant for an aliphatic
deuteron of 170 kHz20) and rapid rotationsg,~* > 10’ s™%)
about both motional axes are assumed, the valuAigf
may be determined according to

Avy =115 x 170(3 c08 Ocp, — 1)(3 €S Oy — 1) (1)

wherefcp is the angle between the<D bond and the €
axis andfyc similarly defines the angle between the-8
bond and the gaxis (19). For tetrahedral geometry, where
Ocp = One = 70.5, a value forAvg of 14 kHz may be
calculated. Additional fast motions further averagey,
whereas slower motions on the intermediate time saalé (

~ 10°—10° s) lead to complex line shapexlf. While protein
dynamics may be investigated with unoriented samgles,
NMR can also provide structural details for macroscopically
oriented systems2@, 23). However, purely structural infor-
mation may only be deduced after detailed characterization
of probe dynamics22).

Investigation of the interaction of chemically diverse
stilbene disulfonates with AE1 begins to define the chemical
nature of the inhibitor site 1), as well as providing
information about the mechanisms responsible for inhibition
of AE1 function by these compound24). In this study,
solid stateeH NMR analysis of AE1 specifically labeled with
a deuterated stilbene disulfonate, together with both kinetic

(26). 4-Acetamido-4aminostilbene-2,2disulfonic acid (4.56

g, 10 mmol), 1,2,2,6,6-pentamethylpiperidine (3.1 g, 20
mmol), and methyl iodide (3.9 g, 30 mmol) were suspended
in N,N-dimethylformamide (25 mL). After the mixture had
been stirred overnight at room temperature in the dark, 6%
N,N-dimethylformamide in acetone (340 mL) was added and
the mixture refluxed (30 min). The remaining solid was
washed with ice-cold methanol and crystallized from hot
H.O/methanol (1.96 g, 40%). Thé‘C-methylated and
deuterated analogues were synthesized using the same
protocol by substitution of methyl iodide fot“C]methyl
iodide and fHs]Jmethyl iodide, respectively. Deprotection of
the amino group was achieved by refluxing 4-trimethylam-
monium-4-acetamidostilbene-22lisulfonic acid (2 g, 4
mmol) overnightn 1 M HCI (100 mL). Upon cooling, the
mixture was evaporated to dryness and the pure product
crystallized from water (1.6 g, 80%). Conversion of the
amine to an isothiocyanate (1.1 g, 80%) was achieved as
previously described26). The identity of the product was
confirmed by both negative electrospray mass spectroscopy
and solution NMR.

Characterization of }*C]TIDS Binding to Whole Eryth-
rocytes Labeling of whole erythrocytes with4C]TIDS was
performed on fresh blood7y). In a typical experiment, 10
mL of blood was pelleted (10@0for 5 min at 4°C), the
buff coat removed, and the sediment washed twice with
phosphate buffer [155 mM phosphate (pH 9.5)]. Labeling
was performed by incubation of the resuspended cells (2 h
at 37 °C with 50% hematocrit) with'FfC]TIDS (100uM).
Unreacted radiolabeled ligand was removed by three washes

and thermodynamic analyses, provides a detailed descriptiorVith PBS containing 1% bovine serum albumin (19d6r

of the ligand-AE1 complex and insight into the mechanism
of AE1 inhibition by these compounds.

EXPERIMENTAL PROCEDURES

Materials 4-Amino-4-nitrostilbene-2,2disulfonic acid
disodium salt was purchased from TCI (Tokyo, Japafq]f
Methyl iodide was obtained from AmershamtHgMethyl
iodide and deuterium-depleted water were purchased from
Aldrich. N&**SO, was obtained from ICN Biomedicals Ltd.
DIDS was purchased from Molecular Probes. Melinex sheets
were obtained from Agar Scientific. All other chemicals were
reagent grade or better.

