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SUMMARY: The width (at half height) of the NMR spectral peak of [35C1] was
increased significantly in the presence of either red blood cell ghosts or

a Triton X-100 extract of the ghosts, indicating chloride binding in both
preparations. The specific widening was a linear function of protein con-
centration of the medium, amounting to 4.2 Hz/mg of ghost protein and 6 Hz/mg
of Triton X-100 extracted protein. If cells were treated with the irrevers-
ible anion transport inhibitor, DIDS (4,4'-diisothiocyano-2,2'-stilbene
disulfonic acid), prior to the preparation of the ghosts, the specific widen-
ing of the NMR peak was diminished by 32% for ghost protein and 50% for the
Triton X-100 extract. The effect of the inhibitor on the widening was largely
limited to the pH range 6.5-8.5. The data suggest that the effectiveness of
DIDS as an inhibitor may be related to its capacity to displace C1 from anion
binding sites in band 3.

INTRODUCTION: Anion permeability in the human red blood cell is associated
with an intrinsic protein of apparent molecular weight of 95,000 (1,2,3,4,5)
usually called band 3 (nomenclature of Fairbanks et al.)(6). Although kinetic
data suggest that chloride binding to membrane sites precedes its trans-
location (7,8,9), a demonstration of such binding to membrane proteins by
conventional methods is not feasible because the apparent affinity of the
transport site for €1 is low(§m= 67 mM) (8,9). The difficulty can, however,
be overcome by using [35C1]NMR, because the chloride relaxation times are
affected by the presence of even low affinity anion binding sites in proteins
from a wide variety of sources (10,11,12). Using this technique, we have
measured the binding of €l to red cell ghosts, to a Triton X-100 extract from
the ghosts which is enriched in band 3 protein and the red cell sialoglyco-
proteins (13), and to purified sialoglycoprotein and phospholipids. Because
of the potentially large number of non specific binding sites for chloride,
we used the specific irreversible inhibitor of anion permability, (DIDS)(1,2)
to distinguish the particular sites which might be involved in €1 transport.
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Figure 1. The line width at half height of [35011 resonance in (A) 250 mM
KC1, (B) 250 mM KC1 plus Triton X-100 extract of red blood cell
ghosts (5 mg protein per ml), (C) 250 mM KCl plus Triton X-100
extract of DIDS (10 uM) treated red blood cell ghosts (5 mg
protein per ml).

MATERIALS AND METHODS: Human red blood cell ghosts were prepared by the

method of Dodge et al.(14) and were extracted with 1% Triton X-100 (Rohm and
Haas, Canada) at ionic stremngth, 40 mM by the procedure of Yu et al.(13). The
fraction extracted by this method is enriched in band 3 and the major glyco-
proteins and also contains phospholipids. The extract was then concentrated
eight to ten fold with a Diaflo XM100A filter to final concentration of 5.0 to
10 mg protein/ml under 15 psi Ny, the chloride concentration was adjusted by
the addition of KCl, and pH was adjusted by the addition of either HC1 or NaOH
To evaluate the Cl -binding of major constituents other than band 3, the
Triton extract was passed through an organomercurial sepharose column (15).
Some of the sialoglycoproteins and all of the lipid components in the extract
were eluted from the column but all of the band 3 wag retained (15). The
eluate was tested for its broadening effect on the [""C1INMR line width. In
addition, the glycoprotein components were separately purified (16) and tested.
Except in the experiment of Fig. 3, the pH was 7.2. The treatment of red blood
cells with 10uM DIDS (4,4-isothiocyanc-2,2-stilbene disulfonic acid) was
carried out as described previously (2). Protein was determined by the method
of Lowry et al.(17) and sialic acid by the method of Aminoff(18). Samples were
kept at 4°C except during NMR readings which were carried out at 23°C, Pulsed
Fourier transform NMR spectra of chloride were obtained on a Bruker BKR-322
variable frequency pulged spectrometer. For a field equivalent to proton
resonance at 60 MHz, [°°Cl] resonated at 5.88 MHz. Chloride NMR line widths
were measured at half height of the spectral peak.

