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Summary. The line widths of 35C1- nuclear magnetic resonances 
were used to measure chloride binding by Band 3. Since this 
procedure relates directly to binding, the data obtained may be 
interpreted more unequivocally than affinities derived from ki- 
netic data which could be related to either translocation or bind- 
ing. Chloride binding to the active sites in Band 3 was assessed 
from that portion of the total line width which was sensitive to 
4,4'-dinitrostilbene-2,2'-disulfonic acid. These sites appeared to 
b e completely inhibited by treatment of erythrocyte membranes 
with diethylpyrocarbonate. This result is consistent with our pre- 
vious observation that this reagent inhibits anion transport in 
resealed erythrocyte ghosts (Izuhara, Okubo & Hamasaki, 1989, 
Biochemistry 28:4725-4728). Hydroxylamine could not reverse 
the diethylpyrocarbonate inhibition of chloride binding to Band 
3. The pH-dependence of diethylpyrocarbonate reactivity sug- 
gests that the modified residues may be those of histidine. 
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Introduction 

In the present study, we used a 35C1 nuclear mag- 
netic resonance (NMR) technique (Shami et al., 
1977; Forsen & Lindman, 1981; Falke, Pace & 
Chan, 1984a,b; Falke, Kanes & Chan, 1985; Falke 
& Chan, 1986a-c) to investigate chloride binding by 
Band 3. The NMR method provides a direct mea- 
sure of anion binding, whereas binding inferred 
from affinities calculated from transport rates is 
subject to both anion binding to the carrier and 
translocation of the anion-carrier complex. 

We suggested previously that histidine resi- 
due(s) in Band 3 may participate in anion transport 
along with lysine and arginine residues (Matsu- 
yama, Kawano & Hamasaki, 1986) and demon- 
strated that diethylpyrocarbonate (DEPC), a reput- 
edly histidine-reactive reagent, inhibits inorganic 
phosphate exchange across the human erythrocyte 
membrane (Izuhara, Okubo & Hamasaki, 1989). 

The exchange rates were decreased only when the 
functional amino acids at the cytosolic surface of 
resealed ghosts were modified by this reagent. The 
intracellular modification of these residues inhib- 
ited the extracellular binding of [3H]dihydro-4, 
4'-diisothiocyanostilbene-2,2'-disulfonic acid([3H] 
H2-DIDS) to Band 3 and, conversely, extracellular 
4,4'-dinitrostilbene-2,2'-disulfonic acid (DNDS) 
protected intraceUular DEPC-susceptible residues 
from DEPC modification (Izuhara et al., 1989). 
Thus, the DEPC-susceptible residue(s) is hidden 
from the cytosolic surface when Band 3 is in the 
outward form and appears in the cytosolic compart- 
ment only when Band 3 is in the inward conforma- 
tion (Hamasaki, Izuhara & Okubo, 1989). It ap- 
pears, therefore, that the conformational changes 
which occur in Band 3 take place across the entire 
breadth of the erythrocyte membrane and are rele- 
vant to anion transport. 

In the present study, the 35C1 NMR technique 
was employed to investigate the chloride binding 
sites of Band 3 following treatment of this protein 
with DEPC. The results indicate that chloride bind- 
ing to Band 3 is inhibited by this reagent and that 
this inhibition is likely to be involved in the inhibi- 
tion of phosphate transport by this reagent (Izuhara 
et al., 1989), though the chloride transport activity 
under the same conditions remains to be done to 
further clarification of the relationship between the 
chloride transport activity and the binding to the 
transport site of Band 3. 

Materials and Methods 

PREPARATION OF RED CELL MEMBRANES 

Freshly outdated human blood was used in these studies. Eryth- 
rocytes which had been stored in citrate/phosphate/dextrose so- 
lution were washed three times with phosphate-buffered saline at 
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0~ The washed red cells were lysed with 30 volumes of 5 mM 
phosphate at pH 8 (5P8) at 0~ for 30 min. The membranes were 
pelleted by centrifugation for 10 rain at 27,300 x g and 0-4~ and 
were washed with ice-cold 5P8 until the membranes became 
white. To avoid resealing of the membranes during the prepara- 
tive procedures, all lysing and washing solutions were precooled 
in ice. The membranes were kept in ice for no longer than a week 
before use in the NMR experiment. 

