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Detection of Cl- Binding to Band 3 by Double-Quantum-Filtered 35C1
Nuclear Magnetic Resonance

D. Liu, P. A. Knauf, and S. D. Kennedy
Department of Biophysics, University of Rochester, Rochester, New York 14642 USA

ABSTRACT We have applied double-quantum-filtered (DQF) NMR of 35CI to study binding of Cl- to external sites on intact
red blood cells, including the outward-facing anion transport sites of band 3, an integral membrane protein. A DQF 35CI NMR
signal was observed in cell suspensions containing 150 mM KCI, but the DQF signal can be totally eliminated by adding 500
gM 4,4'-dinitrostilbene-2,2'-disulfonate (DNDS), an inhibitor that interferes with Cl- binding to the band 3 transport site.
Therefore, it seems that only the binding of Cl- to transport sites of band 3 can give rise to a 35CI DQF signal from red blood
cell suspensions. In accordance with this concept, analysis of the single quantum free induction decay (FID) revealed that
signals from buffer and DNDS-treated cells were fitted with a single exponential function, whereas the FID signals of untreated
control cells were biexponential. The DQF signal remained after the cells were treated with eosin-5-maleimide (EM), a
noncompetitive inhibitor of chloride exchange. This result supports previous reports that EM does not block the external
chloride binding site. The band 3-dependent DQF signal is shown to be caused at least in part by nonisotropic motions of Cl-
in the transport site, resulting in incompletely averaged quadrupolar couplings.

INTRODUCTION

35C1 NMR linewidth measurements have long been applied
in the study of interactions between chloride ions and pro-
teins (Forsen and Lindman, 1981). Band 3 is an anion
exchange protein found in the membrane of human red
blood cells, and the binding of CF- to band 3 has been
extensively studied by 35C1 NMR (Falke et al., 1984a,b,
1985a,b; Price et al., 1991; Minami et al., 1992; Glibowicka
et al., 1988; Galanter and Labotka, 1991; Falke and Chan,
1985, 1986a,b,c). By analyzing 35C1 line broadening, Falke
et al. (1984b) have shown that there are two kinds of CF-
binding sites on the surface of red cells. The broadening due
to one kind of site is saturable and can be eliminated by
adding DNDS, which, although it is not a strictly compet-
itive inhibitor (Aranibar et al., 1994; Knauf et al., 1993a),
strongly interferes with binding of chloride to the band 3
transport site (Frohlich, 1982). Further evidence that these
"high-affinity" sites represent the CF- transport sites is
provided by the fact that their affinities as measured by
NMR agree with the transport site affinity from CF- flux
experiments (Falke et al., 1984b). The DNDS-insensitive
sites have a very low affinity for CF- and, accordingly, the
DNDS-insensitive line broadening is nearly equal to the
nonsaturable (low-affinity) component of 35C1 line broad-
ening (Liu et al., 1995; Falke et al., 1984b). These low-
affinity sites do not seem to be related to the transport sites.
Thus, DNDS sensitivity can be used operationally to dis-
tinguish transport sites from nonspecific CF- binding sites.
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35C1 belongs to a class of nuclei with spin quantum
number 3/2 and a large electrical quadrupole moment. Al-
though the spin 3/2 system has three single quantum tran-
sitions (+1/2-> -1/2; +3/2 *->+ 1/2; -3/2 -> -1/2), rapid iso-
tropic motion of the quadrupolar ion in aqueous solution
causes the relaxation rate and energy of the three transitions
to be equal. In this case, the central (+ /2 -> -/2) and
satellite (+3/2 -> + 1/2 and -3/2 <-> -1/2) transitions have
equivalent properties and the NMR signal decays exponen-
tially. When the ion binds to a macromolecule, there is
usually an increase in the rate of transverse magnetization
decay, or, equivalently, an increase of the spectral line-
width. In addition, the central and satellite transitions may
no longer have identical relaxation properties, resulting in
nonexponential magnetization decay (Hubbard, 1969, 1970;
Bull, 1972).
Most previous 35C1 NMR experiments with band 3 (and

other proteins) were analyzed by using a Lorentzian func-
tion to describe the spectral lineshapes. We have observed
that, in a 9.4 Tesla magnetic field, the 35C1 free induction
decay (FID) signal from extracellular CF- in intact red
blood cell suspensions is not an exponentially decaying
signal, resulting in a non-Lorentzian lineshape. The data are
better fitted with a biexponential function. Price et al. have
also observed nonexponential magnetization decay in eryth-
rocyte ghosts (Price et al., 1991).

