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Band 3, the erythrocyte anion transport protein, mediates the one-for-one exchange of bicarbonate and chloride ions across the
membrane and consequently plays an important role in respiration. Binding to the protein forms the first step in the translocation of
the chloride across the membrane. >Cl and ’C1 NMR relaxation measurements at various field strengths were used to study chloride
binding to the protein in the presence and absence of the transport inhibitor 4,4’-dinitrostilbene-2,2’-disulfonate. Significant
differences occurred in the NMR relaxation rates depending on whether the inhibitor was present or not. The results indicate that the
rate of chloride association and dissociation at each external binding site occurs on a time scale of <5 ps. This implies that the
transmembrane flux is not limited by the rate of chloride binding to the external chloride binding site of band 3. The rotational
correlation-time of chloride bound to band 3 was found to be > 20 ns with a quadrupole coupling constant of ~ 3 MHz.

1. Introduction

The transport of ClI™ across the erythrocyte
membrane plays an important role in the removal
of CO, from the body [1]. The integral membrane
protein, band 3, exchanges HCO; and CI™ in a
one-to-one ratio. Band 3 is also able to transport
other inorganic and organic anions and dicarbo-
xylic acids {2]. It has also been suggested that
band 3 is the route of water transport but later
evidence has cast doubt on this suggestion [3].
Band 3 is a 95-kDa single polypeptide chain, and
is the most abundant transport protein in the red
cell [1,2]). Immunologically related proteins have
been found in other plasma membranes, including
the Golgi membranes {4]. Presently, the best model
of the anion exchange process is that of a “ping-
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pong” carrier [5]. The process has been found to
be both pH and charge dependent, thus band 3 is
termed a “titratable anion carrier” [6,7].

We report here results of 3¢l and *'C1 NMR
relaxation studies of Cl™ binding to the band 3
transport sites and its modification by the anion
transport inhibitor 4,4’-dinitrostilbene-2,2"-di-
sulfonate (DNDS; [8]). This inhibitor binds exclu-
sively to the outward-facing transport site of the
band 3 molecule [9] in the ratio of one DNDS
molecule per band 3 monomer. It possesses a
negative charge on the sulfonate and is capable of
fully occupying the anion transport site of the
protein; however, only the trans-isomer is inhibi-
tory [10]. The DNDS binding site on band 3 is in
a hydrophobic region within the bilayer, which
restricts free rotation of the DNDS molecule [1].

The NMR technique used to study the binding
of C1™ is based on the large difference in relaxa-
tion rate between the free and bound species
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[11,12]. The resonance corresponding to the bound
species is generally invisible due to the rapid re-
laxation; however, if exchange between the free
and the bound form is sufficiently rapid, the reso-
nance from the free species will be broadened. The
broadened spectral line will then contain informa-
tion on the rate of exchange between the two sites
and the binding site itself {12]. Previous *Cl and
Y'Cl NMR binding studies of band 3 [9,13-16]
have relied on measuring the effect of binding by
its resultant increase in linebroadening. However,
in the experiments reported here, actual relaxation
times were measured directly using multipulse
techniques which are more reliable than lin-
ebroadening analysis and they are not susceptible
to ‘instrumental (inhomogeneous field)’ broad-
ening [17].

2. Materials and methods
2.1 Reagents

Tris—HCl was obtained from Sigma. 4,4’-Di-
nitrostilbene-2,2"-disulfonate was from Pfaltz &
Bauer. Deuterated H,O was obtained from the
Australian Institute of Nuclear Science and En-
gineering, Lucas Heights, NSW, Australia. All
other reagents were of A.R. grade. Human blood
was obtained from the Red Cross Blood Transfu-
sion Service, Sydney, NSW, Australia within 48
hours from being taken by venipuncture.

