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Summary 

Extracellular chymotrypsin cleaves the 95 000 dalton protein that migrates 
in band 3 of SDS-polyacrylamide gel electropherograms of the erythrocyte 
membrane into fragments of 60 000 and 35 000 daltons, but not further. 
Minor components of band 3 that remain at the original 95 000 dalton location 
may be eluted from the membrane by 0.1 N NaOH, indicating that, in contrast 
to the major component and the chymotryptic fragments, they are not integral 
membrane constituents. 

Incubation at neutral pH of chymotrypsinized erythrocytes with the bifunc- 
tional anion transport inhibitor 4,4'-diisothiocyano dihydrostilbene-2,2'- 
disulfonic acid results in covalent binding of that inhibitor primarily to the 
60 000 dalton fragment and some cross-linking of the 60 000 dalton fragment 
with the 35 000 dalton fragment. Increasing the pH to 9.5 leads to a cross- 
linking of virtually all of the pairs of chymotryptic fragments and thus to a 
reconstitution of band 3 with its typical diffuse appearance in the 95 000 dalton 
region of the SDS-polyacrylamide gels. This indicates that (1) each integral 
95 000 dalton protein molecule is capable of binding at least one 4,4'-diiso- 
thiocyano dihydrostilbene-2,2'-disulfonic acid molecule; (2) the 35 000 dalton 
fragment, though it is only weakly stained with Coomassie blue, is present in 
an amount that is equimolar with that of the 60 000 dalton fragment. Since the 
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number of 4,4'<liisothiocyano dihydrostilbene-2,2'-disulfonic acid binding 
sites on the protein in band 3/cell is known to be close to the number of 
band 3 molecules/cell, it is suggested that the cross-linking takes place at a 
region of the band 3 molecule that is involved in the control of anion transport. 

Like chymotrypsin, papain digests the band 3 protein from the outer mem- 
brane surface. Unlike chymotrypsin, however, papain digestion results in an 
inhibition of anion exchange. Papain produces a major fragment of 
60 000 daltons that differs from the major chymotryptic fragment by at most 
six amino acid residues. The only detectable difference between the non- 
inhibitory action of chymotrypsin and the inhibitory action of papain on the 
band 3 protein is that papain is capable of partially digesting the 35000 dalton 
fragment. No reconstitution of band 3 by cross-linking of the fragments with 
4,4'-diisothiocyano dihydrostilbene-2,2'-disulfonic acid can be achieved. Since 
the 35 000 dalton fragment reacts with one of the two reactive groups of 
4,4'~liisothiocyano dihydrostilbene-2,2'-disulfonic acid and is also susceptible 
to digestion by the inhibitory papain, we suggest that a portion of this peptide 
participates, together with a portion of the 60 000 dalton fragment, in the 
control of anion transport. 

Introduction 

The most abundant integral membrane protein of the erythrocyte is the 
protein in band 3 [1]. It has a molecular weight of about 95 000 *, contains 
about 6--8% carbohydrate [2--5], and is believed to be involved in anion trans- 
port [2,6,7]. Like a carrier molecule, it seems to be capable of binding the 
anions to be transported. However, in contrast to the well-characterized small 
carrier molecules of the valinomycin type, the anion transport protein spans 
the membrane (e.g. Refs. 1, 3, 8, 9) and is incapable of moving the ion to be 
transported by translational or rotational diffusion [10] from one surface of 
the lipid bilayer to the other. Thus, it is likely that local conformational 
changes within the large protein molecule are responsible for the actual trans- 
location of the bound anions across the permeability barrier. 

During the last few years considerable attention has been paid to the study 
of the enzymatic degradation in situ of the band 3 protein. Much of this work 

* The  m o l e c u l a r  we igh t s  of  b a n d  3 a n d  of  t he  f r a g m e n t s  of  b a n d  3 p r o d u c e d  b y  var ious  p r o t e o l y t i c  
e n z y m e s  are  used  here  p r imar i ly  for  t he  pu rpos e  of  iden t i f i ca t ion .  We do n o t  suggest  t h a t  these  values  
r e p r e s e n t  t he  t rue  m o l e c u l a r  we igh t s  o f  the  var ious  pep t ides .  Fo r  e x a m p l e ,  the  gel e l e c t r o p h o r e t i c  esti-  
m a t e s  of the  m o l e c u l a r  we igh t  of  the  i n t a c t  b a n d  3 range  f r o m  88 0 0 0  to  106  0 0 0  [ 1 ] .  Th e  c h y m o -  
t r y p t i c  f r a g m e n t  t ha t ,  in this  paper ,  we  r e fe r  to  as 60  0 0 0  da l tons  has  b e e n  r e p o r t e d  as hav ing  a molec -  
u la r  we igh t  of  b e t w e e n  55 0 0 0  [ 1 2 , 1 6 , 2 3 ]  a n d  70 000  [ 1 5 , 2 2 ] .  The  o th e r  c h y m o t ~ y p t i c  f r a g m e n t  
r e f e r r e d  to  as 35  O00-da l ton  runs  as a b r o a d  d o u b l e t ,  the  m o s t  r ap id ly  mig ra t ing  c o m p o n e n t  of  wh ich  
has an  a p p a r e n t  m o l e c u l a r  w e i g h t  of  a b o u t  38  0 0 0  in  the  g rad ien t  slab gels an d  35  0 0 0  in the  t u b e  gels 
used  here .  This  p e p t i d e  is des igna ted  38  0 0 0  da l tons  b y  S t eck  a n d  c o w o r k e r s  [ 1 2 , 2 3 ] .  Th e  t r a n s m e m -  
b r a n e  p e p t i d e  r e f e r r e d  to  here  as 17  0 0 0  da l tons  has an  a p p a r e n t  m o l e c u l a r  w e i g h t  o f  a b o u t  1 8 - - 1 9  0 0 0  
o n  the  g rad ien t  slab gels in  0 .1% s o d i u m  d o d e c y l  sulfa te ,  a n d  a b o u t  16 0 0 0  on the  cyl indr ica l  gels in 
0 .5% s o d i u m  d o d e c y l  su l fa te .  I t  shou ld  be  n o t e d  t h a t  t h e  m o r e  or  less arbitrary des ignat ion  of  the  
va r ious  bands  is respons ib le  for  the  fac t  tha t  the  s u m s  o f  the  m o l e c u l a r  weights  of  the  f r a g m e n t s  do n o t  
a lways  a d d  up  to  the  m o l e c u l a r  we igh t  o f  the  p a r e n t  pep t ide s  f r o m  w h i c h  t h e y  are  der ived .  



500 

was aimed at obtaining smaller fragments of the molecule that can be used for 
a future elucidation of its primary structure. This work yielded interesting 
information on the disposition of the protein in the native membrane. It 
showed that the carbohydrates are largely and perhaps exclusively located at 
the outer surface of the membrane [4,11,12] on a segment of the peptide chain 
that has a molecular weight of about 35 000. This segment is followed by a 
strongly hydrophobic segment of a molecular weight of 17 000 that traverses 
the lipid bilayer. The rest of the peptide chain is again fairly hydrophilic, has 
a molecular weight of about 40 000 and resides at the inner membrane surface 
[12]. It has been reported by Tanner and Boxer [3] that the peptide chain 
traverses the lipid bilayer more than once. Recent results of two other groups 
[4,12] suggest that only the 17 000 dalton fragment passes all the way across 
the membrane. 

Attempts to correlate enzymatic modification of band 3 protein with 
parallel changes of anion transport have been carried out in the hope of identi- 
fying those segments of the transport molecule that are primarily responsible 
for the mediation of transport. It has been shown that certain enzymes, like 
externally applied chymotrypsin and pronase (at low concentrations) [14,15], 
or internally applied trypsin [7,9,16] cleave the peptide chain at a number of 
well~lefined loci without inhibiting anion transport. Others, notably papain 
and pronase at high concentrations, produce strong inhibition that is accom- 
panied by the degradation of the band 3 protein into smaller fragments 
[14,15]. 

The present paper focuses on the effects of externally applied chymotrypsin 
and papain. It is shown that chymotrypsin severs the carbohydrate-carrying 
35 000 dalton segment from the rest of the integral band 3 molecule without 
removing it from the membrane. This 35 000 dalton fragment can be cross- 
linked with the remaining 60 000 dalton fragment by the bifunctional reagent 
H2DIDS, which is a powerful inhibitor of anion transport. Since the cross- 
linking reaction can be carried out under conditions where no more than the 
single H2DIDS molecule that is necessary to inhibit anion transport is actually 
bound to a band 3 molecule, we suggest that the H2DIDS-sensitive anion trans- 
port controlling site on the transport protein is formed by both fragments of 
the peptide chain. This conclusion is supported by the further observation that 
papain, which in contrast to chymotrypsin inhibits anion transport, also 
produces a fragment of about 60 000 daltons which differs from that produced 
by chymotrypsin by less than six amino acid residues but whose H2DIDS 
binding capacity could not be related to the inhibition of transport. The only 
other detectable difference between the non-inhibitory action of chymo- 
trypsin and the inhibitory action of papain is that papain partially digests the 
35 000 dalton fragment. 

