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Summary 

The binding site for 4,4'-diisothiocyano-2,2'-stilbenedisulfonic acid, a spe- 
cific, potent ,  irreversible inhibitor of  anion transport  in red blood cells is 
located in a 15 000 dalton t ransmembrane segment of  band 3, produced by  
chymotryps in  t reatment  of  ghosts stripped of  extrinsic proteins. The seg- 
ment  was cleaved into three fragments of  7000, 4000 and 4000 daltons by 
CNBr. The C-terminus of  the segment is located in the 7000 dalton fragment; 
the N-terminus in one of  the 4000 dalton fragments; and the binding site for 
4,4'<liisothiocyano-2,2'-stilbenedisulfonic acid in the middle 4000 dalton frag- 
ment. The latter was cleaved by N-bromosuccinimide into two fragments of  
2000 daltons. The binding site for 4,4'-diisothiocyano-2,2'-stilbenedisulfonic 
acid was located on the fragment containing the newly formed N-terminus. It is 
concluded that the binding site is located about  9000 daltons from the C-ter- 
minus (at the outside face of  the membrane) and 6000 daltons from the N-ter- 
minus (at the cytoplasmic face). In view of  the existing evidence that  the 
binding site may be located near the  outside face of  the membrane,  it is sug- 
gested that  the 15 000 dalton segment is folded, so that  it crosses the bilayer 
three times. 

Introduction 

The disulfonic stilbene, 4,4'-diisothiocyano-2,2'-stilbenedisulfonic acid 
(DIDS), is a po ten t  inhibitor of  anion transport  that  binds by a covalent reac- 

Abbreviations: DIDS, 4,4'-diisothiocyano-2,2'-stilbenedisulfonic acid; APMB, 2-aminophenyl-6-methyl- 
benzenethiazol-3,1 '-disulfonic acid. 
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tion and is highly localized in an abundant  intrinsic membrane protein known 
as band 3, of  molecular weight approx. 95 000 [1,2].  Its inhibitory effect is 
proport ional  to the amount  of  binding to band 3, with virtually complete  
inhibition when the number  of  molecules bound is about  equal to the number  
of  molecules of  band 3 present in the membrane [3,4].  Recent  evidence [5] 
supports the view that each molecule of  band 3 contains a specific, DIDS- 
binding, inhibi tory  site. In its interaction with the site, DIDS behaves as an 
affinity probe. That is, it first binds reversibly, primarily by interaction of its 
sulfonic acid groups with positively charged groups in the inhibitory site, fol- 
lowed by a covalent interaction with an adjacent site [3,4,6].  

The functional nature of  the DIDS-inhibitory site has been assessed by the 
use of  a reduced form of DIDS, H2DIDS, with which the rate of  the covalent 
reaction is slow at low temperatures,  so that  the kinetics of its reversible inhibi- 
t ion can be determined [6]. The results suggest that  H2DIDS (and DIDS) com- 
pete with C1- for binding to a functional site, the transport  site, to which C1- 
must bind in order for its t ransport  to occur. On the basis of  the kinetic 
behavior of  t ransport  [2,7] and on the basis of  the transmembrane effect  of  
inhibitory probes such as DIDS [8],  the site appears to behave like a 'mobile 
carrier', being alternately accessible to the two sides of  the membrane.  DIDS 
would therefore seem to be an ideal probe to determine the location of  this 
'mobile '  t ransport  site in the primary structure of band 3. 

By proteolyt ic  cleavages at two sides of  the membrane,  DIDS has been 
located in a particular t ransmembrane segment reported to be 17 000 in molec- 
ular weight [9].  This segment is located about  42 000 daltons from the N-ter- 
minus of  band 3 and about  35 000 daltons from the C-terminus [10].  The pre- 
sent paper describes chemical cleavages of  the transmembrane segment which 
allow conclusions concerning the precise location of  the covalently bound 
DIDS in the primary structure of  band 3. 

Methods 

DIDS and tritiated dihydro DIDS ([ 3H]H2DIDS) were synthesized from their 
d iamino  analogs as previously described [1].  The tritiation of  the H2DIDS 
precursor was carried out  by  New England Nuclear, Inc. CNBr and N-bromo- 
succinimide were obtained from Aldrich Chemical Co. Silica gel 60 {particle 
size 0.063--0.2 nm, 70--230 mesh ASTM) was purchased from Brinkmann. The 
peptides, /3-insulin, cy tochrome C, and myoglobin were obtained from Sigma 
Chemical Co. 