These findings led us to perform double-quantum-filtered
(DQF) NMR experiments on the system. Double- and triple-
quantum-filtered NMR of 23Na has been applied to distin-
guish intracellular and extracellular sodium, and to investi-
gate macromolecule-bound environments of sodium (Pekar
et al., 1987; Eliav and Navon, 1994; Navon et al., 1994;
Knubovets et al., 1994; Shinar et al., 1993, 1994; Rooney
and Springer, 1991a; Hutchison et al., 1990; Eliav et al.,
1992; Kemp-Harper and Wimperis, 1993; Reddy et al.,
1995; Whang et al., 1994; Furo et al., 1993; Tauskela and

715



Volume 70 February 1996

Shoubridge, 1993). Double-quantum coherence (DQC) can
occur in quadruploar nuclei with spin 3/2 by two distinct
mechanisms (Jaccard et al., 1986). First, if the relaxation
rates of the satellite and central transitions are not equal,
then density matrix operators of rank 3 will contribute to the
generation of DQC. Second, if anisotropic modulation of
the quadrupolar interaction tensor results in nonvanishing
quadrupolar couplings, then density matrix operators of
rank 2 will also contribute to the generation of DQC. In this
work, we report 35Cl DQF signals that are caused specifi-
cally by the band 3 anion transport site in intact red blood
cells. We demonstrate that 35Cl DQF NMR or multiple-
exponential analyses can be used to distinguish transport
site binding without the need for parallel experiments with
inhibitors present. These results represent the first observa-
tion of DQF NMR signals from 35Ci.

MATERIALS AND METHODS

Reagents
EM (eosin-5-maleimide) was purchased from Molecular Probes (Eugene,
OR) and DNDS (4,4'-dinitrostilbene-2,2'-disulfonate) was from ICN Phar-
maceuticals (Plainview, NY). EM and DNDS were made up as 1 mM and
2 mM stocks, respectively, in the 150 KH buffer (see below). All experi-
ments with EM and DNDS as inhibitors were carried out in semidarkness
because those two chemicals are light sensitive. The dissolved DNDS was
always used within 2 days. Some of the EM stocks were kept for longer
periods at -20°C.

Cell preparation and inhibitor treatment

Red blood cells were obtained from freshly drawn blood, donated by
apparently healthy volunteers. Heparin was added as anticoagulant. The
cells were washed at least 3 times with 150 KH (150 mM KCI, 24 mM
sucrose, 20 mM HEPES, 5 mM glucose, pH 6.9, at room temperature). For
each wash, the cells were centrifuged, the resulting supematant and buffy
coat were removed by aspiration, and then the cells were resuspended. The
cells were then subjected to different treatments as described below. The
cells were stored on ice before NMR measurement. Most of the measure-
ments were completed within 36 h after the blood had been drawn.

To achieve nearly complete binding of band 3 with DNDS, enough
DNDS was added to the samples to achieve more than 98% inhibition of
Cl- exchange. Based on the measurement that ID50 for DNDS is 4.11 ,uM
in 150 mM Cl- medium (Knauf et al., 1993b), the final concentration of
DNDS in the sample was at least 400 p.M (based on total sample volume).

The treatment with EM was carried out in the dark at 37°C in 150 KH
buffer (pH = 6.71). To obtain more than 99% inhibition of Cl- exchange,
the cells were treated with 300 p.M EM in 150 KH at 10% hematocrit for
2 h (Liu and Knauf, 1993).

