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In previous studies it has been shown that protoporphyrin-induced photodynamic effects on red blood cells are 
caused by photooxidation of amino acid residues in membrane proteins and by the subsequent covalent cross- 
linking of these proteins. Band 3, the anion transport protein of the red blood cell membrane, has a relatively 
low sensitivity to photodynamic cross-linking. This cannot be attributed to sterical factors inherent in the specific 
localization of band 3 in the membrane structure. Solubilized band 3, for instance, showed a similar low sensitiv- 
ity to cross-linking. By extracellular chymotrypsin cleavage of band 3 into fragments of 60 000 and 35 000 dal- 
tons it could be shown that both fragments were about equally sensitive to photodynamic cross-linking. The 
17 000 dalton transmembrane segment, on the other hand, was completely insensitive. Inhibition of band 3-me- 
diated sulfate transport proceeded much faster than band 3 interpeptide cross-linking, presumably indicating that 
the inhibition of transport is caused by photooxidation of essential amino acid residues or intrapeptide cross- 
linking. A close parallel was observed between photodynamic inhibition of anion transport and decreased binding 
of 4,4'-diisothiocyanodihydrostilbene-2,2'-disulfonate (H2DIDS), suggesting that a photooxidation in the imme- 
diate vicinity of the H2DIDS binding site may be responsible for transport inhibition. 

Introduction 

During illumination of human red blood cells or 
ghosts in the presence of a sensitizer extensive photo- 
dynamic membrane damage occurs. This is reflected 
by deterioration of many membrane functions [1], 
mutilation of ultrastructure as shown by electron 
microscopic studies [2] and extenswe covalent cross- 
hnklng of membrane proteins to high molecular weight 
complexes [2-5] .  It has been shown that cross-linking 
Is a secondary, light-independent process, caused by 
reactions between photooxldlzed amino acid residues 
and reactive groups in the protem molecules [6]. 

In the present mvestigatlons the photodynamlc 
effects on band 3, the amon transport protein of the 

AbbrevlaUons" H2DIDS, 4,4'-diisothiocyanodlhydrostll- 
bene-2,2'-dlsulfonate, SDS, sodium dodecyl sulfate. 

red blood cell, were studied in more detail. As shown 
previously, band 3 cross-hnkmg in red blood cell 
membranes proceeds much more slowly than, for 
example, spectrm cross-hnkmg [7]. It seemed con- 
cewable that this relatively low sensitivity to cross- 
linking could be caused by sterlc factors, inherent in 
the specific localization in the membrane structure. 
Therefore cross-linking was studied both on intact 
membranes, on band 3 vesicles and on solublhzed 
band 3 protein. 

In previous studies on cross-hnkmg the localization 
of the cross-hnk site(s) in the protein molecule was 
not considered. Band 3 protein seemed to be an 
appropriate model for preliminary studies on cross- 
link locahzatlon, as it consists of an extracellular, a 
transmembrane and a cytoplasmic fragment. In the 
present study the problem of cross-hnk locahzatlon 
was approached via fragmentation of band 3 by con- 
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trolled peptic digestion. Disturbed function of mem- 
brane proteins may be caused either by photooxida- 
tion of essential amino acid residues or by the second- 
ary cross-linking. A prerequisite for discrimination 
between these possibilities is an adequate knowledge 
of the functional site of the protein. Although the 
exact alignment of the functional region of band 3 is 
not yet known, many studies have indicated that 
H2DIDS is an excellent probe for the transport con- 
trolling site [8-9] .  Therefore simultaneous measure- 
ments of photodynamic anion transport inhibition, 
band 3 interpeptlde cross-linking and H2DIDS bind- 
ing capacity were performed. The results of these 
studies are discussed in the present communication. 