Molecular weights of  various cleavage products  were determined by migra- 
tion in urea-SDS gels [11],  using 10 M urea, 0.1% SDS and 14.5 acrylamide. 
The tendency for formation of  aggregates that  do not  enter the gel could be 
minimized by  adjusting the pH of the running buffer  to 8.0. The peptides, po- 
lymyxin B, f3-insulin, cy tochrome C and myoglobin,  were used as molecular 
weight standards (Mr 1200, 3818, 12 300 and 17 000, respectively). The calibra- 
tion curve is linear except  for a slight curvature at the highest molecular weight. 
Staining of  gels for proteins (Coomassie blue), and analysis of  the radioactivity 
profiles were performed as previously described [1].  Descending paper chroma- 
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tography was carried out on Whatmann No. 3 paper which was washed and 
dried before use. For concentrating protein solutions, an Amicon ultafiltration 
cell (Model 8MC) with PM10 filters was used. Peptides were determined by a 
modification of the method of Lowry et al. [12] and/or by the ninhydrin 
method [13]. Amino acid analyses were performed on a Durrum 500 amino 
acid analyser. Samples were hydrolyzed in vacuo in double<listilled constant 
boiling-point HC1 at l l 0 °C  for 24 h. The following corrections were made for 
hydrolytic losses: threonine, 4.8%; serine, 12%; methionine, 14.3% and tyro- 
sine, 9%. A correction of 3.9% was applied for incomplete release of valine. 
Cysteine was determined as cysteic acid after performic acid oxidation [14]. 
Tryptophan was measured spectrophotometrically [15]. Partial sequences of 
amino acids were determined in a Beckmann Model 890C automated amino 
acid sequencer [16]. The phenylthiohydantoin amino acid derivatives were 
identified by gas chromatography [17], using a Hewlett-Packard 5700 A gas 
chromatograph. 

Erythrocytes from recently outdated blood bank were separated from 
plasma by centrifugation and washed three times in phosphate-buffered saline 
(150 mM NaC1, 5 mM sodium phosphate, pH 8). The cells were lightly labeled 
with [3H]H2DIDS (1 #M final concentration, 25% haematocrit, 37°C) for 30 
min in phosphate-buffered saline buffer, spun down and then incubated with 
H2DIDS and/or DIDS (15 pM final concentration, 25% haematocrit, 37°C) for 
1 h in phosphate-buffered saline. The cells were washed twice with phosphate- 
buffered saline containing 0.5% albumin to remove any unreacted DIDS and 
twice with phosphate-buffered saline. Leaky ghosts were then prepared [18] by 
submitting the cells to a hypotonic medium: 5 mM sodium phosphate, pH 8 
(5P8). The ghosts were frozen and thawed at room temperature, then stripped 
of extrinsic proteins by incubating for 2 min with ice-cold medium containing 
10 mM NaOH and 0.1 mM EDTA [10], followed by two washings with 5P8, 
providing starting material for the cleavages. 

The cleavage scheme involves enzymic proteolysis to produce the DIDS-con- 
taining 17 000 dalton segment; its cleavage by CNBr; the isolation of the DIDS- 
containing fragment; its cleavage by N-bromosuccinimide; with final separa- 
tion of a 2000 dalton DIDS-labelled peptide. 

Chymotrypsin cleavage of band 3. The alkali-stripped ghosts were resus- 
pended to a final concentration of 1--3 mg protein/ml of 5P8 buffer contain- 
ing 0.2 mg chymotrypsin/ml buffer. After incubation for 1.5 h at 37°C, pro- 
teolysis was stopped by adding 30 #g/ml of phenylmethylsulfonyl fluoride. The 
ghosts were then washed twice with 5P8 containing 0.5% albumin and twice 
with 5P8. The resulting vesicles, rich in the 15 000 dalton segment of band 3 
[10], were resuspended to a final concentration of 1 mg protein/ml of 10 mM 
Tris-HC1 buffer, pH 7.4, containing 0.2% Triton X-100. Stirring for 15 min at 
4°C followed by centrifugation at 45 000 × g for 30 min gave the stripped, pro- 
teolyzed, Triton X-100-extracted vesicles as a pellet. The major peptide in these 
vesicles is the 17000 dalton transmembrane segment of band 3. The vesicles 
were delipidated with a CHC13/CH3OH mixture (1 : 1) and run on urea-SDS 
gels. The band containing the 15 000 dalton segment was cut out of the gels, 
extracted with 1% SDS solution overnight, filtered and the filtrate concen- 
trated in an Amicon microultrafiltration cell. The 15 000 dalton segment pre- 
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cipitated out  of  this solution on standing, with yields of  50--70% based o n  the 
amount  of  radioactivity ([3H]H2DIDS) in solution before and after precipita- 
tion. The yield can be optimized by  adding ~ vol. of  CH3OH to the solution. In 
our hands, this DIDS-containing transmembrane fragment reported to be 
17 000 daltons [10]was found to be 15 000 daltons as determined by  migra- 
tion in urea-SDS gels. It will therefore be referred to as the 15 000 dalton seg- 
ment  in this paper. The difference in molecular weight may be due to differ- 
ences in cleavage procedure (1.5 compared to 1 h, 37°C compared to 22°C, 
and cleavage of  alkali-stripped rather than normal ghosts). 