35CI NMR
NMR data were taken with a 9.4 Tesla Bruker/GE (Fremont, CA) Omega
NMR spectrometer operating at a frequency of 39.2 MHz for 35CI (400
MHz for protons). A 10-mm-diameter broad-band tunable probe was used.
Acquisition parameters are given in the figure legends. Temperature of the
sample was controlled by flow of regulated air. Magnetic field homoge-
neity was adjusted on the water proton resonance of a buffer sample, and
proton linewidths of 3-5 Hz were typically obtained. Proton linewidths of
cell suspensions were typically 12-15 Hz. Thus, distortions of the magnetic
field even in samples containing red cells have minor effects on the decay
of 35Cl transverse magnetization.

35CI DQF signals were generated with the pulse sequence (Bax et al.,
1980; Jaccard et al., 1986):

900 -T/2 - 1800 - T/2 -j3g - - (30 - Acq.
where T iS the creation time and 8 is a 2-p.s delay to reset the radio
frequency phase. The pulse and receiver phase cycling scheme is that given
by Bax et al. (Bax et al., 1980). The flip angle 3 is 900 when detection of
rank 2 and 3 interactions is desired, and (3 is 54.70 when detection of only
rank 2 interactions is desired (Jaccard et al., 1986; Eliav and Navon, 1994).

Data analysis
The NMR data were processed with the spectrometer software. Before
mono- or multiexponential analyses, the effect of off-resonance signals was
eliminated by calculating the magnitude of each point in the FID. The
program CONTIN used for calculating T2 distributions was obtained from
Prof. S. W. Provencher (1982a,b). Forty points were used in the relaxation
time grid. Biexponential analysis of the intracellular signal was performed
by first fitting the extracellular signal and subtracting the calculated fit
from data in Fig. 1.

RESULTS

Signal from intracellular 35CI can be excluded

The free induction decay of the 35Cl NMR signal of a buffer
solution containing 150 mM sodium chloride is shown in
Fig. 1 along with the signal obtained when RBCs are
present. The signal from 35C1 in the absence of RBCs is well
characterized as an exponential function with a T2 of 19.9
ms at 100C. In the presence of RBCs (50% hematocrit), a
rapidly decaying component is clearly identified with decay
time constant of approximately 400 ,As when treated as a
single component, and decay time constants of - 130 ,us and
-700 ,us when treated as biexponential. This component
arises from 35CI inside the cells, where there is a high
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FIGURE 1 35C1 NMR signal (magnitude display) of a sample containing
standard buffer (150 mM KCI) and a sample with red blood cells (50%
hematocrit) suspended in standard buffer. 20,000 scans were averaged with
sweep width equal to 50,000 Hz, and 8,192 complex data points were
acquired in each scan. Much of the intracellular signal could not be
observed because of the 115 p.s receiver dead time, which is dominated by
probe recovery time.
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concentration of hemoglobin, whereas the more slowly de-
caying signal (T22 7 ms) arises from extracellular 35CI.
Riddell and Zhou (1995) have applied a relaxation agent to
observe the intracellular 35C1 signal and report similar time
constants. Thus, separation of intracellular and extracellular
35CI signals is easily accomplished by delaying the start of
signal acquisition for approximately 1-1.5 ms after the
excitation pulse. This feature has been exploited by Falke
et al. (1984a). Henceforth, all data and discussion refer only
to the extracellular signal.