Synthesis of 4-Trimethylammoniurigothiocyanostil-
bene-2,2disulfonic Acid (TIDS)Starting from 4-amino-4
nitrostilbene-2,2disulfonic acid disodium salt, we performed
the synthesis of 4-acetamidé-aminostilbene-2,2disulfonic
acid as previously describe@5). Methylation of 4-aceta-
mido-4-aminostilbene-2,2disulfonic acid was achieved by

1 Abbreviations: CSA, chemical shift anisotropy; Ch39, chymotryptic
C-terminal cleavage product; Ch61, chymotryptic N-terminal cleavage
product;z., correlation timeAv,, deuterium quadrupole splitting;H
DIDS, 4,4-diisothiocyano-1,2-diphenylethane-2¢d2sulfonic acid; DIDS,
4,4 -diisothiocyanostilbene-2 2lisulfonic acid; GPA, glycophorin A,
MOPS, 3-(-morpholino)propanesulfonic acid; NIDS, 4-nitr6-4
isothiocyanostilbene-22lisulfonic acid; PBS, 155 mM phosphate (pH
7.4); PMSF, phenylmethanesulfonyl fluoride; SBS, 107 mM3@,

10 mM MOPS, and 5 mM glucose (pH 7.4); TIDS, 4-trimethylammo-
nium-4-isothiocyanostilbene-22lisulfonic acid; fHo]TIDS, 4-tri-
deuteriomethylammonium-dsothiocyanostilbene-2;2lisulfonic acid,;
Tris buffer, 10 mM NaCl, 10 mM Tris, and 0.5 mM EDTA (pH 8);
SDS, sodium dodecyl sulfate.

5 min at 4°C), followed by two washes with PBS (10§0
for 5 min at 4°C). Proteolysis of intact erythrocytes was
performed by addition of either trypsin or chymotrypsin (200
ug/mL) to a 20% hematocrit cell suspension in PEB)(
After incubation (37°C for 2 h), the cells were washed three
times in ice-cold PBS containing 2 mM PMSF and eryth-
rocyte ghosts prepared as described previouzdy. Elec-
trophoresis was performed on 10% (w/v) acrylamide slab
gels using the discontinuous buffer syste8@)( Proteins
were visualized with Coomassie blue R-250, and radioactiv-
ity was detected using Kodak Biomax film.

Stoichiometry of TIDS BindingThe concentration of
erythrocytes in fresh blood was determined by Coulter
Counter measurement. The remainder of the sample (5 mL)
was labeled with FC]TIDS (100 M, 5.00 x 10** dpm/
mol) and treated with trypsin (20@g/mL), and ghost
membranes were prepared. The sample was then split into
two equal volumes, one for determination of total inhibitor
content and the other for determination of the amount of
inhibitor associated with lipid. The first aliquot was solubi-
lized with SDS (10% w/v) and the total amount of inhibitor
bound to the membrane determined/bgcintillation spec-
troscopy. Lipid was extracted into an organic solvent as
previously described 3@), and the amount of inhibitor
associated with lipid was determined Hj¢scintillation
spectroscopy.

Inhibition StudiesFresh blood (20@L) was diluted into
SBS (10% hematocrit), incubated (3 for 30 min), and
pelleted (1009 for 5 min at 4°C), and the process was
repeated twice more to ensure complete replacement of
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sulfate for chloride. The cells were resuspended (50% and a sample spinning frequency of 5 kHz. StaticNMR
hematocrit) into a solution containing 1 part of SBS to 9 line shape simulations were performed as described previ-
parts of sucrose buffer [300 mM sucrose and 10 mM MOPS ously @35). 3'P NMR spectra were acquired with broadband
(pH 7.4)], and Ng®SQO2~ (10 uCi) was added. After  H decoupling (25 kHz) on a Bruker MSL 400 spectrometer
incubation (37C for 1 h), the cells were washed four times at a phosphorus frequency of 161 MHz, using/,.aHahn-

by centrifugation in ice-cold SBS (100§Gor 10 s). To echo pulse sequence with appropriate phase cycling. The
initiate efflux, packed cells (10@L) were added to SBS  width of the 90 pulse was Gs, and echo delay times of 30
(9.9 mL at 37°C). Aliquots were taken at suitable time us and a recycle timef® s were used with a 10 mm coil.
intervals and pelleted (100§Cor 10 s at 4°C), and the Chemical shifts were assigned relative to external 85%
supernatant was assayed f&iSO2~ by p-scintillation HsPQy. The quality of the orientation was assessed by using
spectroscopy. Further samples of the cell suspension werea line shape simulation algorithm based on previously
treated with trichloroacetic acid (50% w/v), and counted to described methods36).