CNBr cleavage of the 15 000 dalton segment. The peptide (3 mg) was dis- 
solved in 1 ml of  88% formic acid in a reaction tube.  Water was added to 
reduce the formic acid concentrat ion to 70%. 50--100 mg CNBr were added to 
the protein solution and the reaction tube  closed under N2 and wrapped with 
aluminum foil [19,20] .  After selected periods of  t ime up to  64 h at room tem- 
perature, the reaction mixture was evaporated to dryness under N2 to give the 
products.  With samples that  were to be run on urea-SDS gels, 100/~1 of  10% 
SDS were added before evaporation under N2. This increases the solubility of 
the fragments in the urea-SDS gel solubilizer. 

Separation of the 4000 dalton DIDS-labeled fragment. A slurry of  silica gel 
in 88% formic acid was poured into a glass column (36 × 0.9 cm) and washed 
successively with 20 ml of  88% formic acid containing 30% n-butanol, 20 ml of  
88%-formic acid containing 50% n-butanol and butanol  containing 10% formic 
acid. The CNBr fragments from complete  cleavage of  the 15 000 dalton seg- 
ment (64 h) were taken up in 1 ml of  88% formic acid and diluted with n-bu- 
tanol until the  first signs of  cloudiness appeared. A few drops of  formic acid 
gave a clear solution which was applied to the top  of  the column. The column 
was eluted successively with 40-ml each of  88% formic acid/butanol  mixtures, 
1 : 9, 1 : 1 and 7 : 3. The fractions collected were counted for radioactivity 
and assayed for peptides by  the ninhydrin method.  The eluate containing the 
labeled peptide was evaporated to dryness using N2. Recovery of  the tritiated 
H2DIDS was be tween 40 and 45%. After urea-SDS-acrylamide gel electro- 
phoresis of  the labeled fraction, one stained band was found of  4000 daltons 
containing all of  the  H2DIDS. For  large-scale preparation of  the purified labeled 
4000 dalton fragment, the starting material can be stripped, proteolyzed,  
Triton X-100-extracted vesicles rather than the isolated 15 000 dalton segment. 

N-Bromosuccinimide cleavage of the DIDS-labeled 4000 dalton fragment. 
The 4000 dalton DIDS-labeled fragment (1 mg) was dissolved in 400 #l of  
glacial acetic acid and 120 pl of  water were added to give a 70% final acetic 
acid concentration.  N-Bromosuccinimide (0.05 M freshly prepared) was added, 
100 pl every 5 min, until a yellow color persisted. A slight excess of  imidazole 
was added to destroy the unreacted N-bromosuccinimide.  The solution was 
heated for 1 h at 100°C [21].  The mixture was chromatographed on a What- 
mann No. 3 chromatography paper, with 88% formic acid/butanol  (1 : 1) sepa- 
rating two main bands, RF values 0.65 and 0.35, that  could be visualized by 
fluorescamine [22].  About  70% of the radioactivity was located at the higher 
RF, none at the lower RF, and the remainder at the origin. The radioactive and 
unlabeled bands were eluted with 50% formic acid, and the protein solution 
freeze~lried. 
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Results 