35
RESULTS: Typical [ ClINMR spectra are shown in Fig. 1. The line width at
half height for 250 mM KC1l was 19 Hz 2 0.6 S.E.(Fig. 1A), a value that was used
as a blank for the calculation of line width broadening. In the presence of

Triton X-100 extracts of human red blood cell ghosts (5 mg protein per ml},
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Figure 2. Variation in [3501] (250 mM KC1) NMR line width as a function of
protein concentration. (A) Ghosts (e) control; (o) from DIDS
treated cells, (B) Triton X~100 extract of red blood cell ghosts
(o) control; (o) from DIDS treated cells.

the line width was considerably broadened, to 52 Hz (Fig. 1B), but with
similar extracts from cells treated with DIDS (also containing 5 mg proteinper
ml), the broadening was substantially less. The line width was only 36 Hz (Fig.1C).
The [3501]NMR line width increased in the presence of red cell
ghosts, as well as Triton X-100 extracted proteins (Fig.2). In either case the
increase was linearly related to the amount of protein added, amounting to
4.2 Hz per mg of ghost protein and 6.0 Hz per mg of Triton X-100 extracted
protein. If the cells were pretreated with DIDS, the specific widening
decreased in each case. In the ghosts, the decrease was 32%, from 4.2 to 2.7
Hz per mg of protein (Fig. 2A), and in the Triton X-100 extract, the decrease
was 507 from 6.0 to 3.1 Hz per mg of protein (Fig. 2B). The difference in
slopes of the regression lines with and without DIDS in both cases is

significant at the p <0.01 level.
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Figure 3. The excess [3501] (250 mM KC1) NMR line width as a function of pH.

(o) ghost protein; (o) Triton X-100 extract of red blood cell
ghosts; (x) extract from DIDS treated cells. The protein
concentration was 5 mg/ml in all cases.

The line broadening for either the ghosts or Triton X~100 extracts
was maximal at pH 7.2 (Fig.3). Except at high pH values, the specific
broadening per mg of protein was substantially higher for the Triton X-100
extracts than for the ghosts. The differential was especially large at low
pH because the ghosts had almost no influence on the NMR spectra below pH 6.
In extracts from DIDS-treated cells, the peak at pH 7.2 was eliminated, but
the effects of DIDS at low or high values of pH were minimal. Exposure to
ghosts or extracts to pH values ranging from 3 to 10 for up to 3 hours
resulted in no irreversible effects in terms of their C1 binding measured by
NMR.

To assess the possible effects of major components in the Tritom
X-100 extracts other than band 3 on the line width, several controls were
carried out. Triton X-100 (1%) itself had no effect on [3501]NMR spectra
measured at pH 7.2 in the presence or absence of protein (Bovine serum

albumin). The extract contains phospholipids (20 ug per mg of protein) and
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protein components, largely band 3 (about 80%) and sialoglycoproteins (about
15%) (4,13). An eluate of the Triton-extract (prepared by passage through

an organic mercury column - see methods) containing only the phospholipids
and some sialoglycoproteins (15) did not significantly increase the [35C1]

NMR line width (values were only 1 to 2 Hz above the control level). The same
result was obtained using purified sialoglycoproteins in concentrations
equivalent to those present in the Triton extracts. By elimination, there-
fore, band 3 is the only major component in the extract that could contri-
bute to the broadening of the [35C1INMR signal. Minor components (amounting
to about 5% of the protein in the extract) might also contribute.