TREATMENT OF THE ERYTHROCYTE MEMBRANE 

WITH D E P C  AND HYDROXYLAMINE 

DEPC was freshly prepared as a 600 mM solution in ethanol. The 
cell membranes were incubated with 6 mM DEPC in ice for 30 
rain. For additional treatment with hydroxylamine, DEPC- 
treated membranes were mixed with an equal volume of 1 M 
hydroxglamine and incubated at 37~ for 0-180 rain. The mem- 
branes were washed twice with a large volume of 5P8. 

PREPARATION OF N M R  SAMPLES 

Each NMR sample contained membranes suspended in a solu- 
tion containing 62.5 mM NaCI and 20 mM sodium phosphate at 
pH 8.0 or 6.0 to make the membrane protein concentration 1.9 
mg/ml. In a preliminary study, different chloride concentrations 
were tested and a NaCI concentration of 62.5 mM was found to 
be a good working solution to obtain DNDS-sensitive line 
widths. The membrane concentration in the NMR samples was 
varied from 0 to 2.0 mg protein/ml. The pH of the NMR samples 
was measured with a glass electrode before and after the NMR 
measurements. To determine the anion transport-specific chlo- 
ride binding sites (Falke &Chan, 1986a), the line width of each 
sample was determined before and after addition of 20/xl of 40 
mM DNDS. 

35C1 N M R  SPECTROSCOPY 

Spectra were obtained using a Nicolet 200 MHz spectrometer 
(350 resonance frequency was 19.6 MHz). Samples were con- 
tained in 12-mm tubes and the following parameters were se- 
lected for the acquisition of spectra. The spectral width was 2000 
Hz and contained 256 data points. Two thousand acquisitions 
were accumulated without spinning over a period of 4.8 min at 
22~ Line broadening of 10 Hz was used to increase the signal/ 
noise ratio and the free induction decays were zero-filled twice. 
The line widths of the 35C1 peaks at half-height were calculated 
with the aid of Nicolet's curve-fitting routine. 

[3H]H2-DIDS BINDING TO BAND 3 

IN THE MEMBRANES 

Resealed ghosts were prepared in a pH 7.4 medium and incu- 
bated with and without 5 mM DEPC for 30 min at pH 7.4 and 0~ 
Aliquots of the DEPC-pretreated ghost preparation were incu- 
bated with either 1 g hydroxylamine or 5P8 (in the control sam- 
ple) for 30 or 180 min at 37~ The incubated ghosts were washed 
and resuspended in 5P8, and used for the [3H]H2-DIDS binding 
experiments as described previously (lzuhara et al., 1989). 

ANALYTICAL PROCEDURES 

Protein concentration was determined by the method of Lowry 
et al. (1951) using bovine serum albumin as the standard. Sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
for protein analysis was carried out according to the method of 
Laemmli (1970). 

MATERIALS 

DEPC and DNDS were obtained from Aldrich Chemical, WI. 
[3H]H2-DIDS was purchased from HSC Research Development, 
Toronto, Canada. Other reagents were of analytical grade. 