The 15 000 dalton segment of band 3 is produced by two chymotrypsin 
cleavages, one at the outside face of the membrane producing the C-terminus of 
the segment and the other at the cytoplasmic face, producing the N-terminus 
[9,10]. The segment is insoluble in water but is soluble in detergents such as 
SDS or in strong organic acids such as formic and trifluoroacetic acids. After 
2 h with CNBr in formic acid, the predominant cleavage fragments were 11 000 
and 4000 daltons (Fig. 1, gel 2 h); at later times (6 h) a fragment of 7000 dal- 
tons was also present with a reduction in the amount of the 11 000 dalton frag- 
ment (Fig. 1, gel 6 h). After 24 h only 7000 and 4000 dalton fragments were 
present, with more intense staining in the latter (Fig. 1, gel 64 h). The [3H]- 
H2DIDS originally present in the 15 000 dalton segment was found initially 
only in the 11 000 fragment (except for aggregated material containing 20--30% 
of the H2DIDS that did not enter the gels). As the cleavage proceeded, the 
11 000 dalton fragment disappeared and in parallel, the [3H]H2DIDS shifted to 
the 4000 dalton region (Fig. 2). At no time was [3H]H2DIDS found in the 7000 
dalton fragment. These findings indicate that two sequential cleavages result from 
the CNBr treatment, the first producing an 11 000 plus 4000, and the second, 
cleaving the 11 000 into a 7000 plus a second 4000 dalton fragment. The pre- 
sence of two distinct 4000 dalton segments, one containing DIDS, was con- 
firmed by their physical separation on silica gel (discussed later in the paper). 

Fig.  I .  C N B r  ce lavage  p r o d u c t s  f r o m  t h e  I 5 0 0 0  d a l t o n  s egment  assessed b y  u r e a - S D S 4 c r y l a m i d e  gel e lec-  
t r o p h o r e s i s .  T h e  t i m e s  o f  c l eavage  and molecu lar  weights  are indic ted .  M G ( m y o g l o b i n )  is a reference  pep-  
tide o f  M r 17 2 0 0 .  The  a m o u n t  o f  pept lde  appl ied to  the  gels  f r o m  t h e  6 h c l eavage  w a s  l a r g e r  t h a n  f o r  the 
o ther  samples  ( 1 5 0  # g  c o m p a r e d  t o  5 0  #g) ,  a c c o u n t i n g  f o r  the  higher f~,~Inlng dens i ty .  
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Location of DIDS during CNBr cJeavage of the 15K segment 
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Rf 
F i g .  2.  D i s t r i b u t i o n  o f  t r i t i a t e d  H 2 D I D S  in  u r e a - S D S  a c r y l a m i d e  gels a f t e r  C N B r  c l e a v a g e  f o r  d i f f e r e n t  
p e r i o d s  o f  t i m e .  T h e  c l e a v a g e  t i m e s  a n d  l o c a t i o n  o f  v a r i o u s  f r a g m e n t s  a r e  i n d i c a t e d .  T h e  c o u n t s  f o r  e a c h  

s a m p l e  w e r e  n o r m a l i z e d  t o  t h e  S a m e  t o t a l  a p p l i e d  t o  t h e  ge l s .  

The finding of two cleavages is also consistent with the fact that CNBr, under 
acid conditions, cleaves primarily at methionine, and that the 15 000 dalton 
segment contains two methionyl residues ([ 23 ] and Table I). 

The proposed location of the fragments and of the DIDS covalent binding 
site in the primary sequence are shown in Fig. 3. The first cleavage is designated 
as A and the second as B. The arrangement is based on the following considera- 
tions: (1) CNBr cleavage produces a homoserine lactone ring at each newly 
formed C-terminus. No lactone was found in the 7000 dalton segment (B to Ct, 
Fig. 3). This fragment must therefore contain the original C-terminal end of the 
15000 dalton peptide. The 4000 dalton fragments, on the other hand, both 
have homoserine lactones, so they must be toward the N-terminal end of the 
peptide. (2) The 4000 dalton segment containing DIDS must be the middle 
segment, based on the following observations. After the first cleavage at A to 
produce 11 000 and 4000 dalton fragments, the DtDS was localized in the for- 
mer. The unlabeled 4000 dalton fragment must therefore be located at the 
N-terminal end of the 15000 dalton segment (A to Nt, Fig. 3). After the 
second cleavage at B to produce a 7000 dalton plus a second 4000 dalton frag- 
ment, the DIDS was then found in the 4000 dalton region, but not the 7000 
dalton C-terminal fragment. Thus, the DIDS-containing segment must be 
between the two cleavage points (A to B). This conclusion has been verified by 
another procedure. The DIDS-containing 4000 dalton segment was isolated (see 
below) and several amino acid residues were determined by sequencing from 
the N-terminus. They were Gly-Asp-?-Pro-Leu-Pro. The first six amino acids at 
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Fig.  3.  P r o p o s e d  a r r a n g e m e n t s  o f  c leavage  s e g m e n t s  in  b a n d  S. T h e  p r o t e o l y t i c  c leavages  a t  t h e  o u t e r  a n d  
i n n e r  f aces  o f  t h e  m e m b r a n e  a re  i n d i c a t e d  o n  the  t o p  l ine .  A t  A ,  t h e  f i rs t  c leavage  w i t h  C N B r ;  a t  B, t h e  
s e c o n d  c leavage  w i t h  C N B r  a n d  a t  C, t h e  c leavage  o f  t h e  4 0 0 0  d a l t o n  D I D S  f r a g m e n t  w i t h  N - b r o m o s u c c i -  
n i m l d e .  H 2 D I D S  l o c a t i o n  d e n o t e d  b y  *. 