2.2 Preparation of ‘leaky’ erythrocyte ghosts

Red cells were washed three times in saline
(154 m M NaCl; 277 K). The cells were then lysed
in ~15 volumes of hemolysis buffer (15 mM
Tris-HCl; 1 mM EDTA; pH 7.4; 277 K). The
EDTA was included in the buffer to chelate any
paramagnetic ions present. The hemolysate was
then recycled through a hollow fibre system [18]
with fresh hemolysis buffer until the erythrocyte
ghosts appeared hemoglobin free (~ 3 hours). The
ghosts were then pelleted by centrifugation at
34,800 g for 20 min. Then the ghosts were washed
three times in “NMR buffer” (50:50 saline: he-
molysis buffer, giving a CI™ concentration of 84.5

mM) by centrifugation at 34,800 g for 20 min.
Finally the ghosts were resuspended in NMR
buffer and centrifuged at 110,000 g for 30 min to
pellet the membranes. The entire membrane pre-
paration was conducted at 277 K.

2.3 NMR sample preparation

Membrane samples with, and without DNDS,
were prepared by taking two aliquots of the mem-
brane preparation; to one was added DNDS (201
mM DNDS in NMR buffer) to a final concentra-
tion of 1 mM and the same volume of neat NMR
buffer was added to the other sample. This proto-
col ensured that both samples had identical mem-
brane concentrations. Buffer samples with, and
without, DNDS were prepared similarly.

Volumes of 3 ml of the samples were dispensed
into 10 mm o.d. NMR tubes except for samples
used with the Bruker CXP-300 spectrometer, in
which case ~ 2 ml were placed into glass ampules
and flame sealed.

2.4 NMR spectroscopy

*Cl relaxation measurements were recorded at
three different field strengths, corresponding to
*CI resonance frequencies of 8.8, 29.4 and 39.2
MHz. 7’Cl relaxation measurements were con-
ducted at 32.6 MHz. Three spectrometers were
used in performing these measurements: Varian
XL/VXR 400, Bruker CXP-300 and CXP-100.
Typically, measurements performed on the CXP-
100 and CXP-300 spectrometers employed a spec-
tral width of 5000 Hz digitized into 4 K data
points with a 7 /2 pulse length of 16 ps. Measure-
ments performed on the XL /VXR 400 spectrome-
ter generally used a spectral width of 2500 Hz
digitized into 4 K data points with a =/2 pulse
length of 74 ps. Measurements at all four reso-
nance frequencies were conducted at 288 K. In
addition, measurements of *Cl and **Cl relaxation
at 32.6 and 39.2 MHz, respectively, were con-
ducted at 293 K. The T, measurements were per-
formed using the inversion-recovery pulse se-
quence [19]. 7, measurements were made using
the Hahn spin-echo pulse sequence [20,21]. T,
measurements [22] were only conducted at 8.8 and
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29.4 MHz due to instrumental limitations; a delay
of 4 s was allowed between each transient to
minimize sample heating.

2.5 Numerical analysis

Non-lingar least squares analyses was per-
formed using the modified Levenberg-
Marquardt—Morrison algorithm {23] to regress the
appropriate two or three parameter functions onto
the relaxation data. Where relaxation measure-
ments were repeated the weighted arithmetic mean
and (grouped) standard deviation [24] were used.

2.6 Protein assays

Total protemn in erythrocyte ghosts was assayed
using the Lowry method [25] modified by the
addition of sodium dodecyl sulfate [26].

3. Theory
3.1 Relaxation theory

For nuclel with spin quantum number />1/2
the dominant relaxation mechanism, providing
there are no paramagnetic species present, is due
to the coupling of the nuclear quadrupole mo-
ment, ), to an electric field gradient, eq, gener-
ated by a non-cubic distribution of charge about
the nucleus. Fluctuations in the field gradient
cause modulation of nuclear energy and hence
relaxation of the high energy nuclear state [27,28].
It has been found that the relevant fluctuations
are those resulting from the electric field gradients
in the first coordination sphere of the chloride ion.
Thus the relaxation of the chloride ions reflects
interactions with its nearest neighbours {29].