derive the total internal initial radioactivity. The rate constant  Other Methods Protein concentrations were determined
k for sulfate efflux was calculated from the equatikr= by the modified Lowry method 7). Thin sections of
10g[(Crotal = C))/(Ciota — Co)l/t min~*, whereCota, Co, and  oriented membranes were prepared by fixing in buffered
Ct are the total initial counts, the count at time zero, and the osmium tetroxide, processed by standard procedures for thin
count at timet, respectively. Inhibition experiments were sectioning, and visualized using a JEOL 2000 EX electron
performed by adding TIDS at defined concentrations to SBS, microscope with an accelerator voltage of 100 keV.
prior to initiation of 3°SQ?~ efflux by addition of packed
cells. RESULTS

Calorimetric AnalysisErythrocyte ghost membranes (150 ) )
uL), obtained after labeling whole cells with TIDS and  Labeling of Intact Erythrocytes withCJTIDS. Covalent
subsequent proteolysis with external trypsin, were dispensedabeling of intact erythrocytes byC]TIDS was investigated
into Perkin-Elmer aluminum pans. The sample and referencePy Polyacrylamide gel electrophoresis (Figure 1). Panel a
pan, which contained an equivalent volume of aqueous pBS,shows the densitometric scan derived from a Coomassie
were heated from 10 to 9TC at a scan rate of &C/min in ~ Blue-stained gel of erythrocyte membranes (lane 1), and
a Perkin-Elmer DSC 7 scanning calorimeter equipped with Panél b shows the same analysis obtained from erythrocytes
an intracooler and a PC controller. Samples of ghost after treatment with external chymotrypsin prior to lysis (lane

membranes and DIDS-labeled ghost membranes were treated)- Although external chymotrypsin is known to cleav&1

with external trypsin prior to calorimetric analysis. into an N-terminal 61 kDa proteolysis product (Ch61) and a
NMR Sample PreparatiorGhost membranes, prepared C-terminal 39 kDa proteolysis product (Ch39), the smaller
from whole erythrocytes labeled witBHo] TIDS and incu- fragment was not detected by Coomassie Blue staining,

bated with external trypsin prior to lysis, were washed twice POSSibly because itis highly glycosylate28]. Panel c shows
with Tris buffer prepared in deuterium-depleted water (gp00  the density profile obtained from an autoradiogram'¢€T-

for 5 min at 4°C) and resuspended to a total protein TIDS-labeled erythrocytes (lane 3). Quantification of the
concentration of 4 mg/mL in the same buffer. Partially densitometric scan _by integration |n(_1|cated_that approxi-
oriented membrane films were prepared by depositing ghost™Mately 45% of the ligand was associated with AE1, 15%

membranes (1 mL at a total protein concentration of 4 mg/ With glycophorin A (GPA) Wu.app = 93 kDa), and the rest
mL; 9000y for 16 h at 4°C) onto Melinex plates (8 mmx with undetermined components of the erythrocyte membrane.

8 mm) by the method of isopotential spinning2(. A Proteolytic removal of these components with trypsin.y?elded
removable isopotential ultracentrifuge cell for use with the Membranes where greater than 90% of the radioactivity was
Beckman SW-28 swinging bucket rotor was constructed on associated with AE1 (panel d). The autoradiogram pattern
the basis of a previous desigs8), except that polycarbonate optamed after treatment .of‘p]jI'IDS—IabeIed erythrocytes
material (which is resistant to deformation at high rotor With external chymotrypsin indicates that Ch61 contains the
speeds) replaced Delrin. Following centrifugation, the mem- Site(S) of covalent reaction with the ligand (panel e).
brane films were partially dehydrated over a saturatedNH P reincubation of whole erythrocytes with DIDS block&€]-