Materials and Methods 

Red blood cells. Blood (Type O, Rh ÷) from apparently healthy donors was 
obtained from the Red Cross and stored at 4°C in acid/citrate/dextrose for 2-- 
6 days before use. Cells were prepared for enzyme treatment by washing three 
times in 150 mM NaC1, 10 mM sodium phosphate, pH 7.4 (phosphate-buffered 
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saline, pH 7.4). Enzyme digestion of the outer membrane surface was carried 
out  a t  37°C for 1 h, at the indicated enzyme concentration, at a 50% 
hematocrit.  The enzymes used were bovine pancreatic a~chymotrypsin (chymo- 
trypsin A4) and papain (from Papaya carica), both obtained from Boehringer 
Mannheim GmbH (Mannheim, F.R.G.). The papain was dialyzed at least 24 h 
against phosphate-buffered saline, pH 7.4, and was activated with 2 mM 
cysteine before addition to the cell suspension. After papain treatment,  the 
enzyme was inhibited with 2 mM iodoacetic acid (10 min, 37°C). Following 
either the papain or chymotrypsin treatment,  the cells were washed twice at 
room temperature in 10 vols. of phosphate-buffered saline, pH 7.4, containing 
0.5% bovine serum albumin, and once in phosphate-buffered saline, pH 7.4. In 
some experiments, in which it was desired to make white ghosts directly after 
the digestion, 150 mM NaHCO3 (pH 8.1) was used in the washes instead of 
phosphate-buffered saline, pH 7.4; it appears to be easier to remove the 
hemoglobin from the NaHCO3-washed cells. 

The H2DIDS treatments (except those in Figs. 1 and 7, which were done as 
described previously [18]) were carried out  at a 10% hematocrit,  in phosphate- 
buffered saline (pH 7 or 7.4) containing 12/~M H2DIDS. The unreacted 
H2DIDS was removed by washing twice in 10 vols. of buffer containing 0.5% 
bovine serum albumin, and once in normal buffer. The subsequent incubations 
at high and low pH were performed as described in the legends to Figs. 2--4. 

Erythrocyte ghosts. Hemoglobin-free erythrocyte ghosts were prepared 
essentially according to Fairbanks et al. [19] by lysis of cells at 0°C in 20 vols. 
of 5 mM sodium phosphate, pH 8. After each spin (10--15 min at 20 000 rev./ 
min in a Sorvall SS 34 angle rotor), any material appearing as an opaque, 
cream-colored 'but ton '  [19] at the bo t tom of the pellet was removed. For 
trypsin treatment of  the unsealed ghosts, an aliquot of packed ghosts was 
resuspended in 20 vols. of phosphate-buffered saline, pH 7.4, containing 50 ~g/ 
ml porcine pancreatic trypsin (Boehringer Mannheim) and incubated at 37°C 
for 45 min. Following the incubation, 100 ~ug/ml of the trypsin inhibitor 
N-~-p-tosyl-L-lysine chloromethyl ketone (TLCK; Serva Heidelberg) was added, 
and the ghosts were centrifuged 15 min at 20 000 rev./min. The ghosts were 
then 'stripped' by adding 20 vols. of 0.1 N NaOH at 0°C [33], centrifuged as 
above, and washed once in 40 vols. of distilled water, also at 0°C. 

Electrophoresis. Samples were prepared for polyacrylamide gel electro- 
phoresis in sodium dodecyl sulfate as described previously [18] for the experi- 
ments in Figs. 1 and 7. For the rest of the experiments, 1 vol. (usually 50/~1) 
of packed ghosts was added to 1 or 2 vols. of a solution containing 4% sodium 
dodecyl sulfate, 20% glycerol, 80 mM dithiothreitol and 0.20 mg/ml bromo- 
phenol blue. This solution had been previously heated in a 100°C bath. The 
ghosts were added to the hot  solution, mixed, and heated further for 3 min at 
100°C. The resulting mixture was optically clear. Gel electrophoresis in 
cylindrical tubes was performed as described previously [20] using 5% acryl- 
amide, 0.15% bisacrylamide, and 0.5% sodium dodecyl sulfate in 100 mM 
sodium phosphate, pH 7.1, as the running buffer. Slab gels (PAA 4/30, 
Deutsche Pharmacia GmbH, Freiburg, F.R.G.) were pre-run for 6 h at 40 V or 
overnight at 20 V in the running buffer (50 mM sodium phosphate, pH 7.1, 
0.1% sodium dodecyl sulfate). Samples of 20--25 pl were applied, and the gels 
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were run 16--18 h at 20 V (22--25°C). Molecular weight standards were bovine 
serum albumin (67 000), rabbit muscle aldolase (39 500), beef erythrocyte 
carbonic anhydrase (29 000), horse myoglobin (17 200) and cytochrome c 
(12 300). Protein was determined according to the method of Lowry et al. 
[34]. 

Flux measurements. To measure sulfate equilibrium exchange, the erythro- 
cytes were washed three times and subsequently equilibrated at 37°C for 
90 rain in a standard medium containing 20 mM sodium phosphate, 5 mM 
Na2SO4 and 122.5 mM NaC1, pH 7.4. During this incubation period, a trace 
amount of 3sSO~- was present in the medium. After equilibration, extracellular 
3sSO:4- was removed by three washes in standard medium at 0°C. Efflux was 
initiated by resuspending the washed erythrocytes in 3sSO~--free standard 
medium at 37°C. For details of the procedure and the evaluation of the results, 
see the legends to Figs. 1 and 7 and Refs. 18 and 20. Chloride equilibrium 
exchange was measured at 8°C, using the inhibitor stop technique described by 
Ku et al. [21]. 

Results 

The action o f  chymotrypsin on anion transport and the protein in band 3 
It has been demonstrated in several laboratories that extracellular chymo- 

trypsin cleaves the 95 000 dalton band 3 molecule into 60 000 and 35 O00- 
dalton fragments [14,15,22,23]. In some reports, material has been found 
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Fig .  1.  E f f e c t s  o f  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  c h y m o t r y p s i n  o r  p a p a l n  o n  a n i o n  e x c h a n g e  ( lef t )  a n d  the  
c a p a c i t y  t o  b i n d  H 2 D I D S  t o  t h e  o u t e r  m e m b r a n e  s u r f a c e  as a w h o l e  ( r igh t )  o r  t o  t h e  i s o l a t e d  p r o t e i n  in  
b a n d  3 ( 9 5  0 0 0  d a l t o n s )  a n d  the  6 0  0 0 0  d a l t o n  p e p t l d e  de r ived  f r o m  t h a t  b a n d  b y  e n z y m a t i c  h y d r o l y s i s  
( m i d d l e ) .  E r y t h r o c y t e s  i n c u b a t e d  a t  3 7 ° C ,  p H  7 , 4 ,  10% h e m a t o c r i t  f o r  6 0  m l n  in  p h o s p h a t e - b u f f e r e d  
(20 m M )  sa l ine  c o n t a i n i n g  5 m M  N a 2 S O  4 a n d  t h e  e n z y m e s  a t  t h e  c o n c e n t r a t i o n s  i n d i c a t e d  o n  t h e  
absc issa .  A f t e r  r e m o v a l  o f  t h e  e n z y m e  b y  w a s h i n g ,  t he  cel ls  w e r e  s u b d i v i d e d  f o r  s e p a r a t e  m e a s u r e m e n t s  o f  
su l f a t e  e q u i l i b r i u m  e x c h a n g e  a n d  3 H 2 D I D S  b i n d i n g  c a p a c i t y .  T h e  l a t t e r  w a s  m e a s u r e d  a f t e r  9 0  mi t t  o f  
i n c u b a t i o n  a t  3 7 ° C  in  t h e  m e d i u m  d e s c r i b e d  a b o v e  c o n t a i n i n g  2 5 / ~ M  3 H 2 D I D S .  T h e  b i n d i n g  c a p a c i t y  o f  
t h e  spec i f i ed  p e p t i d e s  a n d  o f  t h e  e r y t h r o c y t e  m e m b r a n e  as  a w h o l e  a re  e x p r e s s e d  as  a p e r c e n t  o f  
3 H2 DIDS  b i n d i n g  t o  b a n d  3 i n  t h e  a b s e n c e  o f  e n z y m a t i c  t r e a t m e n t .  1 0 0 ~  c o r r e s p o n d s  t o  1 . 2 3  • 106  m o l e -  
cules  H 2 DIDS/ce l I .  S a m e  d a t a  as  in  p r e l i m i n a r y  r e p o r t s  o f  o b s e r v a t i o n s  r e l a t e d  t o  th i s  w o r k  [ 1 5 , 3 2 ] .  
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which migrates in the band 3 region and which is resistant to chymotryptic 
digestion [14,23,24]. At least part of this protease-resistant protein is known 
to consist of protein species which are totally unrelated to the bulk of band 3, 
but which happen to migrate in the same region of the gel (e.g. (Na ÷ + K÷) - 
ATPase, Ref. 24). We also find that, even after treatment with 1 mg/ml chymo- 
trypsin for 1 h at 37°C, a small amount of Coomassie blue-staining material is 
detected at 95 000 + 5000 daltons. However, in agreement with previous work 
of Steck and Yu [33], virtually all of this material may be eluted from the 
membrane by treatment with 0.1 N NaOH. This indicates that the detectable 
chymotrypsin-resistant material in band 3 is not integral membrane protein, 
and thus differs fundamentally from the bulk of the band 3 protein. The 
integral membrane protein in band 3, then, behaves homogeneously with 
respect to digestion by extracellular chymotrypsin. 