Results 

EFFECT OF DEPC ON THE LINE WIDTH 
OF THE ssC1 N M R  

Figure 1 shows a plot of the line widths of 35C1 
NMR derived from solutions containing 62.5 mM 
NaC1, 20 mM sodium phosphate and 0-2 mg pro- 
tein/ml of solution as a function of membrane pro- 
tein concentration. The line broadening which re- 
sulted was due to the increase in concentration of 
the membranes in the NMR samples, consistent 
with the results of Falke et al. (1986a). The slope of 
the line describing the line broadening was 7.30 Hz 
per mg protein/ml and the line widths were reduced 
by adding DNDS to a final concentration of 0.2 mM 
in these same NMR samples. The slope of the 
DNDS-reduced line width curve was 2.70 Hz per 
mg protein/ml. The DNDS-sensitive line width was 
therefore 4.6 Hzper  mg protein/ml, and this differ- 
ence reflects chloride binding to anion transport 
sites of Band 3 as shown by Falke et al. (1986a). 
Treatment of native membranes with DEPC com- 
pletely abolished the DNDS-sensitive line broaden- 
ing. The slope of the line broadening was also de- 
creased from 7.30 to 2.70 Hz per mg protein/ml 
when membranes were treated with DEPC at pH 
7.8 (Fig. 1). This indicates that chloride binding to 
the anion transport sites of Band 3 was completely 
inhibited by this procedure. This inhibitory effect of 
DEPC was diminished by decreasing the pH of the 
solution to 6.3 (Fig. 1) as we observed previously in 
anion transport studies (Izuhara et al., 1989). The 
control values in the absence of DEPC at this pH 
were similar to the values observed at pH 7.8 and 
are not shown. 

HYDROXYLAMINE TREATMENT 

Hydroxylamine has been used to test whether 
DEPC-modified residues are histidine groups, 
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Fig. 1. DEPC and DNDS inhibit the line broadening of the 35CI 
NMR from human erythrocyte membranes. The line width of the 
35C1- NMR from unsealed ghosts was plotted against protein 
concentration of the ghosts. Native erythrocyte membranes with 
(O) or without (Q) 0.2 mM DNDS and with 6 mM DEPC at pH 7.8 
(~) were examined with the 35C1- NMR line broadening proce- 
dure described in Materials and Methods. The dotted line indi- 
cates the line broadening of samples containing membranes 
treated with 6 mM DEPC at pH 6.3 
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Fig. 2. Effect of hydroxylamine on the line widths of the 35C1 
NMR from DEPC-pretreated membranes: column /, the line- 
width of native erythrocyte membranes (1.9 mg/ml); column 2, 
the line width of membranes (1.9 mg/ml) incubated with 0.2 mm 
DNDS; column 3, the line width of membranes (1.9 mg/ml) pre- 
treated with 6 mM DEPC at pH 7.8; column 4, the line width of 
DEPC-pretreated membranes (1.9 mg/ml) after treatment with 
0.5 M hydroxylamine at 37~ for 30 min; column 5, the line width 
of DEPC-pretreated membranes (1.9 mg/ml) after treatment with 
0.5 m hydroxylamine at 37~ for 180 min. Each value indicates 
the average of two different experiments 

which would have been indicated by reversal of the 
DEPC inhibition (Miles, 1977). In this study, we 
also used this reagent for the same purpose. Eryth- 
rocyte membranes were treated with 0.5 M hy- 
droxylamine at 37~ for 0-180 min. As shown in 
Fig. 1, the DNDS-sensitive line broadening was 
abolished by treating ghosts with DEPC, indicating 
that the chloride binding site for anion transport 
was blocked by DEPC. This reduction in line broad- 
ening was not reversed by 0.5 M hydroxylamine 
(Fig. 2). Essentially the same results were obtained 
by treating the ghosts with 0.2 or I M hydroxyl- 
amine (data not shown). Hydroxylamine alone up 
to 1 g had no effect on the DNDS-sensitive line 
broadening of native ghosts for 3 hr at 37~ (data 
not shown). The irreversible pH]H2-DIDS binding 
site of Band 3 was intact when ghosts were incu- 
bated with 1 M hydroxylamine at 37~ for 30 min, 
but was completely destroyed by 3 hr of incubation 
(Fig. 3a), a procedure which would have minimally 
degraded the Band 3 protein (Fig. 3b). Prolonged 
incubation (19 hr) of ghosts with hydroxylamine de- 
graded Band 3 (Fig. 3b) as well as membrane pro- 
teins such as spectrin (Bands 1 and 2)i 