SO, solution in deuterium-depleted water (18 for 12 h TIDS labeling of AE1 (data not shown).

with 81% humidity). For2H NMR experiments, these The molar stoichiometry of inhibitor binding tAE1 was
oriented membrane films (25 plates) were assembled into(1.2 £ 0.4):1, derived from three separate experiments and
parallel stacks within a 10 mm external diameter NMR tube. assuming a copy number of 1:2 10° AE1 molecules per
The level of sample hydration was maintained within the cell (38). The fraction of label associated with lipid was less
closed tube by a saturated (BESQ, solution in deuterium- than 1% of the total amount of inhibitor bound to the
depleted water. membrane.

NMR Procedures All static 2H NMR spectra were Inhibition of Sulfate Equilibrium Exchange in Intact
acquired on a Bruker MSL 400 spectrometer at a deuterium Erythrocytes by TIDSFigure 2a presents representative data
frequency of 61.5 MHz using a quadrupole-echo pulse obtained from measuring the rate of sulfate equilibrium
sequence with appropriate quadrature phase cyciig The exchange in whole erythrocytes with increasing concentra-
width of the 90 pulse was Gis, and echo delay times of 35 tions of TIDS. From such measurements, Hill plots were
us and a recycle time of 30@s were used with a 10 mm  constructed to determine the concentration of inhibitor
coil. T; measurements were recorded on a Bruker AMX 360 required for half-maximal inhibition (165) and to assess the
spectrometer using an inversierecovery pulse sequence cooperativity of ligand binding (Figure 2b). Kinetic analysis
with a 90 pulse width of 3.5us, a recycle time of 150 ms,  of erythrocytes, erythrocytes after extracellular trypsin diges-
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FIGURE 2: Representative sulfate equilibrium exchange data

obtained from whole cells in the presence of#),(1 (H), 10 (),

25 (a), 50 (v), 75 (©), 100 @), and 100Q«M (x) TIDS (a). Hill
plots derived from sulfate equilibrium exchange measurements for
TIDS binding to whole cells®), as well as TIDS binding to cells
after either external trypsinQ) or external chymotrypsiniK)
proteolysis (b). Analysis was performed on data derived from three
separate experiments.

after extracellular trypsin digestion, and erythrocytes after
extracellular chymotrypsin digestion, respectively.
Effect of TIDS Binding on the Thermal Denaturation of
AEL The effect of bound TIDS upon the thermodynamic
stability of AEL, as determined by differential scanning
) calorimetry, was compared to those of both native erythrocyte
ghost membranes and DIDS-labeled membranes (Figure 3).

209 84 44 33 All three samples were treated with external trypsin prior to
137 ghost membrane preparation to remove ligand bound to
Molecular Weight (kDa) components of the erythrocyte membrane other than AEL.

FiGURE 1: SDS (10%}-polyacrylamide gel electropherogram and The temperature at which the calorimetric C transition of
autoradiogram analysis of TIDS binding to AE1. Coomassie-stained AEL denaturation in unlabeled erythrocyte ghosts occurred
gel and densitometry profiles of ghost membrane [lane 1 and (a) was determined to be 66 1 °C (panel a). Binding of TIDS
10 ug of total protein loaded] and membrane after treatment with to erythrocyte ghosts induced a 4 1 °C rise in the

external chymotrypsin [lane 2 and (b) 40 of total protein loaded]. . ;
Autoradiograms and densitometry profiles &t(]TIDS-labeled te_mperatur_e of the C transLtlon (panel b)’ whereas "".‘t_’e"”g
ghost membranes [lane 3 and (c) A of total protein loaded], ~ With DIDS induced a 1Gt 1 °C increase in the C transition

membranes after external treatment with trypsin [lane 4 and (d) 50 temperature relative to that of the unlabeled membrane (panel
ug of total protein loaded], and membranes after external treatmentc).

with chymotrypsin [lane 5 and (e) 5@g of total protein loaded]. Evaluation of the Orientation of Erythrocyte Ghost
tion, and erythrocytes after extracellular chymotrypsin diges- Membranes by*P NMR and Thin Section Electron Micros-
tion yielded initial rates of sulfate equilibrium exchange of copy To provide a reference spectrum for comparison to