In contrast, if erythrocytes are first treated with H2DIDS, a specific inhibitor 
of anion exchange, and then digested with chymotrypsin, a substantial fraction 
of the Coomassie-staining integral membrane protein continues to migrate on 
sodium dodecyl sulfate-polyacrylamide gel electropherograms at the original 
location of band 3, even after digestion at very high enzyme concentrations 
[15]. In such experiments, most of the band 3 protein is split into two frag- 
ments of 60 000 and 35 000 daltons, with most of the H2DIDS counts in the 
60 000 dalton fragment. However, a sizable fraction (10--35%) of the counts 
remain at the 95 000 dalton location, as found also by Cabantchik and 
Rothstein [14] and Grinstein et al. [16]. Even if the H2DIDS is added after the 
exhaustive chymotrypsin treatment of the cells, a similar fraction of the band 3 
protein continues to reside in the 95 000 dalton region (Fig. 1). The 3H2DIDS , 
that is associated with this fraction, cannot be removed by NaOH. Thus, in cells 
treated with H2DIDS, either before or after exposure to chymotrypsin, a 
significant fraction of the integral band 3 protein behaves like the undigested 
protein, while virtually all of this protein is found to be digested when the 
exposure to chymotrypsin is not preceded by H2DIDS binding. 

A possible explanation for these seemingly contradictory results is that 
H2DIDS, a bifunctional covalently binding reagent, is able to 'repair' the 
digested band 3 by forming a covalent intramolecular cross-link between the 
60 000 and 35 000-dalton fragments. The experiment in Fig. 2 supports this 
interpretation, and shows that under proper conditions, H2DIDS can repair 
nearly 100% of the band 3. In this experiment, cells were first digested with 
chymotrypsin. A portion of the cells was then treated with 12 pM H2DIDS for 
1 h at pH 7.4. After the unreacted H2DIDS was washed off, the cells were 
further subdivided into two parts and incubated for another hour at either 
pH 6 or pH 9.5. The electrophoresis pattern for the membrane proteins of the 
H2DIDS-treated cells that had been incubated at pH 6 (sample 2) is very similar 
to that of cells that had not been treated with H2DIDS (sample 1). Most of 
the band 3 is digested into a sharp, darkly stained 60 000 dalton peptide and a 
diffuse, weakly stained 35 000 dalton peptide which is difficult to visualize in 
samples 1 and 2 because of overlap with other bands. The 35 000 dalton band 
is much more apparent after removal of most other membrane proteins by 
'stripping' (sample 5). 

The gel pattern for ghosts made from the cells incubated at pH 9.5 (sample 3) 
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(1) (2) (3) (4) 
Fig. 2. Gradient  slab gel (4--30% acrylamide,  0.1% sodium dodecyl  sulfate) of ( I )  ghosts from chymo- 
t rypsin- t reated erythrocytes ,  1 mg/ml ,  1 h, S7°C. (2) Ghosts from the same chymotrypsln- t rea ted 
ery throcytes  subsequent ly  labeled with 12/~M H2DIDS (pH 7.4, 1 h, 37°C) and then incubated for 1 h at  
pH 6.0 in  phosphate-buffered saline after  washing off the reversibly bound H2DIDS. (S) Ghosts from the 
same cells as in sample 2 except  tha t  the incubat ion after removing the reversibly bound  H2DIDS was in 
150 mM NaHCO3, pH 9.5. (4) Control  ghosts, no chymotryps in ,  no H2DIDS. (5) Ghosts from chymo- 
t rypslnized erythrocytes  not  t reated with H2DIDS , same as (1), except  that  the ghosts are s tr ipped wi th  
0.1 N NaOH (not  included in the flow diagram). 

is entirely different. The 60 000 and 35 000-dalton fragments are no longer 
present, but  the 95 000 dalton band appears to be regenerated. Indeed, the gel 
from these ghosts is nearly identical to  that  for ghosts made from cells which 
had not  been treated with chymotrypsin  (sample 4) *. Obviously, the incuba- 
tion at pH 9.5 has resulted in the regeneration of  virtually all of  the band 3, 
and the band 3 thus formed is identical in shape and mobil i ty to the band 3 
in untreated ghosts. Fig. 3 shows the distribution pattern of  3H2DIDS on gels 
made from the same ghosts as in samples 2 and 3. For  the ghosts made from 
cells that  had been labeled and then incubated at low pH (Fig. 3, left), most  of  
the counts  are in the 60 000 dalton fragment, with small amounts  remaining in 
the 95 000 dalton band and some also in the 35 000 dalton region. For the 
ghosts from cells that  had been incubated at pH 9.5 {Fig. 3, right), however, 
the overwhelming majori ty of  the counts resides in the band 3 region, with very 
few remaining in the 60 or 35 000-dalton regions. Thus, bo th  Coomassie blue- 
staining material and H2DIDS counts return to the location of  the original 
95 000 dalton band. The obvious interpretation of  these findings is that  at 
neutral pH, one of  the -N=C=S groups of  the H2DIDS molecule reacts with a 

* One detectable  difference is tha t  band 6, which is the monomer  of glyceraldehyde-3-phosphate dehydro-  
genase [1],  is reduced in the ghosts made from cells incubated at  high pH. This e lut lon of band 6 in the 
high pH-treated cells is independent  of whether  or not  H2DIDS is present. 
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Fig.  3.  R e a p p e a r a n c e  o f  C o o m a s s l e  b lue  staining and 3 H 2 D I D S  a t  t he  9 5  0 0 0  d a l t o n  l o c a t i o n  a f t e r  t r e a t -  
m e n t  o f  t h e  c h y m o t r y p s i n i z e d  e r y t h r o c y t e  m e m b r a n e  w i t h  3 H 2 D I D S .  T h e  g h o s t s  u s e d  in these  t w o  gels 
w e r e  t h e  s a m e  as t h o s e  in  Fig.  2,  gels 2 a n d  3,  r e s p e c t i v e l y .  T h e y  w e r e  m a d e  f r o m  e r y t b . r o c y t c s  t h a t  h a d  
f i r s t  b e e n  c h y m o t r y p s l n i z e d ,  l abe l ed  s u b s e q u e n t l y  w i t h  H 2 D I D S ,  w a s h e d  t o  r e m o v e  r eve r s ib ly  b o u n d  
H 2 D I D S ,  a n d  t h e n  i n c u b a t e d  a t  p H  6 0 e f t )  o r  p H  9 .5  ( r igh t ) .  T w o  para l l e l  gels (5% a c r y l a m i d e ,  0 .5% 
s o d i u m  d o d e c y l  su l f a t e )  w e r e  r u n .  O n e  w a s  s t a i n e d  w i t h  C o o m a s s l e  b lue  ( s h o w n  above ) ;  t h e  o t h e r  w a s  
s l iced  a n d  c o u n t e d .  T h e  n u m b e r  o f  3 H 2 D I D S  m o l e c u l e s  b o u n d / c e l l  w a s  the  s a m e  f o r  t h e  t w o  gels,  and 
a m o u n t e d  t o  1 .2  • 1 0 6 .  

site on the 60 000 dalton peptide. The other --N=C=S group reacts with the 
35 000 dalton fragment only slowly at neutral pH and even more slowly at 
pH 6, while at pH 9.5 the reaction with the 35 000 dalton fragment is driven to 
completion. Under the labeling conditions applied in previously published work 
[14,15], this cross-linking reaction should be only partially complete. Thus, 
although all of the band 3 protein had actually been split into two fragments, 
the cross-linking made it appear as if there existed a chymotrypsin-resistant 
fraction of band 3. 