Because Cl and “’Cl both have I = 3/2, the
time dependence of the longitudinal and trans-
verse magnetization, M, and M, , respectively,
are both described by a sum of two exponentials:
the general expressions for these relaxations are

[30];
M, (1) - M= (M,(0) - M) {02 exp(—1/T})
+0.8 exp(—1/T7)}, (1)

M, (1)=M, ,(0){0.6 exp(—t/T))
+0.4 exp(—1/T5)}, (2)

where the superscripts ‘f* and ‘s’ denote fast and
slow, respectively, and the subscript ‘e’ denotes
equilibrium magnetization. The various relaxation
times are defined in the next section. Equation (2)
can be modified to express relaxation in the rotat-
ing frame (7,,) by making the appropriate sub-
stitution for 7.

3.2 Relaxation and exchange

In the presence of binding, the nuclear popula-
tions in different sites normally have the same
chemical shift but are characterized by different
relaxation times [28]. Binding may be defined as
the residence of the ion at a given site for a period
“several orders of magnitude greater than the
correlation-time™ [31]. Considerable simplicity is
introduced into the analysis of the relaxation data
by the fact that each of the two components of T,
and T, relaxation, for nuclei with I =3 /2, behave
as if they exchange independently with the corre-
sponding component from other fractions [32].
For the case of ‘intermediate’ rates of exchange
between free Cl~ ions and small populations of
bound ions ( 2,) with relaxation time T2, (x =1, 2,
1p; y = f or s, the subseript ‘B’ denotes the bound
state), and exchange lifetimes 7.,, the magnetiza-

ex*

tion decays are given by [32-34];
VT =1/ Tiee + L[ PAT + %] (3)

with similar expressions for T3, Ty, T3, Ty,. The
subscript ‘free’ denotes the free C17. The relaxa-
tion rate constants of the bound Cl~ are (assum-
ing that isotropic motions dominate the relaxation
pathway of the bound CI™):

1/Tp =047 (), (4)
1/ T = 0.4m x4 (2ay), (5)
1/Tfy = 0202 x* [J(0) + T (w))], (6)

/Ty = 1/T18,,B = 0-2‘7727(2[-]( ‘*’0) + J(Zwo)] ’
(7
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l/Tl';,B=O.27r2x2[J(2w1) +J(w)]
J(w) =7c/(1 + wZTf),

(8)
(9)

where x =e?gQ/h is the quadrupolar coupling
constant (in Hz), w, is the precession frequency in
the main field, w, is the nuclear magnetic preces-
sion frequency in the rotating frame, 7. is the
correlation time of the relaxing species and the
J{x) (x =0, &, w;) are spectral density functions.

Often the magnetization decay appears to be
single exponential {32], in which case the following
approximations can be used for the “apparent”
single exponential time constants [32].

l/T] = 1/Tlfree + ZR {08/(TlsB + Tex)

7

+02/(T+ 7))}, (10)

I/TZ = 1/73free + ZR {04/(T25B + Tex)

+0.6/( Ty + 1)} (11)

Table 1

Single exponential analysis of relaxation of magnetization to give

suspensicns (with, and without DNDS) and buffer ?
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l/Tlp = ]/Tlpfrcc + ZPI {0‘4/(T170B + Tex)

+0.6/(T)5 +7..) ) (12)

4, Results

All samples contained a protein concentration
of ~6.5 mg/ml. If it is assumed that band 3
constitutes 25% of all protein present in the
erythrocyte membrane [35], then the band 3 con-
centration in the NMR samples was 17 p M. At
273 K the outside (K, | ;3 ) @nd inside (K, 5 max)
chloride ion concentrations, which cause a half
maximal flux when the concentration on the op-
posite side of the membrane saturates the trans-
port system are 3.9 and 61.1 mM, respectively
[36]. In the present study the chloride concentra-
tion was 84.5 m M and so it is reasonably assumed
that all the outward facing band 3 sites are oc-

values for T, T, and T; of ¥¢C1~ and *’C1” in membrane

Temp Freq 73 (ms) T, (ms) T;, (ms)
(K) (MHz) Membranes Buffer Membranes Buffer Membranes Buffer
—DNDS +DNDS ~DNDS +DNDS —DNDS +DNDS