Materials and Methods 

Illumination with visible light in the presence of 
protoporphyrm or deuteroporphyrin 2,4-dlsulfonic 
acid as sensitizer was carried out as described before 

Ill 
Hemoglobin-free ghosts were prepared from 

washed erythrocytes by the osmotic lysls method of 
Weed et al. [10]. Preparation of band 3-containing 
vesMes and solubdlZatlon of band 3 protein was done 
according to the method of Wolosln et al. [11]. 
Triton X-100 was removed by treatment with blo- 
beads SM-2 as described by Holloway [12]. Proteol- 
ytic fragmentation of band 3 was performed accord- 
ing to the methods of Steck et al. [13] and Cabant- 
chik and Rothsteln [14]. Preparation of spectrln- 
depleted ghosts was performed by the procedure 
described by Bennett and Branton [ 15]. 

Transport of sulfate in intact red blood cells was 
measured as described by Knauf and Rothsteln [16]. 
Histldlne was determined according to the method of 
Sokolovsky and Vallee [17], tryptophan as described 
by Spies and Chambers [18] and tyroslne according 
to Uehara et al. [19]. Free NH2 groups were assayed 
with the fluorescamlne method described by Uden- 
friend et al. [20]. H2DIDS binding to band 3 protein 
in intact red blood cells and chemical cross-hnkmg of 
the 60000 and 35000 dalton fragments of band3 
by H2DIDS were measured as described by Jennlng 
and Passow [21]. 

For gel electrophoresls samples were dissolved in a 
solution containing 10mM Tns (pH 8.0)/1 mM 
EDTA/40 mM dithxothreltol/l% SDS. This solutmn 
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was incubated for 30 min at 37°C, prior to electro- 
phoresis. In most experiments SDS-polyacrylamide 
gel electrophoresis was performed as described by 
Falrbanks et al. [22]. In studies on the 17 000 dalton 
transmembrane fragment of band 3, urea-SDS gel 
electrophoresis was done according to the method of 
Swank and Monkrles [23]. Analysis of the 60000 
and 35 000 fragments was done on gradient slab gels 
as described by Jennlngs and Passow [21]. 

Proteins were stained with Coomassle Brilliant 
Blue G 250. Scans of staxned gels were recorded on a 
Zelss PMQ II spectrophotometer with scanning 
device The disappearance of Coomassie Brdllant 
Blue bands from their normal positions m the elec- 
trophoretogram was taken as a measure of protein 
cross-linking. Control experiments showed that this 
is justified, as photooxldatlon did not reduce 
Coomassie Brilliant Blue staining m these experi- 
ments. The total amount of dye bound to monomenc 
and cross-hnked band 3, for instance, appeared to 
be constant over the experimental period. Enzymes 
were obtained from Boehrlnger, Mannheim, proto- 
porphyrln and deuteroporphyrln 2,4-disulfonlc acid 
from PorphyrIn Products, Utah. H2DIDS and 
3H2DIDS were a gift of Prof. H. Passow, Max-Planck 
Institute, Frankfurt am Mare. 

Results 

Illumination of human red blood cell membranes 
in the presence of protoporphyrin resulted m exten- 
sive cross-hnkmg of membrane proteins (Fig. 1). 
Spectrin and band 6 especially were readily cross- 
linked to a high molecular weight complex, whereas 
band 3 reacted much more slowly. 

To investigate the possible influence of other 
membrane proteins and membrane structure on the 
band 3 cross-linking pattern, the band 3 environ- 
ment was modified in a series of experxments. It 
appeared that neither extraction of about 95% of the 
spectrln according to the method of Bennett and 
Branton [15] nor removal of virtually all other mem- 
brane proteins according to the method of Wolosln 
et al. [11] had any influence on the cross-hnking 
velocity of band 3 protein. Solubxhzed band 3 also 
showed about the same sensitivity to cross-linking as 
band 3 anchored in the membrane structure (Fig. 2) 
With solubihzed band 3 two cross-hnklng products 
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Fig. 1. Protoporphyrm-induced cross-hnlang of red cell 
membrane proteins Ghosts were iUummated m the presence of 
25 gM protoporphyrin during 0 (a), 5 (b), 10 (c), 20 (d), 40 
(e), 60 (f) and 90 (g) mm, at a protem concentration of 1 
mg/ml at pH 8 6 

are V~slble; a high molecular weight complex on top 
of the gels, as in the membrane preparations, and a 

band 3 dnner. Despite treatment of the band 3 solu- 
tion with blobeads SM-2, a residual Triton X-100 

concentration of 0 002-0.005% was present in the 

final solution, in accordance with the findings of 
Wolosin et al. [11]. Therefore, in control experi- 

ments, the influence of this detergent on photody- 
namic cross-hnklng was checked. It appeared that 
Triton X-100, in concentrations up to 0.5%, had no 
influence on protein cross-linking. Fig. 3 shows the 
photooxidation of hlstidlne, tryptophan and tyrosme 
and the concomitant decrease of free NH2-groups in 
solublhzed band 3 protein during illumination In the 
presence of protoporphyrin. 