The experiment in Fig. 4 shows more clearly that both the 60 000 and the 
35 000-dalton chymotryptic fragments disappear as a result of the H2DIDS/ 
pH 9.5 treatment. Sample 1 is from chymotrypsin-treated cells, subsequently 
incubated at pH 9.5 for 1 h. Sample 2 is from the same cells, but H2DIDS 
treated after the chymotryptic digestion, with subsequent incubation at pH 9.5. 
Sample 3 consists of membranes from cells treated with neither chymotrypsin 
nor H2DIDS. The samples on the right were prepared from the ghosts in 
samples 1, 2 and 3, respectively, and stripped with 0.1 N NaOH. As in Fig. 3, 
H2DIDS 'regenerates' virtually all of the band 3. It is clear, especially in the 
stripped ghosts, that the 35 000 dalton band disappears, concomitant with the 
60 000 dalton band, as a result of the H2DIDS treatment (Fig. 4, sample 2), 
and that, again, the regenerated band 3 appears identical with the original 
band 3 that had never been exposed to chymotrypsin (sample 3). 

It has been suggested by Grinstein et al. [16] that the 35 000 dalton 
fragment, in contrast to the 60 000 dalton fragment, is susceptible to degrada- 
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Fig. 4. Cross·linking of 35000 dalton chymotrYPtic fragment with 60000 dalton fragment by 
H2 DIDS. The formation of the 35 000 dalton band after chymotrypsination and its disappearance after 
H2DIDS treatment of the chymotrypsinized erythrocytes is illustrated by the electropherograms of 
stripped and unstripped ghosts obtained from the treated erythrocytes. (1) Chymotrypsin treatment 
(1 mg/ml, 1 h, 37°C) with subsequent incubation at pH 9.5. (2) Chymotrypsin treatment followed by 
exposure to H2DIDS (12 pM, pH 7.0, 1 h) and subsequent inCUbation at pH 9.5. (3) Control, untreated 
erythrocyte membranes. 

tion by chymotrypsin. This would imply that it should be impossible to obtain 
a complete reconstitution of band 3 since the number of 35 OOO-dalton frag­
ments that are available for cross-linking should be less than the number of 
60 OOO-dalton fragments. At least under our experimental conditions this does 
not seem to be the case, since all of the 60 OOO-dalton fragments disappear 
after cross-linking at pH 9.5. Nevertheless, we felt it necessary to study the 
survival of the 35 000 dalton band during exposure to a range of chymotrypsin 
concentrations, up to the excessively high concentration of 4.0 mg/mL We 
incubated the erythrocytes either for 1 h at 37°C, as in the present work, or 
overnight at room temperature as in the work of Grinstein et a1. [16]. How· 
ever, in contrast to Grinstein et a1. the prolonged incubation was performed in 
the presence of an antibiotic (to reduce bacterial growth and hemolysis) and 
the washings that preceded the isolation of the membrane for gel electro­
phoresis were carried out in media containing 0.5% serum albumin. As may be 
seen in Fig. 5, the gels obtained after incubation under these conditions are 
virtually indistinguishable. It is clear, therefore, that the externally applied 
chymotrypsin A4 that had been u~ed in the present work does not progressively 
degrade the 35 000 dalton fragment. 

An alternative explanation for the cross-linking experiments that could come 
to mind is the possibility that H2DIDS cross-links two chymotryptic 60 000-
dalton peptides into one dimer that migrates in approximately the same place 
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Fig.  5. Surv iva l  o f  3 5  0 0 0  d a l t o n  f r a g m e n t  a f t e r  t r e a t m e n t  o f  i n t a c t  e r y t h r o c y t e s  a t  a r a n g e  o f  e h y m o -  
t r y p s i n  c o n c e n t r a t i o n s .  (a)  T r e a t m e n t  a t  3 7 ° C  f o r  3 0  ra in .  (b )  T r e a t m e n t  as in  (a) ;  s u b s e q u e n t l y  t h e  t r ea t -  
m e n t  is c o n t i n u e d  a t  r o o m  t e m p e r a t u r e  o v e r n i g h t .  C h y m o t r y p s i n  c o n c e n t r a t i o n s  ( f r o m  l e f t  to  r i gh t )  0 ,  1,  
2,  4 m g / m l ,  h e m a t o c r i t  1(~o,  p H  7 .0 .  A t  t h e  e n d  o f  t h e  r e spec t i ve  i n c u b a t i o n  p e r i o d s  t h e  e r y t h r o c y t e s  
we re  w a s h e d  t w i c e  in  p h o s p h a t e - b u f f e r e d  sa l ine ,  p H  7 .0 ,  c o n t a i n i n g  0 .5% b o v i n e  s e r u m  a l b u m i n  a n d  o n c e  
in  t he  s a m e  m e d i u m  w i t h o u t  b o v i n e  s e r u m  a l b u m i n .  M e m b r a n e s  w e r e  i s o l a t e d  a n d  ' s t r i p p e d '  as d e s c r i b e d  
u n d e r  Mate r ia l s  a n d  M e t h o d s .  T h e  s t a n d a r d  p r o t e i n s  ( e x t r e m e  r igh t )  a r e  ( f r o m  b o t t o m )  c y t o c h r o m e  c ,  
c h y m o t r y p s i n  a n d  b o v i n e  s e r u m  a l b u m i n .  

Fig.  6 .  E f f e c t s  o f  c h y m o t r y p s i n  o n  b a n d  3 a f t e r  i n t r a m o l e c u l a r  c ro s s - l i nk ing  w i t h  H 2 D I D S  a t  p H  9 .5 .  
I n t a c t  e r y t h r o c y t e s  we re  i n c u b a t e d  a t  3 7 ° C ,  p H  9 .5 ,  f o r  9 0  m i n  in  t h e  a b s e n c e  ( s a m p l e s  1 a n d  2)  o r  
p r e s e n c e  ( s a m p l e s  3 a n d  4) of  10/~M H2DIDS. Hematocrit  10%. A f t e r  t w o  w a s h e s  in  p h o s p h a t e - b u f f e r e d  
sa l ine ,  p H  7 .0 ,  c o n t a i n i n g  0 .5% b o v i n e  s e r u m  a l b u m i n  a n d  o n e  w a s h  in  p h o s p h a t e - b u f f e r e d  sa l ine ,  p H  7 .0 ,  
w i t h o u t  a l b u m i n ,  t h e  cel ls  w e r e  i n c u b a t e d  f o r  3 0  r a i n  a t  3 7 ° C ,  p H  7 .0 ,  in  t h e  a b s e n c e  ( s amples  1 a n d  3 )  o r  
p r e s e n c e  ( s a m p l e  2 a n d  4) o f  I m g / m l  c h y m o t x y p s i n .  S u b s e q u e n t l y ,  m e m b r a n e s  w e r e  i s o l a t e d  a n d  ~s t r ipped '  
as  d e s c r i b e d  u n d e r  Ma te r i a l s  a n d  M e t h o d s .  

as the original band 3. Three pieces of evidence argue against such an inter- 
pretation (Fig. 6). 