288 8819 134104 166403 273402 63108 8.5+05 251407 50403 8.1+0.7 25.540.8
29400 215402 224402 329+05 96+06 122405 327+12 52403 72405 34.1+0.8
32648 31.7+0.7 33708 477109 17.2+12 224+07 470118
39.187  202+02 218402 297+01 124+06 148+03 30.2+03

293 32648 36.3+06 397407 543406 162+09 252411 509+1.1
39187 241402 258401 322+01 127406 167405 326402

* Relaxation times are not given for the C1~ ions in DNDS-containing buffer since they were, within experimental error, the same as
those of the buffer samples that did not contain DNDS. Relaxation times are for >Cl~ except for the measurements performed at
32.6 MHz which are for *’CL™ in a field of 9.4 T. T;, measurements were not made at 32.6 or 39.2 MHz due 1o limitations of the
spectrometer. T, values were computed using the equation;

signal amplitude = — A +{ A4+ H) exp(- /T, ),

where A and H are constants. T,

onto the data, viz:

1p

signal amplitude = H exp(—¢/T,)

signal amplitude = H exp( ~¢/T,) + A

and T, values were computed by regressing either a two (A) or three (B) parameter function

(A)
(B)

where T, =T,,, 7} or T, /2 (since a Hahn spin-echo pulse sequence was used to measure 75). The choice of a 2 or 3 parameter
function depended on whether realistic values were obtained for the baseline correction constant (A).
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Table 2

Double exponential analysis of relaxation of magnetization . The fast and slow components of 7, and T}, relaxation of *Cland *'Cl

in the membranes without, and the membranes with DNDS.

Temp Freq Membranes
(K MH2) T hNDs +DNDS _DNDS +DNDS
Ty (ms) T (ms) 7y (ms) T; (ms) T, (ms) T (ms) Ty, (ms) T, (ms)
288 8819 45409  11.3+12 61+05 194413  38+03  114+11  66+06 251403
29400  4.6+02 192402 77404 215407 37401 148407 55403  256+18
32648  93+14 407432 150412 390425
39187  65+04 242406 102404 237406
293 32648 87407  475+25 168+10 531431
39187  7.2+403 288409 115403 313407

* The values at 32.6 MHz were for ’Cl in a magnetic field of 9.4 T. T, , measurements were not determined at 32.6 and 39.2 MHz.

The values were computed using the equations:
signal amplitude = H {0.6 exp(— /1) +0.4 exp(— t/Tf} ,

signal amplitude = H{O.G exp( - I/T]fp) +0.4 exp( - t/Tzs} .

cupied by a Cl ion (thus preventing binding to the
inward facing sites). Thus the fraction of chloride
ions bound is ~2.0x 1074 of the total, leaving
the bulk of the C1~ present in free sclution.

The *C1~ and *'CI~ NMR relaxation times
obtained using single exponential analysis mea-
sured in buffer and in the presence of the mem-
branes are shown in Table 1. The 7, and T,
values were the same within experimental error, at
all frequencies for the buffer samples, but differed
for membrane samples. The difference between T;
and T, values for the membrane-containing sam-
ples indicated that the extreme narrowing limit (at
which w7, < 1) was not attained at the C1~ bind-
ing site [37], thus justifying the choice of the
relaxation model embodied in egs. (1)-(12). From

Table 3

the theory presented above, it can be seen that
when w7, > 1 the two components of T, (namely
T} and T)) and Tlfp {namely Tlfp and T})) should
be significantly different and hence may possibly
be determinable by regression analysis of relaxa-
tion time-courses. Such is not the case for longitu-
dinal relaxation since the contributions to the rate
of relaxation of 1/7T/; and 1/T;, differ by less
than a factor of four, Hence, only 7, and T}, data
were able to be analysed into two exponentially
relaxing components: the results are given in Ta-
ble 2. However, the errors resulting from a double
exponential analysis are often large [32,34).