(7£2) x 1073 (64+4) x 1078 and (94 3) x 103 min™1, spectra derived from oriented membrane samples, the static
respectively. Inhibition of sulfate equilibrium exchange by powder3P NMR spectrum of a TIDS-labeled and trypsin-
TIDS was characterized by gvalues of 40+ 11, 0.71+ treated erythrocyte ghost membrane dispersion was obtained

0.48, and 3.4t 2.2 uM and Hill coefficients of 1.1Gt 0.06, (Figure 4, upper spectrum). This spectrum is diagnostic of a
0.51+ 0.01, and 0.5H 0.11 for erythrocytes, erythrocytes liquid crystalline lipid phase with a low-field shoulder;'
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Ficure 3: Differential scanning calorimetry thermograms of ghost

membranes (a), where the C-transition temperature characterizing

AE1 membrane domain denaturatiof) (vas compared to C- 180
transition temperatures obtained for both the TH?E1 complex

(b) and the DIDS-AE1 complex (c). In all samples, erythrocytes

were treated with external trypsin prior to membrane preparation. 160

kHz

FiGurRe 5: Temperature-dependent deuterium quadrupolar spectra
of crystalline PHg]TIDS. Spectra were averaged over 1024 acquisi-
tions and processed with 100 Hz line broadening.

asAo = o)/ — og, was 40.0 ppm. An additional resonance
observed at 1.5 ppm characterizes near-isotropic motions and
may originate from a non-bilayer lipid phase.

Macroscopic membrane orientation was achieved by
isopotential spinning followed by controlled partial dehydra-
tion of the sample by incubation at 81% humidity over a
saturated (NSO, solution. The statié’P NMR spectrum
at 0 ° sample inclination exhibited a large single peak at
27.6 ppm which shifted te-12.7 ppm at 99 orientation.

The CSA of this oriented sample was measured at 40.3 ppm,
close to that obtained for the powd&P NMR erythrocyte
ghost sample. Two further peaks were observed in the 0
o° spectrum. The resonance-at2.7 ppm, which characterizes
unoriented material, represented 10% of the total phosphorus
signal. The other resonance at 2.6 ppm accounted for 3% of
the total phospholipid. Oriented membrane samples examined
by thin section electron microscopy indicated that extensive
alignment of ghost membrane is rarely interrupted by
unoriented fragments, confirming the stati® NMR mea-

a0° surements (Figure 4, inset).

Static’H NMR Spectra of SolicPHo]TIDS. The polycrys-
talline powderPH NMR spectrum of the deuterated stilbene
¥ X J T J ' ! . disulfonate was recorded as a function of temperature to
100 50 I d 1 o -1uo provide reference spectra with which tfé NMR spectral
e line shapes of inhibitor bound to AE1 in erythrocyte ghost
FIGURE 4: *IP static NMR spectra recorded at ambient temperature mempranes could be compared (Figure 5). At 330 K, an

of fully hydrated unoriented ghost membranes (upper spectrum) _ . : ; ;
and macroscopically aligned membranes with the external magneticaxIally symmetric powder pattern is characterized byig

field either parallel (middle Ospectrum) or perpendicular (lower ~ Of 3.7 & 1.0 kHz. Reducing the temperature to 260 K
90° spectrum) to the membrane normal. Thin section electron increased the measured quadrupolar splittig,(= 8.5 +
micrograph of aligned membranes, sectioned perpendicular to the1.0 kHz), indicating a reduction in motional averaging of
plane of the membrane (inset). The bar represents 100 nm. In a”Avq compared to those of spectra recorded at higher
ﬁ,irig?les’ erythrocytes were treated with external trypsin prior to temperatures. The spectral intensity in the central region of
the spectrum also increased at 260 K, characteristic of
at 27.5 ppm and a high-field peak/ at —12.5 ppm. The intermediate motions. At 200 K, peaks separated by-41l
measured chemical shift anisotropy (CSAA0), defined kHz characterize fast 3-fold rotational averaging of the
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dehydrated ghost membrane sample labeled ‘K TIDS
and treated with extracellular trypsin prior to cell lysis. The
spectra obtained from this oriented sample inclined at 0 and
90° to the external magnetic field were characterized by
quadrupolar splittings of 9.6t 1.0 and 8.8+ 1.0 kHz,
respectively. Since all spectra were processed with a line
broadening of 1.0 kHz, the observed differences in the
guadrupolar splittings at the two sample inclinations were
considered insignificant. Furthermore, no changes in spectral
line shape or quadrupolar splitting values were observed from
inclining the sample at either 30 or B0elative to the
magnetic field (data not shown).