First, if a cross-linking of two 60 000-dalton fragments would be possible, 
one would expect that H2DIDS treatment at pH 9.5 of  erythrocytes with intact 
band 3 protein should yield band 3 dimers. This has not been observed. Sec- 
ond, chymotrypsination after cross-linking in the intact membrane with 
H2DIDS should still lead to a release of the 35 000-dalton fragments. No such 
fragments could be detected. Finally, cross-linking of the 60 000 dalton frag- 
ment into a covalent dimer by Cu2÷-orthophenanthrolin treatment [23] leads 
to the formation of  a sharp band that contrasts markedly to the diffuse band 3 
and the band formed by the H2DIDS-reconstituted material. This band migrates 
considerably more slowly than the band 3 or the reconstituted product (not 
shown, cf. Ref. 33). 
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Fig.  7.  (a)  E f f e c t  o f  H 2 D I D S  o n  3 5 S O ~ -  e f f l u x  f r o m  c h y m o t r y p s i n - t r e a t e d  e r y t h r o c y t e s .  P r io r  t o  t h e  
e x p o s u r e  t o  H 2 D I D S  a t  t h e  c o n c e n t r a t i o n s  i n d i c a t e d  o n  t h e  abse iasa  (90  m i n ,  p H  7 . 4 ) ,  t h e  cells  h a d  b e e n  
t r e a t e d  w i t h  0 . 2  m g / m l  e h y m o t r y p s i n  f o r  1 h .  T h e  f l ux  m e a s u r e m e n t s  w e r e  p e r f o r m e d  a f t e r  r e m o v a l  o f  
r eve r s ib ly  b o u n d  H 2 D I D S  b y  w a s h i n g  in  a l b u m i n - c o n t a i n i n g  m e d i a .  All r e a c t i o n s  a n d  t h e  f lux  m e a s u r e -  
m e n t s  we re  ealTied o u t  a t  3 7 ° C  in  a m e d i u m  c o n t a i n i n g  5 m M  N a 2 S O 4 ,  1 2 2 . 5  m M  NaCI ,  a n d  2 0  m M  Trls-  
HCI,  p H  7 .4 .  O r d i n a t e :  su l f a t e  e f f l u x  as  p e r c e n t  o f  e f f l u x  f r o m  c h y m o t r Y p s i n - t r e a t e d  c o n t r o l .  Th i s  c o n t r o l  
va lue  was  i n d i s t i n g u i s h a b l e  f r o m  e f f l u x  f r o m  i n t a c t  e r y t h r o c y t ' c s  t h a t  h a d  n o t  b e e n  e x p o s e d  t o  t he  
e n z y m e .  (b)  I r revers ib le  b i n d i n g  o f  H 2 D I D S  t o  c h y m o t r y p s i n - t r e a t e d  e r y t h r o c y t e s  as  a f u n c t i o n  o f  
H 2 D I D S  c o n c e n t r a t i o n  in  t h e  m e d i u m .  S a m e  e x p e r i m e n t  as  in  (a) .  C o n t r o l :  H 2 D I D S  b i n d i n g  t o  e r y t k r o -  
c y t e s  t h a t  h a d  n o t  b e e n  e x p o s e d  t o  c h y m o t r y p s l n .  T o t a l ,  9 5 K ,  a n d  6 0 K  re fe r ,  r e s p e c t i v e l y ,  t o  b i n d i n g  t o  
t h e  m e m b r a n e  as a w h o l e ,  t o  t h e  c h y m o t r y p s i n - ~ r e s i s t a n t '  ( r epa i r ed )  9 5  0 0 0  d a l t o n  p e p t i d e ,  a n d  t o  t h e  
6 0  0 0 0  d a l t o n  f r a g m e n t  o f  c h y m o t r y p t i c  d i g e s t i o n .  Absc i s sa :  as in  (a) .  (c)  R e l a t i o n s h i p  b e t w e e n  su l fa te  
e f f l u x  a n d  i r revers ib le  H 2 D I D S  b i n d i n g t o  c h y m o t r y p s i n - t r e a t e d  e r y t h z o c y t e s .  D a t a  f r o m  (a)  a n d  (b)  
p l o t t e d  aga in s t  e a c h  o t h e r .  O r d i n a t e :  SO 4 e f f l u x .  Absc i s sa :  H 2 D I D S  b i n d i n g .  B o t h  axes  a re  e x p r e s s e d  as  
p e r c e n t  o f  c o n t r o l  va lue .  S a m e  d a t a  as in  Re f .  32 .  

Since all of the band 3 can be regenerated by H2DIDS treatment at high pH, 
it appears that: 

1. All of the integral membrane protein in band 3 can bind at least one 
H2DIDS molecule, and 

2. The weakly staining 35 000 dalton band and the strongly staining 
60 000 dalton band are present in equimolar amounts even after extensive 
chymotrypsin treatment. The weak staining of the 35 000 dalton band is 
related in part to the fact that the dye is smeared out over a wide molecular 
weight range, from 35 000 to nearly 60 000 daltons. Moreover, the carbo- 
hydrate content of this bandrnay reduce its capacity of binding the dye. 

Fig. 1 shows that after chymotryptic cleavage of band 3 the total amount of 
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Fig. S. Comparison of the act ion of chymotryps in  and papain on the outer  surface of the ery throcyte  
membrane.  Sodium dodecyl  sulfate gradient slab gels of ghosts from: (1) un t rea ted  cells; (2) chymo- 
trypsin-t~eated cells, and (3) papaln-treated cells. The enzyme t rea tments  were at  1 mg/ml ,  1 h, ST°C, 
pH 7.4. The major bands of the unt rea ted  ghosts are numbered according to Fairbanks et al. [19].  The 
posi t ions of the products  of chymot ryp t i c  digestion of band 3 (60 000 and 35 000 daltons) are indicated.  
The diffuse band referred to  as 35K runs slightly behind band 6 (glyceraldehyde-S-phosphate dehydro- 
genase, molecular  weight  36 000) and overlaps wi th  band 5. 

Fig. 9. (1, 2) Failure of H 2 DIDS to reconst i tu te  band S after papaln t rea tment .  In tact  erythrocytes  Were 
exposed to  papaln (I  mg/ml)  and cysteine (2.0 mM) in phosphate-buffered saline (pH 7.0) for 30 min at  
S7°C, hematoer i t  10%. After  inh ib i t ion  of the enzyme by iodoaceta te  (2 raM, S0 min,  pH 7.0) the cells 
were washed twice in phosphate-buffered saline, pH 7.0, exposed to  H2DIDS at 37°C, hematocr i t  10%, 
for 60 min. This leads to  covalent  binding of H2DIDS to the 60 000 dal ton fragment.  After  removal  of 
excess H2DIDS by  two a lbumin washes and one wash wi thout  a lbumin the cells were subdivided in to  two 
samples (1 and 2). Sample 1 was incubated  at  pH 9.5, sample 2 at  6.0 (60 rain, 37°C). Subsequently the 
membranes  were isolated for electrophoresis.  (3, 4) Failure of papain to cleave band 3 after intramolec-  
ular cross-linklng at  pH 9.5. In tac t  e ry throcytes  were first exposed to H2DIDS (10/~M) at 37°C, pH 7.1), 
hematocr i t  10% for 60 min. This leads to covalent  binding of H2DIDS to the 60 000 dal ton fragment.  
After two a lbumin washes and one wash wi thout  a lbumin at  pH 7.0 they were subdivided in to  two 
samples. Sample 3 was incubated  at  pH 6.0, sample 4 at  pH 9.5 (37°C, 60 min).  Subsequent ly  e a c h  
sample was resuspended at  pH 7.0 and incubated  wi th  1 mg/ml  papain at  S7°C for 30 rain. After  inhibi- 
t ion of the enzyme by iodoaceta te  and three washes the membranes  were isolated and used for the 
electrophoresis.  Same s tandard proteins as in Fig. 5. 

H2DIDS molecules bound/cell increases by about 30%. However, the sum of 
the binding sites on the surviving (or, more correctly, 'repaired') band 3 and on 
the 60 000 dalton fragment changes little if at all. Anion transport is not 
inhibited by chymotryptic cleavage of  band 3, and covalent H2DIDS binding to 
the enzymatically modified cells still produces inhibition. If the maximally 
chymotrypsinized erythrocytes are exposed to increasing concentrations of  
H2DIDS, a linear relationship is obtained between the reduced rates of  trans- 
port and the number of  H2DIDS molecules that are bound to the peptides that 
migrate at the 95 000 and the 60 000-dalton locations (Fig. 7). This implies 
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Fig.  10 .  S imp l i f i ed  s c h e m a t i c  d i a g r a m  o f  t h e  d i s p o s i t i o n  o f  t he  m a j o r  t r y p t i c  a n d  c h y m o t r y p t i c  p e p t i d e s  
o f  b a n d  3 ,  a d o p t e d  f r o m  S~eck e t  ai .  [ 1 2 ] .  C h y m o t r y p ~ n ,  a c t i n g  a t  a n  e x t r a e e l l u l a r  s i te  c,  c leaves  t h e  p r o -  
r e in  i n t o  6 0  0 0 0  a n d  3 5  O 0 0 - d a l t o n  p e p t i d e s .  T r y p s i n  c leaves  t h e  p r o t e i n  a t  a n  i n t l~ce l l u l a r  s i te  t a n d  
re leases  a w a t e r - s o l u b l e  peptide of  4 0  0 0 0  d a l t o n s  f r o m  t h e  m e m b r a n e .  T h e  i n t e g r a l  f r a g m e n t s  r e m a i n i n g  
a f t e r  t r e a t m e n t  w i t h  e x t r a c e l l u l a r  c h y m o l ~ y p s i n  a n d  i n t r a e e l l u l a r  t r y p s i n  a re  t he  1 7  0 0 0  d a l t o n  t r a m m e m -  
b r a n e  f r a g m e n t  a n d  t h e  3 5  0 0 0  d a l t o n  e x o f a c i a l  f r a g m e n t .  

that  all H2DIDS binding sites on the chymotrypsin-treated band 3 continue to 
function in anion transport as in the untreated cells. 