There are two components for control cell FID

When the extracellular 35CI signal obtained from a control
cell suspension (no DNDS added) was fitted to a single
exponential function, a systematic deviation was observed.
This is very clearly seen from the residual plot (Fig. 2 b). If
differences between the relaxation rates for the central and
satellite transitions of 35Cl are responsible for this behavior,
it should be possible to fit the FID data with a function
containing two exponential terms, with the faster and slower
components having amplitudes in the ratio of 3:2. Indeed,
Fig. 2 c shows that when the data are fitted to such a
function the residuals are reduced to less than 0.75% of the
initial signal amplitude. In contrast, the signals from buffer
and DNDS-treated cells are well characterized by an expo-
nential function (Fig. 2, e and g). T2 in DNDS-treated cell
suspensions is equal to T2 of the slowly decaying signal of
control suspensions (T2.).
To test the hypothesis that control samples exhibit biex-

ponential relaxation, whereas buffer or DNDS-treated sam-
ples do not, by a method that does not presume a particular
physical model for the relaxation process, we used the
CONTIN algorithm developed by Provencher (1982a). This
program performs an analysis that approximates an inverse

Laplace transform to describe data as the sum of a nearly
continuous series of exponential functions, i.e., fit) =

j=l Ai exp(t/T2i). The solutions are constrained by the
physically reasonable assumption that the relaxation times
are not negative, and the relaxation time distribution (Ai) is
required to be smooth. This algorithm has been employed in
a variety of other NMR studies (Springer et al., 1994;
Hinton and Johnson, 1993; Morris and Johnson, 1993; Lee
et al., 1993; Hills and Babonneau, 1994). When applied to
35Cl FIDs, relaxation time distributions for buffer and
DNDS-treated cells show a single peak, whereas the distri-
bution for a control cell suspension shows one additional
peak (Fig. 3).
The results of the CONTIN analysis confirm the presence

of two exponential decay components in control, but not in
DNDS-treated cells. The small difference between the po-
sition of the T2 peak for DNDS-treated cells and the slow T2
peak for control cells is likely an artifact of the CONTIN
analysis, which does not include the physically required
constraint that the amplitudes of the fast and slow compo-
nents have a 3:2 ratio. No such difference is observed in the
fits in Fig. 2. Even if there is a small difference in T2 for
these two decays as a result of relaxation due to a DNDS/
ClF/band 3 complex, the effects of DNDS still provide
evidence that the additional relaxation component in control
cells results from Cl- binding to band 3 in its native state
(without DNDS bound).

35CI DQF signal is caused by binding of Cl to
the external transport site

If one of the decay components of the extracellular 35Cl
signal in RBC suspensions arises from the central transition
of the spin system, whereas the other component arises from

FIGURE 2 The magnitude of 35C1
free induction decay signals from (a)
a red blood cell suspension (50% he-
matocrit), (d) a red blood cell suspen-
sion with DNDS added, and (/) buffer
used for the suspensions. (b, e, and g)
The residuals after fitting the data in
a, d, and f, respectively, to an expo-
nential function. (c) The residuals af-
ter fitting the data in a to the function
y = 0.4 exp(-t/T21) + 0.6 exp(-t/
T2f). The time constants derived from
these analyses are listed on the resid-
ual plots. The first point in each data
set was acquired 1.39 ms after the 90°
pulse. A small (<2%) signal contri-
bution from intracellular 35C1 in RBC
samples is detected in the first 1-2
points of the residual plots. The sweep
width is 3300 Hz, 512 complex data
points were acquired in each scan, and
6000 scans were averaged.
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FIGURE 3 The T2 distributions for buffer, control cells, and DNDS-
treated cells calculated with the program CONTIN using the data shown in
Fig. 2.

observable double quantum signal, and the most intense
signal appeared at Tc = 15 ms. Although DNDS-treated
cells exhibit a significant line-broadening relative to buffer
because of nonspecific sites, no DQF signal is observed.
The absence of a double-quantum signal with DNDS
present indicates that only CF- binding to the transport sites
can give rise to a DQF signal.