Longitudinal relaxation measurements, described by the
relaxation constant;, quantified reporter group dynamics.
A T value of 16.2+ 0.1 ms obtained for the ligand dissolved
in deuterium-depleted water compares 6, aalue of 7.40
4+ 0.04 ms for the solid ligand at 260 K. For TIDS bound to
AE1 in ghost membranes, & value of 16.30+ 0.07 ms
was obtained at the same temperature, which was indistin-
guishable from inhibitor motions in deuterium-depleted

(a)
260
240
220
200
180
water.
DISCUSSION
o° Covalent Modification of AE1 by TIDSThe observations
that DIDS blocks subsequent labeling of AE1 by TIDS, that
the covalent site of TIDS reaction with AE1 is on the same
Ch61 domain as the DIDS reaction sif9), and that both
90° TIDS and DIDS bind with a 1:1 molar stoichiometry all
indicate that TIDS and DIDS share the same site of covalent
attachment. The lysine residue which reacts with DIDS is
either Lysg, exclusively or both Lys;; and Lyssg, and these
kHz are likely to be the same residues which react with TIDS
FIGURE 6: Temperature-dependent deuterium quadrupolar spectra(40). However, distinct but allosterically linked sites for TIDS
of a fully hydrated unoriented erythrocyte ghost membrane sample and DIDS labeling of AE1 cannot be discounted.
labeled with PHg]TIDS (a). Deuterium quadrupolar spectra at 240 Inhibition of AE1 by TIDS Comparing TIDS inhibition

K of oriented FHo] TIDS-labeled ghost membrane with the external . . . . . .
magnetic field either parallel (uppe? 8pectrum) or perpendicular of AE1 with previous studies using other stilbene disulfonates

(lower 90 spectrum) to the membrane normal (b). Both samples Provides some insight into how the chemical properties of
were prepared from cells treated with external trypsin prior to lysis these ligands govern their interaction with erythrocytgs (

and contained 100 mg of total protein. Spectra were averaged over41), The specificity of TIDS binding to AE1 in whole cells
60 000 acquisitions and processed with 1 kHz line broadening. s '|ess than previously observed for more hydrophobic
N*(CDs); rotor about a single axis. As the temperature is stilbene disulfonates3], indicating that hydrophobicity
further reduced, the intensity of the central peak diminishes correlates with ligand specificity. The increased inhibitory
as intermediate motions are arrested. potency of more hydrophobic stilbene disulfonates may