the N-terminus of  the 15 000 dalton segment, as determined by  the same pro- 
cedure could only be partially ascertained (?-Val-?-Gly-Ala-Val). Nevertheless, it 
is clear tha t  the  two sequences do not  correspond. Thus the 4000 dalton frag- 
ment  does not  contain the N-terminal end of  the 15 000 dalton segment. It 
must  therefore be the interior fragment. 

The DIDS-containing 4000 dalton fragment (A to B) was separated from the 
other  fragments on a silica gel column (Fig. 4). The unlabeled fragments were 
eluted from the column at low formic acid concentrations,  whereas the DIDS- 

1.2- 
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ID 
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-o-Radioactivity 3H 

. /  
IHCOOH 
/Butanol 1:9t 1:1 t 7:3 
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-I0 3 

t 9:1 
Fig.  4 .  T h e  s e p a r a t i o n  o f  t h e  D I D S - c o n ~ ! n l n g  p e p t l d e  f r a g m e n t  b y  s i l ica  gel c o l u m n  c h r o m a t o g r a p h y .  
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labeled fragment came out only at high formic acid concentrations. The labeled 
fraction in the SDS-urea acrylamide gels contained a 4000 dalton peptide, and 
the unlabeled fraction contained 7000 and 4000 dalton fragments. The recov- 
ery of [3H]H2DIDS in the labeled fraction was about 40--45% of that present 
in the uncleaved 15 000 dalton segment. Presumably at low formic acid concen- 
trations, the labeled fragment containing the two sulfonic acid groups of DIDS 
is sufficiently polar to bind to the silica gel. On the other hand, the unlabeled 
fragments are much less charged and do not bind as well to the silica gel. At 
high concentrations of formic acid, however, the sulfonic acids of the DIDS- 
labeled fragment would be protonated and the fragment less polar with its 
binding capacity to silica gel decreased. The importance of the sulfonic acid 
groups in the separation procedure is evident from the finding that when the 
unlabeled 15 000 dalton segment was used as starting material, the cleavage 
products could not be separated from each other by the silica gel column pro- 
cedure. 

The purified 4000 dalton DIDS fragment was subjected to cleavage with 
N-bromosuccinimide in acetic acid. A single cleavage resulted, producing two 
fragments. These were separated from each other by paper chromatography. 
One fragment, containing DIDS, also contained the lactone from the previous 
CNBr cleavage. It, therefore, must be on the C-terminal side of the N-bromo- 
succinimide cleavage point, as indicated in Fig. 3 (C to B). Its molecular weight 
was approx. 2000 as estimated from its position on urea-SDS acrylamide gels. 
The other, unlabeled fragment (C to A), was also approx. 2000 daltons. 

Attempts were made to sequence the 2000 dalton, DIDS-containing frag- 
ment isolated by paper chromatography. In each of three such efforts, the 
sequencing stopped after cleaving the N-terminal amino acid (leucine, yield 
64%). It seems possible that the sequencing stops because the DIDS conjugate 
is located next to the N-terminal leucine residue. 