The inhibitor EM does not block access to the
chloride-binding site

Besides DNDS, another anion exchange inhibitor, EM, was
also used to treat the cells. Flux experiments have shown
that EM labeling inhibits more than 99% of CF- exchange
under the conditions of our experiments (Liu and Knauf,
1993). Nevertheless, EM-treated cells still give a DQF
signal (Fig. 5). This result supports the hypothesis that EM
does not block anion access to the external facing site, but
instead inhibits chloride flux by preventing translocation of
ions once they are bound at the transport site (Liu et al., 1995).

the satellite transitions, then double-quantum coherence can
be created (Jaccard et al., 1986; Rooney and Springer,
1991b). DQF NMR was applied to buffer, DNDS-treated
cells, and control cells (Fig. 4). The creation time (Tc) was
varied from 0.5 ms to 100 ms. Only control cells gave an
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Residual quadrupolar coupling contributes to
DNDS-sensitive DQF signal

It has been shown that by setting the flip angle ,3 equal to
54.70 instead of 900, the contributions to the DQF signal
from rank 3 interactions are eliminated and double-quantum
coherence is due only to operators of rank 2, which are

nonzero only if anisotropic motion results in nonvanishing
quadrupolar couplings (Jaccard et al., 1986). We performed
this experiment on control cell suspensions. The result (Fig.
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FIGURE 4 Double-quantum-filtered 35Cl NMR spectra (13 = 90°) of (a)
red blood cell suspension, (b) buffer used for the suspensions (see Mate-
rials and Methods), and (c) red blood cell suspension with DNDS added.
The creation time (T) is listed with each spectrum. The sweep width is 2000
Hz, 256 complex data points were acquired in each scan, and 4800 scans

were averaged.

Hz

FIGURE 5 The DQF 35Cl NMR spectra of control and EM-treated cell
suspensions. The creation time was 15 ms, where the signal amplitude is
the largest for control cells. Other acquisition parameters are the same as

in Fig. 4.
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6, a and b) shows that a large DQF signal remains when
,B = 54.70, indicating that there is a significant contribution
to the DQF signal from terms of rank 2. Fig. 6 c shows a
simulation of the data in Fig. 6 b using the analysis of
Eliav and Navon (1994), which is discussed in more detail
later (Eqs. 6 and 7). The parameters used in the simulation
were selected by fitting the peak heights in Fig. 6 b to Eq.
6 (w = 0) with the residual quadrupolar coupling constant
(PBCOQl) and the intrinsic relaxation rate of the rapidly
decaying component (dl) as adjustable parameters.

DISCUSSION

The transport of chloride across RBC membranes has been
extensively studied (Jennings, 1992). The half-time for CF-
exchange in dilute RBC suspensions is 454 ms at 20°C and
increases to 17.2 s at 0°C (Brahm, 1977). At 50% hemato-
crit the half-times are a factor of 2 shorter. This means that
intracellular and extracellular chloride populations do not
mix during the approximately 400-,us half-life of the intra-
cellular 35C1 signal, and the signals from the two popula-
tions are separately observed in Fig. 1.
The decay of the signal from the extracellular 35CI pop-

ulation is not adequately described by a mono-exponential
function unless the chloride binding site of band 3 is
blocked (Figs. 2 and 3). Nonexponential magnetization de-
cay of a spin 3/2 nucleus such as 35C1 is observed when
signals from the central transition and the satellite transi-
tions have different relaxation properties. Both homoge-
neous and inhomogeneous broadening mechanisms may
contribute to the decay rates. The homogeneous contribu-
tion to the transverse magnetization relaxation of spin 3/2

a. P=90

nuclei exchanging between a dilute, macromolecule bound
environment (B) and aqueous solution (F) is approximated by
(Swift and Connick, 1962; Bull, 1972; Falke et al., 1984b)

M.(t) = M(0){(3/5)e-dit + (2/s)e-d27 (1)

where

PB SSBi(SBi + TB) + Ico -

TB I (SBi + TB+ )+A J (2)

with i = 1 for the satellite transition and i = 2 for the central
transition. PB is the fraction of CF- in the bound state and is
assumed to be much less than 1, and TB is the lifetime of
Cl- in the bound state. SFi and SBi are the intrinsic spin-spin
relaxation rates si (i = 1, 2) in the free and bound environ-
ments, respectively, where (assuming a single time correla-
tion function)

SI c[C (++ )C (3)

and

S2 = CQ(1 + 2TC2) (1 + 4(02T2) (4)

s and 52 are the satellite and central transition spin-spin
relaxation rates, respectively, Tc is the correlation time de-
scribing the modulation of the electric quadrupolar interac-
tion, CQ is the strength of the interaction fluctuations, and
wo is the Larmor frequency. Note that s, 2 s2, so the
relaxation rate of the satellite transition is greater than or
equal to that for the central transition. Also, if woTc >> 1,

b. p=54.70 c.