Static 2H NMR Spectra and Longitudinal Relaxation therefore be a consequence of this increased specificity for
Analysis of PHg]TIDS Bound to AE1Figure 6a shows the AEL in whole cells. The influence of electrophilicity was
temperature-dependent static deuterium NMR from an un- €xamined by comparing the inhibitory potencies of TIDS
oriented fully hydrated ghost membrane sample labeled with With that of the closely related compound 4-nitre-4
[2Hg] TIDS and treated with extracellular trypsin prior to cell  isothiocyanostilbene-2 2lisulfonic acid (NIDS). The Ham-
lysis. At 260 K, the line shape is characterized bxig of mett o constant for N(CHs)s (O’K,+(CH3)3 = 0.96) is greater
9.8+ 1.0 kHz, with the spectral intensity centered around 0 than that for NQ (oﬁ,o2 = 0.81), indicating that TIDS is
kHz from intermediate motion. At 240 K, a loss in spectral more electrophilic than NIDS4Q). The 1G, value for TIDS
intensity derived from intermediate motions was observed in trypsin-treated cells is less than that for NIDS in whole
compared to that of the spectrum acquired at 260 K. At 220 cells (1), suggesting that increased inhibitory potency is
K, the spectral line shape characterized bfg of 9.5 + related to increased electrophilicit¢td). However, com-
1.0 kHz became more complex as intermediate motions areparison of the 16 values for TIDS in trypsin-treated cells
reintroduced with concomitant increases in spectral intensity with NIDS in whole cells assumes a similar specificity of
centered around 0 kHz. As the temperature is decreaseddoth ligands for AE1 in the two systems. This assumption
further, very little change in line shape is observed, although seems justified since NIDS is more hydrophobic than TIDS
the integrated spectral intensity is reduced due to homoge-and hydrophobicity seems to correlate with ligand specificity
neousT, processes. for AE1 in whole cells.

Figure 6b shows the deuterium spectra recorded at 240 K Cooperatiity of TIDS Binding to AE1The finding that
and two different sample inclinations of an oriented partially negative cooperativity of TIDS binding is induced only after
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trypsinization of intact cells, together with previous observa-
tions where the negative cooperativity o$lHDS binding

is observed only for purified AEX(, 43), supports a model
where trypsin sensitive proteins modulate AE1 allostery. A D
likely candidate for modulation of AE1 allostery is GPA,
which is found in similar abundance in the red blood cell
(44). Previous studies support a GPAE1 adduct stabilized

by electrostatic interactions between charged groups in
exofacial loops 44). If it is assumed that complexation of
GPA with AE1 modulates the monomemonomer interface - K-539-} S0 K-851
within the AE1 dimer, then disruption of the charge ’

interaction between GPA and AE1 may also affect cooper-
ativity of stilbene disulfonate binding. Trypsinization may
dissociate the GPAAE1 complex by releasing charged
residues from GPA that interact with AE1. A high salt level
may also dissociate the GPAE1l adduct, and a salt
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dependence of stilbene disulfonate cooperativity has previ- \J U v
ously been reporteds( 17, 45). . '
Conformational Perturbation of AE1 by TID®revious N-terminus C-terminus

thermodynamic analysis of stilbene disulfonate binding FIGURE 7: Model depicting TIDS bound to AE1 proposed on the
revealed that initial ligand binding stabilized AE1 to a small Pasis of the interpretation of both calorimetric #hNMR analyses
. of the ligand-protein complex. Please see the Discussion for details.

extent, whereas subsequent relocation of these probes to a
rigid, hydrophobic cleft within the protein interior and close motional axes about some mean orientatit).(Also, from
to the cytoplasmic surface of the membrane was concomitantdirect spectral simulation of tHéP NMR spectra, including
with more significant protein stabilizatio,(6, 7). The consideration of the known differences in CSA for both
greater thermodynamic stability of the DIB&E1 complex phosphatidylcholine and phosphatidylethanolamine lipids, the
compared to that of the TIDSAEL1 adduct may therefore  distribution of phospholipid motional axes about some mean
indicate a minimal degree of relocation of TIDS into the orientation was estimated to Be20° (32). The?H line shape
protein interior compared to that of DIDS. The difference spectral simulations indicated that even with a value for the
between DIDS and TIDS is replacement of an isothiocyano distribution of phospholipid motional axes af20°, the
group by a quaternary ammonium group. Introduction of a simulated spectra were characterized by maximum and
cationic functional group may arrest relocation of the ligand minimum quadrupolar splittings of 15.5 and 8.5 kHz,
to the proposed hydrophobic site near the cytoplasmic surfacerespectively. We therefore conclude that the observed lack
of the membrane). of 2H NMR line shape dependence on sample inclination