Discussion 

In the present communication, we used 35C1 NMR 
spectroscopy to examine how DEPC modifies the 
anion transport system in the erythrocyte mem- 
brane. In anion transport, three general steps are 
actually involved: binding to a carrier, translocation 
of the anion-carrier complex, and release of the an- 
ion from the carrier. The NMR method employed in 
this study provides a more direct measure of CI 
binding to and release from the carrier than the cal- 
culation of affinities from transport rates since 
translocation can also be involved in the determina- 
tion of a given transport rate. In fact, translocation 
rather than binding appears to be the rate-limiting 
step in normal chloride transport (Passow, 1986). In 
the present study, DEPC inhibited anion binding 
and in our previous study (Izuhara et al., 1989) an- 
ion transport was decreased by this reagent. In this 
case, therefore, it is clear that the binding step is 
definitely involved in the inhibition of transport, al- 
though the modification might sterically hinder the 
anion binding. It is also clear that binding studies 
with 35CI NMR provide unique information which 
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Fig. 3. (a) Influence of hydroxylamine on [3H]H2-DIDS binding 
to Band 3 in erythrocyte membranes with and without prior 
DEPC treatmeht. [3H]Hz-DIDS was preferentially incorporated 
into Band 3 (slice # 14-20) and lipid fraction (slice # 53-57) of 
erythrocyte membranes which had been preincubated with 1 M 
hydroxylamine for 30 rain in 5P8 at 37~ (O), but the radioactive 
incorporation into Band 3 (slice # 14-20) was completely inhib- 
ited by incubating the membranes with 1 M hydroxylamine for 
180 rain (x). Incorporation of [3H]H2-DIDS into Band 3 (slice # 
14-20) into DEPC-pretreated membranes was not reversed by 
incubating the membranes with 1 M hydroxylamine for 30 rain in 
5P8 at 37~ (0) (b) SDS-PAGE analysis of erythrocyte mem- 
branes treated with 1 M hydroxylamine for 0 min (lane 1), 30 min 
(lane 2), 3 hr (lane 3) and 19 hr (lane 4) in 5P8 at 37~ The gels 
were stained with Coomassie brilliant blue 

aid in the greater understanding of not only the 
overall transport process but the mechanism of inhi- 
bition of a particular inhibitor as well. 

DEPC modifies not only histidine but also ly- 
sine, tryptophan and cysteine residues, although 
histidine is considered to be the most susceptible of 
these amino acids (Miles, 1977). It has been known 
that the carboethoxy-histidine groups of some pro- 
teins are removed by hydroxylamine (Bornstein & 
Balian, 1977; Miles, 1977). Therefore, we used this 
reagent to test whether the DEPC inhibition of chlo- 
ride binding to Band 3 could be restored by hydrox- 
ylamine. We could not demonstrate that this re- 
agent was able to reverse the DEPC effect on 
chloride binding (Fig. 2). The changing reactivity of 
DEPC to pH (Fig. 1), however, strongly suggests 
that the modified residues may indeed be those of 
histidine. Further investigation would be desirable 
in order to secure additional evidence in support of 
this view. 

Hydroxylamine alone inhibited the irreversible 
binding of [3H]H2-DIDS to Band 3 (Fig. 3a) before 
the anion transport protein was significantly de- 
graded by this reagent (Fig. 3b). On the other hand, 
hydroxylamine did not inhibit chloride binding to 
Band 3 as indicated by the absence of an effect on 
the line broadening of ghosts incubated for 3 hr at 
37~ These results appear to be in accord with the 
previous observation that the minimal structure of 
Band 3 containing anion binding sites is relatively 
stable as demonstrated by the 35C1 NMR technique, 
even after extensive digestion of Band 3 with pro- 
teolytic enzymes (Falke & Chan, 1986c). However, 
these results seem paradoxical since binding of 
chloride and of [3H]H2-DIDS to Band 3 are both 
reflections of anion transport activity. This appar- 
ent discrepancy may be due to the difference in size 
between the stilbene compound and chloride, since 
a minor alteration in membrane structure could 
sterically affect binding of the larger ion before that 
of the smaller ion. It is interesting that hydroxyl- 
amine cleaves Asn-Gly peptide bonds (Bronstein & 
Balian, 1977). According to the deduced amino acid 
sequence of human Band 3 (Tanner, Martin & High, 
1988), there are three Asn-Gly sites within the mole- 
cule at 91-92, 365-366 and 482-483. The hydroxyl- 
amine-cleavage site could therefore be a crucial lo- 
cus for the binding of the stilbene compound to 
Band 3. 
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