Creation Time (ms)
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FIGURE 6 Double-quantum-filter-
ed 35C1 NMR spectra of a red blood
cell suspension with (a) flip angle 13
= 900 and (b) (3 = 54.70. The cre-
ation time (T) is listed with each spec-
trum. Other acquisition parameters
are the same as in Fig. 4. (c) DQ
spectra ((3 = 54.70) calculated using
Eqs. 6 and 7 with PB(DQI/27r = 15 ±
3.5HzandR2f=104± 16s- .The
parameters were selected by fitting
the peak heights in b to Eq. 6 (w = 0)
with PBwQ, R2f, and amplitude (A) as
adjustable parameters.
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52 0 and the relaxation rate of the central transition is

unaffected by the quadrupolar interaction. Acwi (i = 1, 2)
is the change in resonance frequency of a transition upon
binding to the macromolecule, which is caused by a nonzero

first-order quadrupolar interaction:

Aco1 = (I)Qi(3 COS20L 1), (5)

where C)Qi is the residual, bound-state quadrupolar coupling
constant after partial averaging by rapid, anisotropic mo-

tion, and OL is the angle between the principal axis of the
residual quadrupolar coupling tensor and the magnetic field.
The central transition is affected by the residual quadrupolar
coupling only to second order, so -Q2 << WQ1. Although
chemical shift may also contribute to Awi, it is neglected
here because the chemical shift of the solution 35C1 signal is
unaffected by the presence of red blood cells. Finally,
because the binding sites are randomly oriented, Eq. 1 must
also include an integral over OL.

If dQ1 0, the spectrum of the satellite transition signals
will also have inhomogeneous broadening contributions with
width given approximately by PBCiQ,, whereas the central
transition remains unchanged to first order. However, the
"powder pattern" collapses if a chloride ion binds to many sites
with random orientations in a time TM that is short compared to

(0QI-. The biexponential nature of Eq. 1 does not describe
inhomogeneous broadening. In particular, the presence of in-
homogeneous broadening could account for the small residuals
seen for the biexponential fit in Fig. 2 c. Nonetheless, the
qualitative aspects of Eqs. 1-5 are still very useful.
The exponential 35C1 signal obtained from buffer dem-

onstrates that SF1 = SF2 (i.e., coTc << 1) and that there is no
residual quadrupolar coupling as expected. In the presence

of RBCs treated with DNDS, the 35C1 signal is still de-
scribed by an exponential function, although the associated
T2 value is decreased relative to T2 in the buffer. Reference
to the above discussion of Eqs. 1-5 shows that nonnegli-
gible bound-state relaxation can only be exponential (i.e., d,
= d2) if a) relaxation of both transitions is exchange limited
(B << SB2 and SB1, or TBI << Q2 and CiQ1), or b)
extreme narrowing conditions apply (SB = SB2) and the
quadrupolar coupling vanishes (d-QI = 0). 37C1 and 35CI
NMR measurements as a function of temperature by Price
et al. (1991), Falke et al. (1985b), and ourselves (data not
shown) demonstrate that DNDS-insensitive line broadening
is not limited by the rate of CF- binding and release. Thus,
chloride ion dynamics at binding sites in DNDS-treated cell
suspensions, where mono-exponential functions describe
the NMR data very well, are in the extreme narrowing
regime. Although we must also conclude that %Q, vanishes,
the NMR experiments do not allow any distinction between
averaging of the quadrupolar coupling by isotropic motions
within the binding sites and averaging by rapid exchange
(TM-1 »>> QI) among sites of random orientation. The
latter case might represent a reasonable model for nonspe-