The amino acid compositions of the 15 000 dalton, the DIDS-labeled 4000 
dalton, the DIDS-labeled 2000 dalton, and the unlabeled 2000 dalton peptides 
are given in Table I. The minimum number of residues (based on one cysteine 
per peptide) for the 15 000 dalton segment is 137, which is consistent with the 
molecular weight of 15 000 determined by urea-SDS gel electrophoresis. This 
value is somewhat lower than that reported previously by Steck et al. [10], 
but as discussed in Methods, this difference may be due to different conditions 
of proteolysis. The DIDS-labeled 4000 dalton fragment and its two 2000 
dalton cleavage products also have minimal numbers of residues consistent with 
the molecular weights determined by the gel electrophoresis procedure 
(Table I). These correspondences and the fact that the sum of the weights of 
the fragments approximate to the weight of the parent segment indicate that 
the assigned values are reasonably correct. 

The amino acid composition of the 15000 dalton segment reported in 
Table I is similar to the published data [23] except for reduced numbers of the 
residues. The peptide contains numerous charged residues and the percentage 
of hydrophobic residues is not particularly high (36--40%), even though the 
segment behaves, in its solubility properties, as a hydrophobic peptide. The 
cleavage fragments have roughly the same proportion of charged and hydro- 
phobic residues as the parent 15 000 dalton segment (Table I). Drickamer [24] 
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T A B L E  I 

A M I N O  A C I D  C O M P O S I T I O N S  O F  B A N D  3 

Data  are expressed  as re s idues /mol  ± S.D.  H y d r o p h o b i c  residues were  taken  as Val ,  Met ,  I le,  L e u ,  T y r ,  Phe 
and Trp .  

A m i n o  acid 1 5  0 0 0  d a l t o n  4 0 0 0  d a l t o n  2 0 0 0  d a l t o n  2 0 0 0  dal ton  
fragment fragment  fragment fragment  

( labeled)  ( labeled)  (unlabeled)  

Asx 1 0 . 6 ± 0 . 4  3 . 6 ± 0 . 4  1 . 8 ± 0 . 2  2.1 
T ~  9 . 4 ± 0 . 3  2 . 3 ± 0 . 1  1 . 1 ± 0 . 1  1 .3  
Set  1 0 . 8 ± 0 . 3  2 . 9 ± 0 . 8  1 . 3 ± 0 . 1  1.1 
Glx  1 1 . 1 ± 1 . 2  3 . 2 ± 0 . 1  1 . 8 ± 0 . 5  1 .5  
Pro 4 . 2 ± 0 . 1  2 . 6 ± 0 . 1  1 . 2 ± 0 . 3  0 .9  
Gly 1 4 . 0 ± 0 . 6  5 . 2 ± 0 . 7  2 . 8 ± 0 . 3  2 .1  
Ala 1 2 . 5 ± 0 . 3  4 . 4 ± 0 . 4  1 . 8 ± 0 . 1  2 .3  
Val 1 1 . 3 ± 0 . 4  3 . 6 ± 0 . 2  2 . 1 ± 0 . 3  1 .3  
Met 2 . 1 ± 0 . 2  1 1 0 
Ile 7 . 7 ± 0 . 1  1 . 9 ± 0 . 1  1 . 1 ± 0 . 3  1.1 
Leu 1 5 . 1 ± 1 . 9  3 . 8 ± 0 . 5  2 . 3 ± 0 . 1  2 .5  
Tyr  2 . 3 ± 0 . 4  ? ? ? 
Phe 8 . 4 ± 0 . 6  1 . 1 ± 0 . 1  1 . 1 ± 0 . 1  0 
His 1 . 8 ± 0 . 1  0 . 8 ± 0 . 2  0 1 
Lys 7 . 2 ± 0 . 3  2 . 9 ± 0 . 3  1 . 7 ± 0 . 5  0 .9  
Arg 4 . 5 ± 0 . 1  1 . 8 ± 0 . 1  1 . 4 ± 0 . 6  0 
Cys 1 . 1 ± 0 . 2  0 0 0 
T ~  2 . 6 ± 0 . 3  ? ? ? 

Sum 1 3 6 . 7  41 .1  2 2 . 5  18 .1  
% h y d r o p h o b i e  36  3 0  3 4  27  
No .  of  s ~ p l e s  4 4 4 1 

has reported a composi t ion  for an 11 000 dalton CNBr cleavage fragment which 
is probably the same as our 11 000 dalton fragment (Ct to A, Fig. 3). By appro- 
priate subtraction, composit ions  can be calculated for the 7000  dalton C-ter- 
minal and 4000  dalton N-terminal ends of  the 1 5 0 0 0  dalton segments. 
Although such calculations are subject to errors, it is quite clear that these two  
segments also have similar percentages of  hydrophobic residues, 41 and 46%, 
respectively [ 25] .  