The difference between relaxation rate con-
stants (called the ‘excess’ relaxation rate constant)
for Cl ions in the membrane samples with, and

Excess relaxation rate constants (i.e., the difference between the relaxation rate constants for the membrane without and membrane
with DNDS) calculated from the data in Table 1. The values at 32.6 MHz are for an T,, measurements were not measured (nm) at

32.6 or 392 MHz

Temp Freq Al/T, Al/T, AL/T,, AL/TS AT AL/ T, AL/TY,
(K) (MHz) ™Y b} ot} ™ (s (Caly s™hH
288 8.819 14.4+3.3 41427 77+23 58458 37 +13 111435 48+9
29.400 1.9+08 22410 53+21 88+16 56+ 2.1 88+17 29+6
32.648 19+14 14+ 5 nm 41+22 ~11+ 36 nm nm
39.187 3.6+09 13+ 5 nm 56+13 -09+ 21 nm nm
293 32.648 24409 22+ 5 nm 56113 22+ 22 nm nm
39.187 27+05 19+ 6 nm 52+ 8 28+ 18 nm nm
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without, DNDS, was used to study the chloride
binding. The excess longitudinal and transverse
relaxation rate constants are denoted by A(1/T))
and A(1/T,), respectively. The excess relaxation
rate constants “report” on Cl~ binding to band 3
and the particular values are given in Table 3.
From the measured excess relaxation rate con-
stants numerical simulations were used to de-
termine values for 7., 7., and the quadrupole

ex? <

coupling constant of the CI~ bound to band 3.
Values for 7., 7., and the quadrupole coupling
constant were inserted into eqs. (1)-(12) and the
values were adjusted in order to simulate the
experimentally determined values. The quadrupole
moments used in the calculations were —0.082 X
107% and —0.065 X 10™* m? for *°Cl and *'Cl,
respectively {38]. An initial estimate of the correla-
tion-time of the C1 ion bound to band 3 was

(b)
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Fig. 1. Numerical simulations (evaluations) of the expressions given by eqs. (1)-(12) for the excess relaxation rate constants for Cl~
binding to band 3. The aim was to simulate the observed excess relaxation rate constants for C1~ at the band 3 binding site (see
Table 3) given values for 7, ., and the sl quadrupole coupling constant (). The el quadrupole coupling constant was obtained
by multiplying x by the ratio of the quadrupole moments of the two chlorine isotopes. The values of 7, and x refer to CI~ bound to
band 3. The fraction of the C1™ population bound was set to 2.01 <10~ # (see text). It should be kept in mind when comparing the
simulated excess relaxation data with the experimental values that the experimental values have inherently large errors, as indicated.
The large errors result because the excess relaxation rate constant is calculated by substrating the nverses of two small numbers
which already contain an appreciable error (see Tables 1 and 2). This is especially true for the 8.8 MHz data. (a) The excess relaxation
rate constants versus NMR ohservation frequency for 3C1 derived from T, (») and T, (@) simulations and for ¥C1 derived from T,
(O) and T, (O) simulations, both with assuming analysis using a single exponential expression. The parameter values used in egs.
(10)-(12) were 7, =25 ns, 7,, = 4.8%x 10 ®sand Q@ 3.3 MHz. The corresponding experimental data obtained at 288 K from Table 3,
are plotted with the corresponding larger symbols and with error bars. (b) The excess relaxation rate constants versus NMR
observation frequency for €l derived from 7, (W) and 77 (@) simulations and for It derived from T, () and 75 (O)
simulations, both with analysis using a double exponential expression. The parameter values used in egs. (4)-(9) were 7. =22 ns,
Tox = 2.0%107% s and Q = 3.4 MHz. The corresponding experimental data obtained at 288 K, from Table 3, are plotted with the
corresponding larger symbols and with error bars.
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obtained by examining the frequency dependence
of the excess relaxation rate constants at the band
3 site (i.e., DNDS-sensitive site; Table 3). From
the data it appears that w7, =1 at w/(27) <88
MHz thus implying that 7. > 18 ns. Example
simulations are shown in Fig. 1. The three param-
eter values which best fitted the values of the
single exponentially derived excess relaxation rate
constants were 7, ~4.8 X 107¢ s, 7.~ 25 ns, and
a ¢l quadrupole coupling constant ~ 3.3 MHz.
From simulations of the double exponentially de-
rived excess relaxation rate constants the corre-
sponding best set of values was ~2.0X10 ¢ s,
~22 ns and ~ 3.4 MHz. Because the 7, mea-
surements were conducted at only two field
strengths, their excess relaxation rate constants
were not considered in the simulations.