The action o f  papain on anion transport and the protein in band 3 
Fig. 8 illustrates the effects on the band 3 protein of extracellular papain and 

contrasts the effects with those of chymotrypsin. Sample 1 represents the band 
pattern of undigested ghosts; samples 2 and 3 represent the patterns of ghosts 
made from cells that  had been treated with chymotrypsin and papain, respec- 
tively (1 h, 37°C, 1 mg enzyme/ml).  Papaln produces a 60 000 dalton fragment 
which appears indistinguishable from that produced by chymotrypsin. How- 
ever, the 35 000 dalton peptide that  appears after chymotrypsin is not  seen 
after papain; instead a new band, possibly a product  of the 35 000 dalton 
peptide, appears at about 30 000 daltons, and coincides roughly with the pre- 
existing band 7. If cross-linking with H2DIDS at pH 9.5 precedes enzyme treat- 
ment,  so far as visual inspection can tell, band 3 remains unaltered, regardless 
of whether chymotrypsin or papain is used *. However, the reconstitution by 
cross-linking with H2DIDS of band 3 that  had first been exposed to the proteo- 
lyric enzymes, was only seen after t reatment with chymotrypsin but not  after 
papain (Fig. 9). The comparison between the effects produced by chymo- 
trypsin and papain is of interest, because chymotrypsin does not  inhibit anion 
exchange [14,15], whereas papaln t reatment  strongly inhibits both C1- [21] 
and SO~- self~xchange [15,17,21]. 

Comparison between the 60 O00-dalton peptides produced by chymotrypsin 
and papain 

To improve the resolution of the comparison between the 60 000~dalton 
fragments produced by chymotrypsin and papain, a water-soluble peptide of 
approximately 40 000 daltons [23.] was removed from the inside surface with 
trypsin, acting on unsealed white ghosts prepared from cells that  had been pre- 
treated with chymotrypsin or papain. The purpose of this pretreatment may be 
understood more easily by consulting the diagram in Fig. 10, which represents 
a simplified version of the current knowledge of the disposition in the mere- 

* A loss  o f  t h e  5 - - 1 0  0 0 0  d a l t o n  p a p a i n  f r a g m e n t  (see p ,  5 1 7 )  w o u l d  p r o b a b l y  r e m a i n  u n d e t e c t e d .  
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Flg. I I .  Comparison of the act ions of external  papaln and chymotryps ln  on band 3. Sodium dodecyl  sul- 
fate gradient  slab gel of  ghosts, s tr ipped after t rypsin t rea tment .  (1) Ghosts from untreated erythroeytes .  
(2) Ghosts from chymotryps ln- t rea ted  erythrocytes  (1 mg/ml,  1 h, 37°C). (3) Ghosts from papain- 
t reated ery throcytes  (1 mg/ml ,  1 h, 37°C). (4) A one-to-one mixture  of the samples applied to 2 and 3. 
5--8 are the  same as 1--4, respectively,  e x c e p t  t w i c e  as much protein was put  on the gel. The molecular  
weight  s tandards on the right are, from the bo t t om ,  cy tochrome c, myoglobin,  carbonic anhydrase,  
aldolase, and bovine serum albumin.  Digestion of the ghosts was carried out in a medium containing 
150 mM NaCI, 10 mM sodium phosphate ,  pH 7.4, and 50/~g/ml t rypsin for 45 min  at  37°C. 

bmne of the tryptic and chymotryptic fragments of band 3 [12]. 
Fig. 11 shows the peptides that  remain in trypsin-treated unsealed ghosts 

after stripping with NaOH. Trypsin alone (sample 1) produces a double band at 
the 50 000 dalton location, with a sharp leading edge and a more diffuse 
trailing edge, very similar to that seen by Jenkins and Tanner and others [4,9, 
25]. Both constituents of this double band are products of band 3, and both 
bind SITS [8]. Ghosts prepared in the same manner, but from chymotrypsin- 
treated cells (sample 2), show two major bands. One is a diffuse band of about 
35 000 daltons, which is also an apparent double band with a diffuse trailing 
edge. This band is identical in appearance with the 35 000 dalton band 
produced by chymotrypsin alone (Fig. 2), indicating that the 35 000 dalton 
band is resistant to internal trypsin. The other band has an apparent molec- 
ular weight of 17 000, and is a sharp, single band. This band represents what 
is left of the 60 000 dalton chymotryptic fragment after a fragment of approxi- 
mately 40 000 daltons has been removed from the inner surface by trypsin 
(see Fig. 10). Therefore, if the 60 000 dalton papain fragment is actually 
smaller than the 60 000 dalton chymotryptic fragment, then this difference 
should be observed as a difference in the 17 000 dalton fragment, since the 
same 40 000 dalton fragment presumably has been removed from the inner sur- 
face of each by trypsin. Sample 3 shows that the 17 000 dalton fragment 
produced by external papain plus internal trypsin, is very similar to that pro- 
duced by external chymotrypsin plus internal trypsin. Sample 4 contains a 
1 : 1 mixture of the protein in samples 2 and 3. if  the 17 000-dalton fragments 
in samples 2 and 3 were indeed different, the 17 000 dalton band in the 
mixture should appear broader; it does not. On these gels, the resolution is such 
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that  a difference of about 600 in the molecular weight of the 17 000-dalton 
bands in samples 2 and 3 would be readily detectable as a broadening in the 
mixture. Therefore, the 60 000-dalton fragments produced by chymotrypsin 
and papain differ by at most six amino acid residues, and may be identical. 

In the experiments presented in Fig. 11, the chymotrypsin- or papain-treated 
erythrocytes were first converted i n t o  leaky ghosts and then exposed to 
trypsin. In intact cells, extracellular trypsin has no detectable effect on the 
band 3 protein. However, after pretreatment of the exofacial membrane sur- 
face with either chymotrypsin or papain, subsequently added trypsin may have 
gained access to a trypsin-susceptible peptide bond that is not  normally 
accessible. This could make it appear that  the effects of papain and chymo- 
trypsin are indistinguishable. To rule out this possibility, in two experiments 
(not shown) the 40 000 dalton fragment was removed by trypsin that  had been 
incorporated into resealed erythrocyte ghosts under conditions [7,9] where the 
outer surface of the membrane is not  affected by that enzyme. Subsequent 
t reatment of  the still resealed ghosts with extracellular chymotrypsin or papain 
leads to the formation of 17 000-dalton fragments that were indistinguishable 
from each other. The 35 000 dalton exofacial fragment is, of course, still intact 
after chymotrypsin treatment,  but not  after papain. These experiments indi- 
cate that  the products of band 3 resulting from the action of extracellular 
chymotrypsin or papain, plus intracellular trypsin, are independent  of the order 
of the enzymatic treatments. It therefore appears that even after treatment of 
the external membrane surface with chymotrypsin or papain, the action of 
trypsin on band 3 in unsealed ghosts is confined to the inner membrane sur- 
face. 

The action o f  papain on the 35 000 dalton chymotryptic peptide 
As shown in Fig. 8 and demonstrated more clearly in Fig. 11, the 

35 000 dalton peptide that is seen after chymotryptic  digestion of  band 3 is 
no t  observed after papain treatment. Instead, there appears as the only visible 
product  a diffuse band, the leading edge of which migrates at about 
30 000 daltons. Smaller fragments must also be produced by papain, but these 
are n o t  detected on the gels. The experiment in Fig, 11 represents one way in 
which to compare the integral fragments of band 3 produced by extracellular 
chymotrypsin and papain. Another  way is first to treat erythrocytes with 
chymot~ypsin, and then digest the thus-formed products with papain. This type 
of experiment is also useful for the study of the mechanism of inhibition of 
exchange by papain. Chymotrypsin t reatment  of band 3 leads to the formation 
of the 60 000 and 35 000-dalton fragments, without inhibition of anion trans- 
port. Subsequent  digestion with papain results in inhibition of anion exchange. 
The experiment in Fig. 12 is an a t tempt  to correlate this inhibition with 
changes produced by papain in the integral chymotryptic  fragments. Mem- 
branes were prepared as in Fig. 11. The ghosts from cells pretreated with 
chymotrypsin and subsequently with 0, 0.1, or 0.3 mg/ml papain were 
prepared, and then treated with trypsin. As :in Fig. 11, the major integral 
peptides remaining after external chymotwpsin  and internal trypsin are the 
17 000 and 35 O00-dalton products of band 3. In the ghosts made from cells 
with papain after the chymotrypsin,  the 17 000 dalton transmembrane frag- 
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ment is not detectably altered. The 35 000 dalton band, however, is reduced by 
the papaln treatment, with progressive appearance of the 30 000 dalton frag- 
ment *. The digestion of the 35 000 dalton peptide by the papain increases 
with increasing inhibition of the rate of C1- self-exchange (Fig. 12, upper). 
However, it is not clear whether or not a parallel relation exists between the 
digestion of the 35 000 dalton band and the inhibition of anion exchange, 
because 

(1) The 35 000 dalton band is quite broad and rather poorly defined; the 
diffuse trailing edge extends to an apparent molecular weight of over 50 000. 
It is not obvious to what extent other proteins, unrelated to band 3, contribute 
to the Coomassie blue staining in the broad band. 

(2) The 30000da l ton  band produced by papain overlaps with the 
35 000 dalton chymotryptic band, making it difficult to assign a numerical 
value to the extent of digestion of the 35 000 dalton band by papain. 