In experiments designed to locahze the site(s) 

a b c d e f 

Fig. 2. Protoporphyrin-mduced cross-hnkmg of solubllized 
band 3 protein, at pH 8.6 Protoporphyrm, 25 uM, protein, 
1 mg/ml. Illumination period 0 (a), 5 (b), 10 (c), 30 (d), 
60 (e) and 90 (f) rain. 
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Fxg 3. Photooxldatlon of hlstldme (o), tryptophan (~) and 
tyrosme (J,) m solubthzed band 3 protein. Also shown is the 
loss of NH2-groups (e) as assayed with fluorescamine Experi- 
mental condmons as in Fig. 2. 
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Fig. 4. Protoporphyrin-mduced cross-linking of band 3 pro- 
tern (A), the 60 kdalton fragment (*) and the 35 kdalton 
fragment (e). Experimental condmons as in Fig. 1. 

of  cross-hnking an the band 3 polypeptide chain, 
band 3 was split into 60 and 35 kdal ton fragments by 
chymotrypsin treatment of  intact red cells. Ghosts, 
prepared from these cells, were treated with NaOH 
to remove most of  the peripheral proteins [13] and 

subsequently il luminated m the presence of  proto- 
porphyrm. As shown in Fig. 4, the 60 and 35 kdalton 

fragments were cross-linked with a velocity only 
slightly lower than that of  intact band 3. 

Extensive proteolyt ic  digestion of  ghosts yielded 
a membrane preparation containing only the 17 kdal- 
ton transmembrane fragment of band 3 [13]. This 
17 kdalton fragment appeared to be insensitive to 

photodynamlc cross-linking (Fig. 5). In other experi- 
ments normal ghosts were i l lummated m the presence 

of  protoporphyrln  till all membrane proteins were 
completely cross-linked. Subsequently these ghosts 
were treated wath NaOH and subjected to proteolytlc  
digestion. Gel electrophoresis of  these membranes 
yielded results identical to those shown an Fig. 5. 
Again only the 17 kdalton fragment of  band 3 was 
wsible and even after prolonged illumination periods 
no decrease of  this fragment was found. 

During illumination of  intact red blood cells in the 
presence of  pro toporphyrm the transmembrane sul- 

phate transport  velocity decreased dramatically. This 
decrease was much faster than the concomitant  band 
3 cross-linking (Fig. 6). This discrepancy was even 
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Fig. 5. The 17 kdalton fragment of band 3 after illumination 
in the presence of 25 gM protoporphynn at pH 8.6, during 
0 (a), 5 (b), 10 (c), 30 (d), 60 (e) and 90 (f) mm 
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Fig. 6. Photodynamlc cross-linking of band 3 and mhlbltion 
of sulfate transport in intact red cells (10% suspension) at 
pH 7.9. Illumination was carried out m the presence of 0.2 
mM protoporphyrm or 0.8mM deuteroporphyrin 2,4- 
dlsulfonlc acid. With protoporphyrin • •, sulfate 
transport, • A, remaining band 3 With deuteropor- 
phyrin 2,4-dlsulfomc acid. o . . . . . .  o, sulfate transport; 
zx . . . . .  -,% remaining band 3. Sulfate transport and band 3 
cross-linking were measured after tlluminatlon dunng the 
indicated period. 
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Fig 7 Inhlbmon of sulfate transport (o . . . . . .  o) and 
H2D1DS binding ( .  , )  after illumination of a 10% red 
blood cell suspensmn at pH 7 9 in the presence of 0 8 mM 
deuteroporphyrln 2,4-dlsulfonlc acid 