5. Discussion

Estimates of relaxation times obtained from
measurements of linewidth are more susceptible to
instrumental artifacts than those obtained by mul-
tipulse methods [39]. This is especially true for
nuclei with I=3/2, since the slowly relaxing
components are more heavily weighted in the
line-shape analysis, The T, values were measured
using a Hahn spin-echo sequence instead of the
more generally used Carr—Purcell-Meiboom-Gill
sequence [40] in order to minimize sample heating
(e.g., [41]). The relaxation measurements were,
when duplicates were conducted, generally repro-
ducible (i.e., within experimental error). Transla-
tional diffusion of the Cl ions made a negligible
contribution to the measured T, values as is evi-
dent from the close agreement with the 7, values
for the buffer sample.

Due to different experimental conditions only
an approximate comparison is able to be per-
formed between the Cl relaxation measurements
conducted at 8.8 MHz and 288 K in the present
work and the line-shape analysis of Falke et al.
[14]. The comparison is made as follows: from
Fig. 3 of Falke et al. {14], the excess transverse
relaxation rate constant can be calculated to be
48.8 s7! (6.5 mg/ml protein) at 276 K, our experi-

mental value, at 288 K, is 41.1 s~ ! (see Table 3).
By substituting our values, derived from single
exponential analysis for 7., 7., and x, and allow-
ing for the chloride concentration used by Falke et
al., [14] (three times that in the present work) into
eq. (11) the transverse excess relaxation rate con-
stant was calculated to be 9.6 s™': using the
present chloride concentration a value of 28.6 s™!
was obtained.

Although the relaxation of bound C1™ is multi-
exponential, because the bound C1™ motion is not
in the extreme narrowing limit, single exponential
analysis was used as well as double exponential
analysis to compute the relaxation rate constants.
There were two reasons for this: First, pro-
nounced deviations from single exponential decay
for CI~ and other / =3/2 nuclei are usually not
observed and have generally only been seen with
23Na‘; second, it has been shown, using a per-
turbation treatment, that quadrupole relaxation in
the presence of chemical exchange is well de-
scribed by a single exponential decay, provided
that the values of the spectral density functions
are only weakly frequency-dependent [39]. Double
exponential analysis is theoretically correct, but
the analysis of the relaxation time courses is less
likely to give a unique estimate of parameter val-
ues. Conversely, single exponential analysis is sim-
pler but the equations relating the relaxation time
constants to the binding parameters are only ap-
proximations [32]. With both single and double
exponential analysis the 7, measurements were
found to be more sensitive to Cl~ binding than
the 7, measurements (see Tables 1 and 3).

A model involving relaxation by anisotropic
mation [42] may be more appropriate for analys-
ing our data than the isotropic model. However,
the anisotropic model involves considerable com-
putational difficulties because the 7, and T, re-
laxation times of Cl~ in membrane suspensions in
the presence or absence of DNDS, were only
marginally different; only if they were very differ-
ent would fitting of the more complicated model,
with its additional parameters, be possible.