cific, largely electrostatically driven interactions with

diffusion coefficient 1 X 10-5 cm2/s, chloride ions can
diffuse 4.5 ,um within 10 ms. Thus some averaging of the
quadrupolar tensor may result from diffusion of CF- around
the edges of the cell or to other cells.
The nonexponential 35C1 signal obtained from control

cell suspensions suggests the presence of a site for which
SI * s2 (nonextreme narrowing) or %,Q * 0, or both,
resulting in nonequivalence of d, and d2. However, it is also
possible that the nonexponential signal could arise from the
superposition of signals from microdomains that do not
mix. Jaccard et al. (1986) have demonstrated that, under
conditions of nonextreme narrowing or nonvanishing qua-
drupolar couplings, multiple quantum (MQ) coherences can
be created through the application of further pulses, and MQ
filters can be applied to detect the presence of those coher-
ences. If the nonexponential signal is due to microdomains
that do not mix, no MQ signal is observed. The data in Fig.
4 demonstrate that 35C1 DQC is readily created in control
cell suspensions, indicating the presence of a site where
chloride ion motions are either anisotropic (%QI O 0) or in
the nonextreme narrowing regime (s, = s2), or both.
The DQF signal is eliminated and the nonexponential

signal reverts to an exponential form upon addition of
DNDS, which interferes with CF- binding to the transport
site (Frohlich, 1982). This result strongly suggests that the
transport site of band 3 causes the DQF signal and nonex-
ponential magnetization decay. Therefore, the data demon-
strate that the chloride-binding site on the anion transporter
band 3 is the only site on the extracellular surface of a red
blood cell that substantially inhibits the motions of the
chloride ion and is present in sufficient quantity to be
detected by NMR.

Previous studies (Liu et al., 1995; Falke et al., 1984b)
have demonstrated that the line broadening in DNDS-
treated cells is approximately equal to the nonsaturable
(low-affinity) line broadening of control cells. The data in
Figs. 2 and 3 show that the 35C1 T2 value in DNDS-treated
cell suspensions is approximately equal to T2S (T2 of central
transition) in control cells at subsaturating CF- concentra-
tions. Thus, the band 3 binding site does not appear to alter
the relaxation rate of the central transition (S2 from Eq. 4),
which indicates woTc>> 1 in this site. This is further supported
by the observation that 35C1 spin-lattice relaxation, T1, is the
same in control and DNDS-treated cell suspensions (data not
shown). Like s2, the contribution to lIT1 from a binding site is
zero if w »> 1 for that site (Bull, 1972).

Price et al. (1991) have observed nonexponential 37C1 and
35C1 relaxation in red blood cell ghost preparations. In
contrast to our observation, they observe that the nonexpo-
nential character is not completely removed by the addition
of DNDS. This result may be due to Cl- sites on the inner
surface of the membrane that are not accessible in intact cell
suspensions.

Previous 35Cl NMR studies of anion transport inhibitor
mechanisms detected CF- binding to the transport site by
calculating the difference between linewidths from RBC or
ghost suspensions containing the inhibitor of interest and
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samples containing DNDS (Falke and Chan, 1986a,b,c; Liu
et al., 1995). A problem with this method is that the differ-
ence may represent a small fraction of the total line broad-
ening, or that the inhibitor and DNDS may interact, making
it impossible to use DNDS to identify the transport site line
broadening. The results presented in this work suggest that
DQF experiments or multiexponential analyses will detect
transport site binding without the need for a reference
sample with DNDS (or other previously characterized in-
hibitors). For example, we have previously reported that the
binding of the inhibitor EM does not block the access of Cl-
to the transport sites, regardless of whether EM is reversibly
(Knauf et al., 1993b) or covalently (Liu et al., 1995) bound.
The observation of a DQF signal from EM-labeled cells
provides further evidence for this conclusion.
The DQF signal can have contributions from rank 2 and