Discussion 

As pointed out  in Introduction, it has been concluded on the basis of  DIDS 
binding studies [2--5]  and an analysis o f  the DIDS-inhibition kinetics [6] ,  that 
each band 3 monomer  contains one DIDS binding site that behaves kinetically 
as if it were the C1- binding site essential for anion transport [2 ,6 ,25] .  This 
site is located in the 15 000  dalton transmembrane segment produced by pro- 
teolytic cleavages at the outside and inside faces of  the membrane [10] .  A 
second DIDS binding site located in the 35 000  dalton C-terminal portion of  
band 3 is only evident after incubation of  DIDS-treated cells at high pH for 
longer periods of  t ime [5] .  Its possible role in transport has not  been defined. 
The chemical information in the present paper supports the view that, within 
the limits o f  errors o f  the procedures, a unique DIDS binding site is located at 
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a particular residue in the sequence of  the 15 000 dalton segment. For exam- 
ple, after complete  CNBr cleavage, the only labeled peptide is the 4000 dalton 
fragment (except  for a small amount  of  high molecular weight aggregate that  
does not  enter the gels, shown as counts at the  far left of  Fig. 3). The recovery 
of  count  in the 4000 dalton region of  the gels is approx. 70% of that  in the 
15 000 dalton segment used for the  cleavage. The recovery of  purified labeled 
4000 dalton fragment from the silica gel column was over 40%. After its cleav- 
age with N-bromosuccinimide,  and separation of  products  by  paper chromato- 
graphy, 70% of the count  was recovered in one 2000 dalton fragment with 
30% remaining at the origin, probably due to aggregation. No significant count  
was found in a second 2000 dalton fragment. On sequencing, the labeled frag- 
ment  behaves in a homogeneous manner. A single terminal amino acid (leucine) 
is cleaved (yield 64%), with no detectable release of  any other  residues on the 
second cleavage cycle, suggesting that essentially all of  the DIDS-conjugated 
residues are located at the second position, resulting in a blockage of  further 
cleavage. 

In using covalent affinity probes to mark functional sites, it is important  to 
note  that  their inhibitory effects result from a reversible association of  their 
negatively charged groups with positively charged ligands of  the membrane sites 
(in the case of  DIDS, presumably with the transport  site), and not  on the cova- 
lent reaction [2--4,6].  Thus, the covalent reaction of  the isothiocyano group 
must  occur with a ligand that  is a close neighbor of  the presumed transport  site. 
The distance between the transport  site and the covalent site may, however, be 
somewhat  greater than that calculated from the structure of  DIDS. The probe 
binds by multiple interactions [2,26] and it may therefore induce structural 
rearrangements of  the peptide, bringing into apposition, ligands that  are nor- 
mally a greater distance apart. Evidence that  the DIDS interaction results in 
substantial conformational  changes has been summerized elsewhere [2] .  It 
must  be concluded, therefore,  t h a t  covalent reaction of  DIDS may involve a 
ligand in band 3 that  may be close to the transport  site in the tertiary structure, 
but  may be some distance a~vay in the primary sequence. This problem of  
defining location is inherent in the use of  any covalent affinity probe.  

The proposed location of  the  DIDS covalent binding site illustrated in Fig. 3 
is about  9000 daltons from the outside chymotrypsin  cleavage site (the C-ter- 
minus of  the 15 000 dalton fragment) and 6000 daltons from the cytoplasmic 
cleavage site (N-terminus). Other inhibitory probes capable of covalent reaction 
have also been localized i n b a n d  3 based on chemical cleavages of  the 65 000 
dalton N-terminal segment produced by chymotrypsin  t reatment  of cells [24, 
27]. Several of  the cleavages fall within the, 15 000 dalton transmembrane seg- 
ment  which is located at the C-terminal end of  the 65 000 dalton segment. With 
CNBr (under somewhat  different conditions than in the present paper), a cleav- 
age was reported which seems to correspond with our cleavage A (Fig. 3) but  
no cleavage at B was observed. With 2-nitro-5-thiocyanobenzoic acid and with 
hydroxylamine,  cleavages are reported that  are near to our cleavage B, although 
assignments of  location are subject to some uncertainty because they are based 
on differences of  molecular weight of  larger fragments. Based on these cleav- 
ages, the  location of  1-isothiocyano-4-benzenesulfonic acid, was reported to be 
within 7000 daltons of  the  external chymotrypsin  cleavage point  (approxi- 
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mately equivalent to Ct to B segment of  Fig. 3). whereas with diazosulfinilic 
acid, only a small fraction seemed to be located in that  segment. The major 
labeling is reported to be located between 7000 and 11 000 daltons, corre- 
sponding to the A to B segment in which DIDS is located. 