There is, however, a clearly detectable change in the 35 000 dalton band, 
and this change increases with papain concentration in the same range in which 
the C1- transport is progressive inhibited. At the same time, there is no detect- 
able change in the 17 000 dalton band. This suggests that the inhibitory action 
of papain may be related to the digestion of the 35 000 dalton peptide. 

Discussion 

A proposition 
The experiments presented here constitute evidence for the proposition that 

portions of the exofacial 35 000 dalton fragment of band 3 produced by extra- 
cellular chymotrypsin may cooperate with exofacial portions of the chymo- 
tryptic 60 000 dalton fragment in the control of anion exchange. The experi- 
mental results on which this proposition is based may be summarized as fol- 
lows: 

When the non-penetrating inhibitor H2DIDS is added to exhaustively chymo- 
trypsinized erythrocytes it first reacts covalently with a single site on the 
60 000 dalton fragment and thereby inhibits anion transport. Subsequent 
incubation at elevated pH leads to the establishment of a covalent cross-link 
with t h e  35 000 dalton fragment. This indicates a close juxtaposition of exo- 
facial portions of the two fragments that are near the anion transport con- 
trolling binding site for H2DIDS (Fig. 13). 

Extracellular chymotrypsin does not affect anion transport. Exposure of the 
chymotrypsinized erythrocytes to papain leads to  inhibition. Under these con- 
ditions papain produces no detectable change in the chymotryptic 60 000 dalton 
fragment, but it does digest the chymotrypt ic  35 000 dalton fragment into a 
30 000 dalton fragment that is not further digested, and into one or several 
smaller fragments that could no t  be detected on the gels. This supports the sug- 
gestion that a portion of the chymotryptic 35 000 dalton fragment cooperates 
with a portion of the 60 000 dalton fragment in the control of anion transport. 

* A n o t h e r  n e w  band,  o f  a b o u t  2 0  0 0 0  d a l t o n s ,  is  a l so  s een  w h e n  t h e  cel ls  have  b e e n  t r e a t e d  w i t h  p a p a i n .  
The  a m o u n t  o f  m a t e r i a l  i n  th i s  band ,  h o w e v e r ,  does  n o t  depend  o n  the papain concentra t ion ,  and m a y  
r e s u l t  f r o m  p a p a i n  a d s o r p t i o n  t o  the  m e m b r a n e .  I t  is  u n k n o w n  w h y  s u c h  a d s o r b e d  p a p a i n  s h o u l d  
r e m a i n  a f t e r  t h e  e x t e n s i v e  w a s h i n g  and stripping procedures  used.  
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Fig. 13. Cross-linking of the chymot ryp t ic  fragments of band 3 by H2DIDS. 
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The stoichiometry o f  the reaction between H2DIDS and the band 3 protein 
Since all of  the band 3 may be regenerated by H2DIDS after chymotrypsin  

digestion, the s toichiometry of  the reaction between band 3 and H2DIDS can- 
not  be less than one-to-one. However,  although it is clear that  at  least one 
H2DID8 molecule must  be bound/band  3 molecule to achieve the observed 
cross-linking of  all chymotryp t ic  fragments, it still remains to be asked whether  
or  not  the cross-link is established by  an H:DIDS molecule that is acutally 
involved in inhibition of  anion transport.  At complete  inhibition H2DIDS 
binding to the band 3 protein reaches saturation. Under these conditions, about  
1- -1 .2 .106  molecules of  H2DIDS/cell are bound to the band 3 protein [18,27] .  
This number  agrees well with the only existing estimate [1] o f  the number  of  
band 3 molecules/cell. Although the estimate is based on a rather crude meth- 
od, it should be accurate enough to rule out  that  two or more H2DIDS mole- 
cules are bound to band 3. Since it has been shown that the majority,  if not  all 
of  the H2DIDS molecules that  are covalently bound to band 3 are involved in 
the inhibition of  anion transport  [31],  it may be concluded that the H2DIDS 
molecules that  participate in cross-linking are most  likely the same molecules 
that  are responsible for the inhibition of  anion transport.  Since there is one 
functioning unit  of  anion exchange for each H2DIDS binding site, one may 
further conclude that,  although band 3 may exist as a non-covalent dimer in 
the  membrane [23,26] ,  the functional unit  of  anion exchange is a monomer  of  
band 3. The H2DIDS cross-linking results also argue that  external chymotrypsin  
acts at a single site on band 3. 

The observation that  chymotryp t ic  cleavage does not  lead to an inhibition of  
anion transport  and that  H2DIDS still continues to act as an inhibitor in the 
chymotrypsinized e ry throcyte  suggests that  the disposition of  the chymo- 
t rypt ic  60 000 and 35 000-dalton fragments remains as in the native protein 
from which they are derived. The results presented here certainly do not  prove 
that  this is the case. However,  they  are compatible with such a suggestion. The 
-N=C=S group of  H2DIDS which can react with the 35 000 dalton fragment at 
high pH appears to be buried deep in the protein, where it is incapable of  
reacting with extracellular added reagents. After  the initial reaction of  one of  
the -N=C=S groups with the 60 000 dalton fragment, the other -N=C=S group 
cannot  be inactivated by the small molecule fi-mercaptoethanol (50 mM, 
20 min, 37°C, pH 7), which should react irreversibly with the -N=C=S group if 
it were accessible. After  the fi-mercaptoethanol t reatment,  raising the pH to 9.5 
still results in a nearly complete  reaction with the 35 000 dalton fragment 
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(greater than 95%). It is worth pointing out that the intramolecular cross- 
linking was demonstrated here with H2DIDS, and not DIDS. It is unknown 
whether or not DIDS, a more rigid molecule, can also cross-link the 60 000 
and 35 000-dalton peptides. Differences between H2DIDS and DIDS could 
conceivably explain the finding of Rothstein et ai. [28] that DIDS bound to 
band 3 still appears to have a reactive -N=C=S group which can attach to 
ferritin. In our hands, no added agent, either -SH or -NH2 containing, reacts 
readily with the H2DIDS after one of the -N=C=S groups is bound to the mem- 
brane. 

The necessity to raise the pH to 9.5 in order to complete the reaction 
between the H2DIDS and the 35 000 dalton fragment could have two origins. 
(1) The chemical group with which the -N=C=S reacts is much more reactive 
at high pH than the neutral pH. (2) The high pH produces a conformational 
change in the protein which results in access of the unreacted -N= C= S group of 
the H2DIDS to a reactive group in the 35 000 dalton fragment. So far we have 
been unable to distinguish between these possibilities, but it is significant that 
between pH 7 and 11 (0°C) the rate of C1--C1- exchange is independent of pH 
[29]. It may therefore be argued that no major conformationai changes result 
from raising the pH from 7 to 9.5. 

The segments of  the peptide chain that are involved in the control of  anion 
transport 

Erythrocyte anion transport is inhibited by a large variety of amino reactive 
reagents. Thus, the unique specificity of the H2DIDS molecule is not simply 
brought about by its reactivity towards amino groups. The specificity is 
obviously related to a specific environment where the reversible binding takes 
place that precedes the covalent bond formation and the concomitant transi- 
tion from reversible to irreversible inhibition [35]. Our cross-linking experi- 
ments with chymotrypsinized erythrocytes indicate that portions of both the 
60 000 and the 35 000<lalton fragments contribute to this environment. 

The 60 000 dalton fragment produced by papain is very similar to that 
produced by chymotrypsin. No difference could be detected between the two 
fragments even though by the technique used here the resolution of the gel 
electrophoresis was improved by removing the large (40 000 dalton) water- 
soluble portion of the 60 000 dalton fragment from the inner membrane sur- 
face by trypsin (see Figs. 10 and 11). The difference, if any, between the two 
60 000<ialton peptides is less than six amino acid residues. The similarity is 
further demonstrated by the observation that papain does not visibly digest the 
chymotryptic 60 000 dalton fragment. In contrast, the chymotryptic 
35 000 dalton fragment is converted by papain into a 30 000 dalton fragment 
that is indistinguishable from the 30 000 dalton fragment that is obtained after 
papain treatment of the intact band 3 protein. This indicates that the final 
30 000 dalton product of papain digestion represents a major portion of the 
chymotryptic 35 000 dalton fragment. It is attractive, therefore, to believe 
that the relatively small portion (5--10 000 daltons) of the chymotryptic 
35 000 dalton fragment that can be digested by papain is responsible for the 
papain-induced inhibition. However, it remains possible that papain inhibits the 
anion transport by removing a very small (less than six amino acid residues) 
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segment from the 60 000 dalton chymotryptic fragment. 
Although our experiments suggest that the 35 000 dalton chymotryptic frag- 