rank 3 interactions. Rank 2 interactions contribute only in
the presence of residual quadrupolar couplings (iQl $ 0).
Rank 3 interactions contribute to DQC if motional processes
are in the nonextreme narrowing regime (c o::- 1), and can
also contribute if d)Q1 0 0 (Eliav and Navon, 1994). Eliav
et al. have presented detailed analyses of DQF signals from
23Na (Eliav and Navon, 1994; Shinar et al., 1993, 1994;
Knubovets et al., 1994) filtered to retain only rank 2 con-
tributions. Whereas setting ,B = 54.7° completely removes
DQ coherence due to terms of rank 3, contributions from
terms of rank 2 are only multiplied by a factor of 0.67
relative to the signal obtained when (B = 900 (Eliav and
Navon, 1994; Shinar et al., 1993). Thus, the data in Fig. 6,
a and b, demonstrate that motion of Cl- in the transport site
anisotropically reorients the quadrupolar interaction tensor,
which results in a substantial contribution to the total DQF
signal. The residual quadrupolar coupling in the bound
environment (dQl) can be estimated by comparing the anal-
ysis of Eliav and Navon (1994) to the data in Fig. 6 b if the
concentration of binding sites (PB) is known and the ex-
change rate between free and bound is assumed to be much
greater than cQl. In this case, the DQ-filtered spectrum for
,B= 54.7° is given by

F(T, w) = J A sin(PBAw,)e T2g(W)sin(OL) dOL (6)

and

PBACUIJ + CO + PBAWI lC

R2f + (PBAw1 +Cl)2 R2f + (PB AwC1-O )
(7)

where Awl is given in Eq. 5, and R2f is the spin-spin
relaxation rate of the satellite transition. The spectra in Fig.
6 c were calculated using Eqs. 6 and 7. The rise of the signal
at short creation times is determined by the integral over OL
of the quantity sin[PBdQl(3 cos20L -_ )T] in Eq. 6, and the
value of PBoQ1 must be the same order of magnitude as R2f
if a signal is observed. The ratio (PBQ1)/R2f = 0.91 for the
parameters used in calculating the spectra in Fig. 6 c.

Because the concentration of band 3 in the red blood cell
suspensions (50% hematocrit) is approximately 16.6 ,uM
(Wieth and Bjerrum, 1983) and the CF- concentration is 150
mM, PB 10-4 if all sites are assumed to be filled and
facing outward. Therefore, from the value of PBdQ1/2ir =
15 Hz, the residual quadrupolar coupling constant, dQI/2IT,
is approximately 135 kHz for 35C1 bound in the transport
site of band 3. This value may be an underestimate because
the assumption of rapid exchange may not be appropriate
(Liu et al., 1995; Falke et al., 1985b; Price et al., 1991), and
because most of the sites may face inward.

In the above analysis, no attempt is made to model
contributions of rank 3 interactions to the DQF signal when
3 = 900. These interactions may include contributions from
slow motions if Tr 1'/o 4 ns. Contributions from rank
3 terms are indicated by the observation of a nonzero
triple-quantum-filtered signal (data not shown). Further-
more, the DNDS insensitivity of the central transition re-
laxation rate (as discussed above) implies T- >> ll/co for
chloride bound in the band 3 transport site.

CONCLUSION

The NMR signal of extracellular 35C1 in red blood cell
suspensions is observed to decay nonexponentially. The
signal returns to an exponential form when DNDS is added.
Similarly, the double-quantum-filtered 35Cl signal from the
same suspensions is eliminated in the presence of DNDS.
These data demonstrate that the chloride-binding site on the
anion transporter band 3 is the only NMR observable site on
the extracellular surface of a red blood cell that substantially
inhibits the motions of the ion. Anisotropic reorientation of
the 35Cl quadrupolar interaction tensor in the band 3 trans-
port site is indicated by a large rank 2 filtered DQF signal.
The DQF signal in the presence of the anion transport
inhibitor EM provides further evidence that EM does not
block access to the transport site.
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