DISCUSSION: Binding of C1 to band 3 protein has been assumed to precede its
translocation across the membrane, but the evidence is indirect, based
largely on kinetic behavior (7,8,9) oronprotectionbyCl-againstinhibitors
(19). The NMR technique offers an opportunity to measure c1 binding directly,
for the widening of the [35C1]NMR absorption signal in the presence of ligand
is generally interpreted as binding of cl” to ligand (10). Because of the
difficulty of preparing the large amounts of undenatured, purified band 3
protein necessary for NMR measurements, the present study was carried out with
Triton X~100 extracts of ghosts enriched in band 3 protein. Such extracts are
also enriched in sialoglycoproteins and contain phospholipids in about the
same lipid to protein ratio as the ghosts (13). Band 3 constitutes about 30%
of the ghost protein (5), but about 80% of the protein in the extract. Apart
from the sialoglycoproteins (about 15%), other proteins are present in only
small quantities (4,13). The present study indicates that the phospholipids
and sialoglycoproteins in the extract do not contribute significantly to the
widening of the [35Cl]NMR signal. Although minor components cannot be ex-
cluded as contributors to the widening, it seems likely that most of the
effect is due to the binding of €1 to band 3. This conclusion is supported
by several kinds of evidence in addition to the relative abundance of band 3:

(I), the broadening per mg of ghost protein is of the same order of magni~
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tude as that reported for other proteins (11,12). If it were largely due to

a minor component, the broadening per mg of protein would have to be unusually
large; (II), the excess of [35C1]1ine width is a direct measure of the trans-
verse relaxation time of the bound C1 . The dominant relaxation process for
such quadrupolar nuclei arises from the interaction of the quadrupole moment
with the electric field gradients at the ion binding site. Modulation of this
interaction can arise from both the rotation of the ion-protein complex and
from exchange between bound and free ions. For Triton X-100 band 3 extract,
the exchange process is most likely too slow to contribute to the relaxation
times, and on this assumption a quadrupolar coupling constant can be estim~
ated for the bound ion using the procedure of Norne et al.(12). Using a
rotational correlation time of 16 nsec derived from an estimated molecular

weight of 310,000 for the band 3 Triton X-100 micelle (20), a value of

2 MHz is obtained for the quadrupolar coupling constant. This value is in
good agreement with values found for Cl™ binding to other metal free proteins
(12);(II1),DIDS is highly localized in band 3 (over 90%) with about 5% in the
sialoglycoprotein, only trace amounts distributed in other proteins and none
in phospholipids (2,21,22). Its substantial inhibition of the NMR peak widen-
ing supports the conclusion that DIDS-modulated c1” binding is located in
band 3.

The line width broadening per mg of protein is somewhat higher in
the Triton X-100 extract than in the ghost (4.2 compared to 6.0 Hz/mg) and the
inhibitory effect of DIDS is also higher in the extract (35% compared to 50%).
If band 3 contributes a disproportionate fraction of the broadening by ghost
protein and almost all of the DIDS effect, then its enrichment in the extract
could account for the changes. In addition, however, some alteration in cl
binding must accompany Triton X-100 extraction. For example, at pH 5.5 to 6.5,
the line broadening is very low in ghosts, but relatively high in the extract
(Fig. 3). Additional 1l binding sites visible in this pH range have become

accessible as a consequence of detergent extraction.
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The modulation of the line broadening by DIDS is restricted to a
narrow pH range around the peak value of 7.2. Thus the peak (seen with both
ghosts and extract) represents c1 binding that might be related to the inhibit-
ion of anion transport by DIDS. This conclusion is supported by the approximate
correspondence of the pH peak for DIDS-modulation of c1 binding and that
reported for c1” transport (23). The remaining line broadening over the whole
pH range studied is probably unrelated to the inhibition of anion transport,
representing non-specific c1” binding by band 3 and other membrane components.

The degree of line broadening cannot be used to directly determine
the affinities or stoichiometry of c1” binding. The DIDS-binding on the other

hand, is known to be in approximately a 1 to 1 ratio to band 3 protein(22,24).

Thus the modulation of line broadening by DIDS can be attributed to ome DIDS-—
binding site per band 3 monomer. We suggest that the capacity of DIDS to
inhibit anion transport in the human red blood cell is related to its capacity

to displace C1 from binding sites on band 3, the anion transport protein.
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