90k 

60k 4=imulB 

35k 

more pronounced with deuteroporphyrln 2,4-disul- 
fonlc acid as sensitizer. To obtain comparable inhibi- 
tion of  sulphate transport this sensitizer was added 
at a final concentration of  0.8 mM, as compared to 
0.2 mM for protoporphyrin .  Band 3 cross-hnklng was 
virtually absent under these experimental conditions 
(Fig. 6). H2DIDS is a strong inhibitor of  anion trans- 
port that binds in a covalent reaction. When added to 

intact red blood cells H2DIDS binding is highly local- 
lzed in band 3 protean [9,21]. After illumination of  
intact red blood cells m the presence of  a sensitizer 
H2DIDS binding to band 3 protein appeared to be 
dmunlshed. In parallel experiments it appeared that 
amon transport and H2DIDS binding decreased in 
close parallel by lllumlnatmn m the presence of  
deuteroporphyrm 2,4-dlsulfomc acid (Fig 7). 

After chymotrypsm treatment of  intact red 
blood cells, yielding the 60 and 35 kdalton fragments 
of  band 3, H2DIDS binding at neutral pH to the 
intact cells is locahzed m the 60 kdalton fragment 
[14] Subsequent incubatmn of  the cells at pH 9.5 
leads to virtually complete cross-linking of  the pairs 
of  chymotrypt lc  fragments and thus to reconstitution 
of  band 3. This cross-linking is caused by a covalent 
reaction of  the blfunctlonal 60 kdalton fragment- 
bound HzDIDS with a susceptible group of the 35 
kdalton fragment at pH9 .5  [21]. To investigate 

a b c d 

Flg 8 a NaOH-strlpped ghosts from red blood cells, illu- 
minated for 15 min in the presence of deuteroporphyrln 
2,4-dlsulfonic acid and subsequently labeled with H2DIDS 
and chymotrypslmzed, b as a, but incubated at pH 9 5 for 
1 h after chymotrypsln treatment, c. as a, but not Illuminated. 
d as b, but not illuminated 

photodynamlc effects on H2DIDS-induced cross- 
hnking of  the 60 and 35 kdalton fragments, red cells 
were illuminated for 15 rain in the presence of  0.8 
mM deuteroporphyrln 2,4-dlsulfonic acid. Subse- 
quently the cells were chymotrypsInlzed,  exposed 
to H2DIDS at neutral pH and finally lnducated at 
pH 9.5, according to the procedure described by 
Jennxngs and Passow [21]. After Illumination 
HzDIDS binding to band 3 was about 15% reduced. 
In accordance 10-20% of  the proteolytlc fragments 
could not be cross-linked by H2DIDS (Fig. 8). 

Discussion 

The described photodynamlc effects on band 3 
protein comprise photooxidat lon of  sensitive amino 
acid residues (Fig. 3), covalent cross-linking of  both 
the extracellular and intracellular fragment (Fig 2 



and 4), deterioration of function, as reflected by 
inhibition of sulfate transport (Fig 6), and decreased 
H2DIDS binding (Fig. 7). As shown previously, reac- 
tions of photooxidized histidlne, tryptophan and 
tyrosine with NH2 groups appear to be a significant 
source of covalent cross-links [24,25], although 
experimental evidence presented by Girotti [26] indi- 
cates that other cross-link mechanisms are also opera- 
tire. The decrease of (photooxidatlon-insensltlve) 
NH2 groups during illumination of band 3 in the 
presence of protoporphyrin is in accordance with this 
type of secondary reaction (Fig. 3). 