Static’H NMR Characterization of the TIDSAEL1 Com- indicates that thé&l-methyl rotor motions cannot be described
plex The observed lack of deuterium line shape dependenceby simple fast motional averaging about thea@d G' axes,
on sample inclination in macroscopically oriented samples as well as a third axis at an angle of°2rom the G axis.
may be due to a large distribution of membrane normals Instead, the lack ofH NMR line shape dependence on
resulting in a large distribution of axes describing the sample inclination is more likely due to a wobbling or
orientation of the stilbene disulfonate with respect to the precessional motion of the ligand (Figure 7).
external magnetic field. Alternatively, the dynamics of the  Other observations indicate that the ligand is in an aqueous
probe bound to AE1 may be described by a large amplitude environment and not translocated to the interior of the
wobbling or precessional motion. To differentiate between protein. First, aAvq of ~2 + 1 kHz at 277 K (data not
these two possibilitie$H NMR line shape simulations were  shown) contrasts with &vq of 9.8 + 1.0 kHz at 260 K,
used to determine if the distribution of membrane normals indicating that the dynamics of TIDS bound to AE1 is
is sufficient to average the predicted deuterium line shape influenced by freezing the sample. Large-amplitude motions
dependence on sample inclinati@b). These?H NMR line characterizing TIDS bound to AE1l at 277 K were also
shape simulations modeled themethyl rotor undergoing  observed for deuterated amino acids defining extracellular
fast rotation about both thes@nd G' axes, as well as fast  loops of bacteriorhodopsin, which contrasted with restricted
motional averaging about a third axis at an angle 6ffedm rotation of labeled amino acids incorporated into transmem-
the G axis. Motional averaging about this third axis was brane segmentsiy, 48). The large-amplitude motions of
required to account for the observaar, of 9.8 + 1.0 kHz TIDS observed above the freezing point of water may define
obtained from the powder membrane sample, less than thea large distribution of axes describing the spatial orientation
expected value of 14 kHz for atmethyl rotor undergoing  of TIDS in the frozen state. The lack &fl NMR line shape
fast rotation about both the;@nd G’ axes only (eq 1). The  dependence on sample inclination in oriented samples may
distribution of membrane normals in oriented membranes be due to this proposed spatial distribution of the ligand.
was obtained froni'P NMR spectra. By measuring the line  Second]T; measurements show that reporter group dynamics
width at half-height of the main resonance peak for both the of the inhibitor bound to the membrane are indistinguishable

0 and 90 3P NMR spectra, and using the relationshiga from the dynamics of the inhibitor in solution but distinct
= —?3A0(3 cog 0 — 1)/2, wherevcsa (0 = 0°) = —¢) and from dynamics of the solid ligand. These observations
vesa (0 = 90°) = —op/, we obtained values of16° and support a model where TIDS is in contact with the aqueous

+18°, respectively, for the distribution of phospholipid phase when bound to AE1, but provide no information about
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whether the ligand is exofacially or cytosolically located.
However, we propose that TIDS is more likely located at
the exofacial membrane surface since (a) stilbene disulfonates
bind with high affinity and high specificity only to the
outward-facing conformation of AE12y), (b) a large
thermodynamic stabilization of AE1 following binding of
TIDS was not observed, indicating that the probe may not
be relocated to the interior of the protein or presumably to
the cytoplasmic surfacd), and (c) other biophysical studies
question whether hydrophobic stilbene disulfonates are
indeed translocated to the interior of the protein close to the
cytoplasmic surface9j.

In conclusion, the negative cooperativity of TIDS binding
was only revealed after external trypsinization of whole cells,
suggesting that in situ monomemonomer interactions
within the dimeric AE1 complex may be modulated by other
erythrocyte membrane proteins. Comparison of the inhibitory
potency of TIDS with those of other stilbene disufonates
suggests that increasing the electrophilicity of these ligands
may correlate with increased inhibitory potency. Increasing
the hydrophobicity of stilbene disulfonates increases ligand
specificity for AE1 but may not be important in the
mechanism of inhibition. Finally, both calorimetric and solid
state’H NMR analyses support a model for the TIDSE1
complex where TIDS is not relocated to the interior of the
protein. Since TIDS is a potent inhibitor of AE1, then ligand
relocation to the protein interior is not required for inhibition
of anion exchange.
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