In a red cell membrane about 40% of band 3 is
anchored to the cytoskeleton, hindering its rota-
tional diffusion [43]. In the present study the
membranes were isolated using buffers containing
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EDTA which at higher concentrations can be used
to extract the cytoskeleton protein, spectrin, from
the membranes. However, due to the low tempera-
ture at which the preparation was performed, to-
gether with the low EDTA concentration used
(i.e., 1 mM), spectrin removal would have been
minimal (G. Ralston, personal communication).
Also, to our knowledge, no relationship has been
shown between band 3 rotational diffusion and
ion transport, Hence it is unlikely that the present
binding phenomena were influenced by cyto-
skeletal changes.

Falke et al. [9] claimed that their “crushed
ghosts”, suspended in 250 mM Cl°, remained
crushed to such an extent that the internal Cl™
ions were in slow exchange with the external solu-
tion and thus no longer contributed to the ob-
served linebroadening. However, in our procedure
the ghosts were first prepared by a more gentle
technique and then pelleted from 84.5 mM CI™ at
110,000 g. The negative charges of the phos-
phatidylserine headgroups on the inner face of the
membranes [44] repel each other at low salt con-
centrations, keeping the bilayers separated (G.
Ralston, personal communication). Also the mea-
surements presented in this paper were performed
at temperatures at least 12 K higher than those of
Falke and co-workers which would increase the
rate of exchange due to the greater diffusion coef-
ficient of the C1~ ions. Hence we assume that the
holes in the membranes caused by osmotic lysis
[45,46] allow rapid exchange, on the NMR time
scale, of chloride ions between the internal and
external compartments. Thus the relaxation effects
measured in this study could result from both
mnternal and external binding sites. In addition it
was assumed that Cl- ions move between two
binding sites via the free solution. However, be-
cause of the asymmetry of the C1™ binding con-
stants between the inward and outward facing
band 3 sttes (vide supra), the results of the present
study will relate predominantly to Cl~ binding to
the outward facing sites. When Cl ions bind to
band 3, translocation can occur as well as dissoci-
ation, but the dissociation rate is very rapid com-
pared to the translocation rate (translocation rate
constant 400 s~ ! at 273 K [10]).

The non-DNDS specific NMR relaxation of

Cl™ in the membrane-containing samples is un-
likely to result from viscosity effects on the corre-
lation-time of the ion. The macroscopic viscosity
1s largely determined by the membranes, and the
motion of the much smaller C1™ ions should be
virtually unaffected [47]. For example, the non-
conformity of bulk viscosity and the viscosity
probed by NMR measurements has been ex-
hibited with a small phosphorus-containing mole-
cule [48]. Thus it appears that the non-DNDS
specific relaxation must largely result from the
presence of at least one other type of binding site
on the leaky ghost membranes; this is consistent
with the findings of Falke and coworkers [14].
Analysis using the excess relaxation rates for non-
DNDS specific relaxation in the membrane sam-
ples was not included since it seemed unjustified
to assume that the sites would form a homoge-
neous population.

Under optimal conditions the temperature de-
pendence of the excess relaxation rate constants
(see Table 3) or the ratio of the excess relaxation
rate constants of “>Cl to *'Cl can be used to infer
“the time scale of the exchange process” [11].
However, in the present study these methods did
not clearly define the time scale.

Single and double exponential analysis gave
suprisingly similar results with the largest dis-
crepancy being in the estimates of the exchange
lifetime, ... The values obtained for the rotational
correlation-time of Cl1~ bound to band 3 are simi-
lar to values observed for C1~ binding to alcohol
dehydrogenase [49]. Falke and Chan [13] proposed
that an arginine may be involved in the binding of
Cl to band 3. Bull et al., [49] have estimated the
quadrupole coupling constant for C1~ bound to
the C(NH,)" group of an arginine to be 2.8 MHz.
This value is in reasonable agreement with the
value determined in the present work. The ex-
change time determined here, implies that the
rates of chloride association and dissociation at
the outward facing band 3 sites occur on a time
scale of <5 ps. The value obtained for the ex-
change time is similar to that obtained by Falke et
al,, [15] and hence the association /dissociation of
chloride onto the outward facing band 3 binding
site should not limit the transmembrane chloride
flux.
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