In a topological sense, the DIDS covalent binding site behaves as though it 
is exposed at the  outside surface. DIDS is a large non-penetrating probe  [1],  
ye t  it reacts rapidly with its inhibitory site after addition to cells [6].  On the 
other  hand, when added to the cytoplasmic surface (using inside-out vesicles), 
DIDS has no inhibitory effect  [8]. The exposure of  the DIDS binding site to 
the outside is also suggested by experiments in which DIDS covalently at tached 
to the membrane can be cross-linked through its second isothiocyano group to 
added ferritin [28].  The interpretation, in this case, must  be taken with some 
caution, however,  because the ferritin cross-linking is most  effective when the 
membrane is being stretched by exposure to hypotonic  solutions. Another  
probe,  2-aminophenyl-6-methylbenenethiazol-3,7'-disulfonic acid (APMB), is 
inhibitory (reversibly) from either side of  the membrane,  but  asymmetry  in the 
location of  the inhibitory site is evident from the finding that  APMB linked to 
dextran by a short spacer group is effective from the outside but  not  from the 
inside. If, however,  the  probe is at tached to the dextran by a long spacer group 
(40 J~), it is also inhibitory from the inside (Barzilay, M. and Cabantchik, Z.I., 
personal communicat ion).  This finding is consistent with the conclusion that  
the inhibitory site is toward the outside surface, bu t  it must be treated cau- 
tiously because it has not  been directly demonstrated that  APMB inhibits by  
binding to the same site as DIDS. 

Assuming that  the DIDS covalent binding site is near to the outer  surface of  
the membrane,  its location in the primary structure at a point  9000 daltons 
from the C-terminus which is also located at the outside (because it is pro- 
duced by a chymotryps in  cleavage at the outside face of  the membrane) rein- 
forces the suggestion that the 15 000 dalton segment may be folded within the 
bilayer, as proposed by  Drickamer [24] and by Williams et al. [29] ,  based on 
the use of  other probes and cleavages. The simplest s t ructure  would be one in 
which the pept ide crosses the membrane three times so that  a loop and the 
C-terminus are exposed to the  outside, and a second loop and N-terminus are 
exposed to the inside. The DIDS would be located on the loop exposed to the 
outside, as illustrated in Fig. 5. This arrangement would account  for its loca- 
tion about  one third of  the distance from the N-terminus of  the segment. Each 
of  the three t ransmembrane segments would have over 4000 daltons of  length, 
more than sufficient to cross the  membrane [30].  

A folded structure as in Fig. 5 could account  for the finding that the 15 000 
dalton segment remains associated with the bilayer except  in the presence of  
detergents, even though it is not  particularly hydrophobic  in composi t ion 
( [23]  and Table I). The three transmembrane strands could form a somewhat  
cylindrical assembly in which the hydrophobic  residues would be largely 
located on the outside in contact  with the  lipoidal region of  the bilayer, and in 
which the hydrophilic residues would be largely internalized to provide an 
aqueous region through which anion transport  could take place [2,25,31].  The 
sequence of  polar and hydrophobic  amino acid residues would presumably play 
a fundamental  role in the  stability of  the assembly [30].  
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Fig. 5. Proposed arrangement  of  the  15  0 0 0  dalton transmembrane segment  in the bilayer.  

More than three segments of peptide may be involved in the intramem- 
branous structure. Band 3, when extracted in Triton X-100 is a dimer [32] and 
recent evidence indicates that it is also a dimer in the membrane [33]. The 
dimer structure persists even after chymotrypsin cleavages to produce the 
15 000 dalton transmembrane segment and another membrane bound segment 
of  35 000 daltons containing the C-terminus of band 3 [34]. The latter segment 
also crosses the bilayer [29,35] and it seems to be closely associated with the 
15 000 dalton segment. Recently, a proteolytic fragment of  9000 daltons has 
been tentatively identified as a transmembrane fragment of  the 35 000 dalton 
segment [25]. Thus four strands of peptide per monomer, or eight per dimer, 
may contribute to the intramembranous portion of  band 3. 
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