After an illumination period of 30 min about 50% 
of the histldine, 22% of the tryptophan and 14% 
of the tyrosine residues are photooxldized (Fig. 3). 
Considering the amino acid composition of band 3 
[13,27], this corresponds to about 104, 23 and 32 
nmol/mg protein, respectively. It is interesting to 
compare these data with those on photooxidation of 
solubdlzed spectrin. As shown previously, under iden- 
tical experimental conditions of pH, sensitizer and 
protein concentration, photooxldatlon of spectrln 
after an illumination period of 30 rain amounted to 
30, 16 and 2% of the hlstidine, tryptophan and tyro- 
sine residues, corresponding to 74, 24 and 4 nmol/ 
mg protein, respectively [25]. This demonstrates that 
band 3 protein is certainly not less sensitive to photo- 
oxidation. Yet, as judged from the electrophoret- 
ograms, spectrin is completely cross-linked within 
10 mln under these conditions [25], whereas cross- 
linking of band 3 is not complete, even after 90 mln 
(Fig. 2). Apparently the lower sensitivity of band 3 
protein to photodynamic cross-linking cannot be 
attributed to a slower rate of photooxidatlon. Pres- 
umably differences in conformation of various pro- 
teins play an Important role in this connection. 

As shown previously, the velocity of band 6 cross- 
linking is considerably higher in red cell membranes 
than in solubfllzed band 6 [7]. It was tentatively sug- 
gested that this may indicate a higher probability of, 
for example, a spectrin-band 6 than of a band 6-band 
6 cross-hnk. The band 3 cross-linking pattern is quite 
different in this respect The rate of band 3 cross- 
linking was about equal in red cell membranes, spec- 
trin-depleted membranes, band 3 vesicles and solubll- 
lzed band 3. Apparently the presence of other mem- 
brane proteins in red cell membranes has no, or only 
a minor, influence on the cross-linking velocity of 
band 3 protein. 
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Both the 35 and the 60 kdalton fragment of band 
3 participate in lnterpeptide cross-linking (Fig. 4). 
Further proteolytlc cleavage of the 60 kdalton frag- 
ment Into the intracellular and 17 kdalton transmem- 
brane fragment demonstrated that the 17 kdalton 
fragment is not involved in lnterpeptide cross-linking 
(Fig. 5). Thus both the extracellular and the lntra- 
cellular fragments of band 3 are sensitive to photo- 
dynamic cross-linking. The insensitivity of the 17 
kdalton fragment is presumably not caused by the 
absence of reactwe groups. In fact the amino acid 
composition of the 17 kdalton fragment is not grossly 
different from the amino acid composition of the 
complete band 3 protein [13]. More hkely the fixed 
position of band 3 in the hpld bdayer impedes the 
required juxtaposition of reactive groups. 

The results described above indicate that photo- 
dynamic inhibition of anion transport is caused by 
photooxldatlon or lntrapeptlde cross-linking and not 
by lnterpeptlde cross-linking. Decrease of anion trans- 
port during illumination in the presence of protopor- 
phyrin proceeded much faster than lnterpeptlde 
cross-linking of band 3 (Fig. 6). Even at a 4-times 
higher concentration than protoporphyrin, deutero- 
porphyrin 2,4-dlsulfonlc acid is less effective in photo- 
Inactivation of anion transport. This is in accordance 
with observations of Sandberg and Romslo [28], 
showing that more hydrophihc porphyrlns are less 
effective against membrane-associated components. 
The fact that lnterpeptide cross-linking is virtually 
absent under these conditions (Fig. 6) affirms that 
there is no causal connection between these two 
phenomena. On the other hand, there IS a close paral- 
lel between photodynamlc inhibition of anion trans- 
port and decreased H2DIDS binding to band 3 pro- 
tein (Fig. 7). As H2DIDS is a well-known probe for 
the transport site of band 3 [8,9,21], this observa- 
tion strongly suggests that the photodynamic inhibi- 
tion of anion transport should be attributed to photo- 
oxidation at or near the transport site. 

The mechanism of decreased H2DIDS-binding is 
not yet clear. H2DIDS binding to band 3 comprises 
a primary, reversible interaction and a subsequent 
irreversible binding [29]. Each of these two processes 
might be inhibited by photodynamic perturbation of 
the local conformation at the H2DIDS binding site. 
On the other hand, Ramjeesingh et al. [30] have 
shown in a recent paper that the H2DIDS binding 
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site is a lysme residue. It is tempting to speculate that 

this NH2 group may be involved m mtrapeptlde 

cross-hnkmg. Further experiments wtll be needed to 

elucidate the exact mechamsm. 
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