ment of band 3 plays a role in anion exchange it is certainly not suggested that 
the anion exchange is carried out by that fragment alone. Recently, Grinstein 
et al. [16] have considered the possibility that both the anion exchange and 
H2DIDS binding sites are solely confined to the 17 000 dalton fragment, which 
is transmembrane segment of the 60 000 dalton fragment (see Fig. 10). This 
suggestion is based in part on the observation that cleavage of the band 3 pro- 
tein by external chymotrypsin and removal of the intrafacial 40 000 dalton 
segment by trypsin does not lead to inhibition and that most of the H2DIDS 
now resides on the 17 000 dalton fragment. All of these findings agree with 
previously published observations [9,15] on the effect of external chymo- 
trypsin and intracellular trypsin on anion transport and band 3. Combined 
with the present observation that H2DIDS is capable of cross-linking the 
60 000 dalton fragment (which encompasses the 17 000 dalton fragment) with 
the 35 000 dalton fragment and that papain inhibits anion transport without 
a visible effect on the 17 000dalton fragment but with a concomitant 
hydrolysis of the 35 000 dalton fragment, these aspects of the experimental 
results of Grinstein et al. [16] are also compatible with the present suggestion 
that both the 35 000 and the 60 000 dalton fragment participate in the for- 
mation of the environment in which H2DIDS produces an inhibition of anion 
exchange. It should be pointed out, however, that Grinstein et al. also report a 
degradation of the 35 000 dalton fragment by chymotrypsin that is not accom- 
panied by an inhibition of anion transport. They conclude, therefore, that this 
fragment does not participate in the control of transport. This aspect of the 
work of these authors is clearly not compatible with our findings. It is neces- 
sary, therefore, to emphasize that we always observed the 35 000 dalton frag- 
ment after chymotryptic digestion and that we do not find any degradation of 
that fragment even after long exposure to exorbitantly high concentrations of 
the enzyme. The reasons for the discrepancy are not clear, since the techniques 
employed are essentially similar except that we used different gel systems for 
the detection of the bands and added bovine serum albumin to the washing 
media to remove residual proteolytic activity prior to the isolation of the cell 
membrane for electrophoresis. 

Heterogeneity of band 3 
On sodium dodecyl sulfate-polyacrylamide gels, band 3 extends over a 

molecular weight range of about 15 000 [1]. This is commonly attributed to a 
heterogeneity of the population of band 3 molecules [1] which is thought to 
reside in differences of carbohydrate composition [5,25]. The two different 
bands near 55 000 daltons that emerge after removal by internal trypsin of the 
water-soluble 40 000 dalton fragment provided further proof of this heteroge- 
neity [8] and differences in the carbohydrates in the two bands were in fact 
demonstrated by Jenkins and Tanner who showed that the glycoproteins in the 
two bands bind different lectins [25]. 

The heterogeneity of the tryptic bands is reflected by the band pattern ob- 
tained after their digestion by extracellular chymotrypsin. The products ob- 
served are one single band at 17 000 daltons and a diffuse double band with an 
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extended trailing edge near 35 000daltons (Fig. 11). The 17 000daltons 
fragment is likely to be homogeneous both from its appearance as a single 
sharp band on the gel and from the fact that it has a single C-terminal amino 
acid, tyrosine [12]. The observed heterogeneity of the 35 000 dalton band 
could arise solely on the basis of  difference of carbohydrate content. However, 
it has not been demonstrated that this band consists of  a single polypeptide. In 
any case, the heterogeneity of the band 3 appears to reside in this fragment of 
the molecule, at least in most donors (see Ref. 30). The structural heteroge- 
neity of the band 3 protein does not seem to result in a functional heteroge- 
neity. All of  the integral protein in band 3 can bind H2DIDS, as evidenced by 
the complete regeneration by H2DIDS of previously digested band 3 (Figs. 2-- 
4) and, under the conditions of H2DIDS labeling used, nearly all of  the covalent 
H2DIDS binding to band 3 is related to inhibition of anion exchange [31]. 

Acknowledgements 

We thank Prof. H. Fasold for the synthesis of  tritiated H2DIDS and helpful 
advice and Ms. A. Tintschl for valuable technical assistance. The work was 
supported by a grant from the Deutsche Forschungsgemeinschaft. 

References 

1 Steck, T.L. (1974) J.  Cell Biol. 62, 1--19 
2 Ho, M ~ .  and Guidotti, G. (1975) J. Biol. Chem. 250, 675--685 
3 Tanner, MJ.A.  and Boxer, D.H. (1972) Biochem. J. 129, 333--347 
4 Fukuda, M., Eshdat, Y., Tarone, G. and Marchesi, V.T. (1978) J. Biol. Chem. 253, 2419--2428 
5 Yu, J.  and Stack, T.L. (1975) J.  Biol. Chem. 250, 9170--9175 
6 Cabantchik, Z.I. and Rothstein, A. (1974) J.  Membrane Biol. 15,207--226 
7 Pauow, H., Fasold, H., Zaki, L., Schuhmann, B. and Lepke, S. (1975) In Biomembranes, Structure 

and Function (G~rdos, G. and Sz~sz, I., eds.), Proceedings o f  the  9th FEBS Meeting, Budapest 1974, 
pp. 197--214 

8 Bretscher, M.q. (1971) J. Mol. Biol. 59, 351---357 
9 Lepke, S. and Passow, H. (1976) Biochim. Biophys. Acta 455,353--370 

I 0  Cherry, R J . ,  BQrkli, A., Bu~ll-ger, M. and Schneider, G. (1977) In Biochemistry of Membrane Trans- 
port  (Semenza, G. and Carafoli, E., eds.), FEBS Symposium No. 42, pp. 8 6 - 9 5 ,  Springer-Verlag, 
Berlin 

11 Jenkins, R.E. and Tanner, MJ.A.  (1977) Biochem. J. 161,139--147 
12 Steck, T.L., Koziarz, J~. ,  Singh, M.K., Reddy, G. and KShler, H. Biochemistry 17, 1216--1222 
13 Jenkins, R.E. and Tanner, MJ.A.  (1975) Biochem. J. 147,393--399 
14 Cabantchik, Z.I. and Rothstein, A. (1974) J.  Membrane Biol. 15, 227--248 
15 Passow, H., Fasold, H., Lepke, S., Pring, M. and Sehuhmann, B. (1977) In  Advances in Experimental 

Medicine and Biology (Miller, M.W. and Shamoo, A.E., eds.), pp. 353--379, Plenum Press, New York 
16 Grinstein, S., Ship, S. and Rothstein, A. (1978) Biochim. Biophys. Aeta 507,294--304 
17 Schwoch, G., Rudloff, V., Wood-Guth, I. and Passow, H. (1974) Bioehim. Biophys. ~Aeta 339 ,126- -  

138 
18 Lepke, S., Fesold, H., Prlng, M. and Paesow, H. (1976) J. Membrane Biol. 29, 147--177 
19 Fairbanks, G., Steck, T.L. and Wallach, D.F.H. (1971) Biochemistry 10, 2606--2616 
20 Zaki, L., Fasold, H., Schuhmann, B. and Pauow, H. (1975) J .  Cell Physiol. 86° 471--494 
21 Ku, Ch., Jennings, M. and Passow, H. (1979) Biochhn. Biophys. Acta, in the  press  
22 Triplett, R.B. and Carraway, K.L. (1972) Biochemistry 11, 2997--2903 
23 Steek, T.L., Ramos0 B. and Strapazon, E. (1976) Biochemistry 15, 1154--1161 
24 Knauf, P.A., Proverbio, F. and Hoffman, J.F. (1974) J. Gen. Physiol. 63, 305 - 923  
25 Jenkins, R.E. and Tanner, M~.A. (1977) Biochem. J. 161,131--138 
26 Margarltis, L.H., Elgsaeter, A. and Branton, D. (1977) J. Cell Biol. 72, 47--56 
27 Ship, S., Shami, Y., Breuer, W. and Rothstein, A. (1977) J. Membrane Biol. 33, 311--323 
28 Rothstein, A., Cabantchik, Z.I. and Knauf, P. (1976) Fed. Proc. 35, 3--10 



519  

29 Funder, J. and Wieth, J.O. (1976) J. Physiol. 262, 679--698 
30 Mueller, T.J. and Morrison, M. (1977) J. Biol. Chem. 252, 6573--6576 
31 Passow, H. (1978) In Cell Membrane Receptors for Drugs and Hormones: A Multidisciplinary 

Approach (Bolls, L. and Straub, R.W., eds.)0 pp. 203--218, Raven Press, New York 
32 Passow, H. and Zaki, L. (1978) In Molecular Specialization and Symmetry in Membrane Function 

(Solomon, A.K. and Kamovsky,  M., eds.), pp. 229--250, Harvard University Press, Cambridge, MA 
33 Steck, T.L. and Yu, J. (1973) J. SurpamoL Struct. 1 ,220--232 
34 Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J. (1951) J. Biol. Chem. 193, 265--275 
35 Cabantchik, Z.I. and Rothstein, A. (1974) J. Membrane Biol. 15, 227--248 


