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Summary 

Treatment of erythrocytes with diamide (diazene dicarboxylic acid bis- 
(NJV-dimethylamide)) results in oxidation of sulfhydryl groups of the mem- 
brane, and cross-linking of membrane proteins into high molecular weight 
complexes. Concomitant freeze-etching studies show aggregation of intra- 
membrane particles on the protoplasmic fracture face of erythrocyte ghost 
membranes treated with the oxidant. Furthermore, after a 3 h incubation of 
erythrocytes with 10 mM diamide at 37°C, cellular energy levels declined to 
about 70% of control values. The data suggest that disulfide cross-linking of 
the major membrane proteins releases the apparent physical occlusion of the 
band 3 proteins within the interstices of the cytoskeletal shell. This results in 
the translational mobility of band 3 proteins which is reflected ultra-struc- 
turally in the freeze-etch images. 

Introduction 

Diamide (diazene dicarboxylic acid bis(N~q<lhnethylamide)) was first intro- 
duced by Kosower and associates [1] as a specific oxidant for glutl~athione in 
human erythrocytes. However, subsequent studies have shown that the corn- 

Abbreviations: Temed, N,N,N',N'-tetramethylethylenedi~mlne; SDS, sodium dodecyl  sulfate. 
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pound is active in general reactions such as the following [2,3]: 

H ÷ 

p r o t e i n - - R - - S H  + (CH3)2NCON(CH3)  2 / 

p ro t e in  ' d i a m i d e '  H + 

(OHa)2 NCON(RS)NHOON(OHa)2 • R--S~ 

p r o t e i n - - R S S R - - p r o t e i n  + (CHa)2NCONHNHCON(CHa)2  

where R is the cysteinyl residue in a peptide. Such intermolecular disulfide 
linkages result in altered cellular reactions. Thus, it has been reported that 
diamide impairs oxidative reactions in rat liver mithochondria [4]; inhibits 
amino acid and sugar transport in rat kidney cortex [5]; and non-specifically 
inhibits AMP~lependent and -independent auto-phosphorylation of erythrocyte 
membranes [6]. Diamide also inhibits ATP~lependent echinocyte or sphero- 
echinocyte-discocyte transformation [7] and cross-links the polypeptides of 
erythrocyte membranes into high molecular weight complexes [8--10]. In 
order to obtain further information on the perturbation of membrane struc- 
ture, we have examined erythrocyte membranes treated with diamide by 
freeze-etching and transmission electron microscopy, as well as by polyacryl- 
amide gel electrophoresis. Our results show that in the presence of diamide 
there is aggregation of intramembrane particles. 

Materials and Methods 

Chemicals 
Chemical reagents used for the preparation of buffers were all of analytical 

grade. Diamide (diazene dicarboxylic acid bis(NjV<limethylamine)) was 
obtained from Sigma Chemical Co. St. Louis, MO, U.S.A. Dithiothreitol and 
other reagents for electrophoresis were obtained from Bio-Rad Laboratories, 
Richmond, CA, U.S.A. 

Freeze-etching and transmission electron microscopy 
Freeze-etching of erythrocyte membranes was performed in a Balzers 300 

Ultrahigh vacuum device by the method of Moor and Muhlethaler [ 11 ]. Ghost 
membranes treated with and without 5 or 10 mM diamide for 60 rain were 
cryo-protected by incubation in 25% glycerol solution in 5 mM phosphate- 
buffered saline, pH 7.4, at 37°C for 2 h with three changes of the buffered 
glycerol medium. Droplets of thick ghost suspension were then pipetted onto 
gold disks and frozen in liquid dichlorodifluoromethane (--150°C) and stored 
in liquid nitrogen. The frozen specimens were transferred onto the freeze- 
etching microtome stage and the chamber evacuated to 10 -6 tort. The spe- 
cimen was fractured by a single stroke using a cold (--100°C) microtome knife, 
and then sublimated (etched) for 2 min. A replica of the fractured surface 
was obtained by evaporating platinum and carbon onto it. The specimen was 
removed from the device and the replica floated in buffered 30% glycerol or 
water. The replica was then cleaned of cellular debris in 70% sulfuric acid 
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(1--2 h), in dilute sodium hypochlorite (20--30 min), and distilled water (30 
min). Replicas were placed on copper grids and examined in a JEOL JEM 
100B electron microscope. Images were studied and photographed at original 
magnification of 10 000 and higher magnification obtained by photographic 
enlargement. 

Assay of  adenosine triphosphate 
Fresh red cells were washed three times with 5 mM phosphate-buffered 

saline, pH 7.4, and resuspended to a packed cell volume of 30%. 2-ml aliquots 
of the cell suspension were then incubated with 10 mM diamide for various 
intervals at 37°C. After incubation the suspensions were centrifuged at 3000 X 
g for 10 min, the supernatant discarded and the cells re-suspended to the same 
packed cell volume as the preincubation values. The ATP content of the cell 
preparations was determined by the method of Kornberg [12] as modified 
by Lamprecht and Trautschold [13] using the enzymatic assay on neutralized 
perchlorate extracts. 

Incubation of erythrocytes with diamide 
Fresh erythrocytes were washed three times with 5 mM phosphate-buffered 

saline, pH 7.4. Appropriate aliquots of the cell suspension were then pipetted 
into the buffer solution containing 5 or 10 mM diamide in a final volume of 
10 ml. A control cell suspension was set up without diamide. The cells were 
incubated at 37°C for 30 or 60 min. At the end of the incubation, the cells 
were centrifuged, washed twice in suspension, and centrifuged again. Packed 
cells were then assayed for adenosine triphosphate content. Another tube of 
packed cells was processed for freeze~tching. In the latter procedure, ghosts 
prepared by hypotonic lysis followed by two washings were incubated with 
5 or 10 mM diamide at 37°C for 60 min. The ghosts were then glycerinated 
for freeze~tching and transmission electron microscopy. Ghost membranes for 
protein electrophoresis were prepared by the method of Dodge et al. [14], and 
their protein content determined by the method of Lowry et al. [15]. 

Electrophoretic analysis of membrane proteins 
Because of the supramolecular complexes of cross-linked membrane pro- 

teins, agarose-acrylamide composite gels were used for the electrophoresis 
according to the formulations of Steck [16]. The gels were cast of 3% 
acrylamide and 0.4% agarose according to the method of Peacock and Dingman 
[17]. The gels and the electrophoresis buffer both contained 0.2% SDS. It was 
found that temperature control during the casting of the gel was essential 
in relation to the polymerization and the flatness of the stained protein bands. 
Best results were achieved by warming all stock solution to 45°C in a water 
bath. The stock solutions were then mixed, and the hot agarose (95°C) was 
added to the mixture maintained at 60°C. After adding the ammonium per- 
sulfate and Temed, the gel solution was immediately pipetted into glass tubes 
which had been warmed to 60°C. The gels were overlaid with warm solution 
of 0.1% SDS, 0.15% ammonium persulfate and 0.05% Temed or 0.2% SDS. 
The warm gels were immediately solidified by immersion in an ice-water bath 
for 5 min, and left at room temperature for 24--48 h before the electrophore- 
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sis. Electrophoresis was completed in about 2 h. The gels were stained for pro- 
teins with 0.5% Coomassie Blue in a 25% isopropanol/10% acetic acid mixture 
and destained as previously described [ 16]. 

Results 

Adenosine triphosphate concentration in diamide-treated erythrocytes 
The concentration of ATP in erythrocytes incubated with 10 mM diamide 

declined to about 70% of the values determined on control samples during the 
1 h incubation at 37°C (Table I). Extension of the incubation time to 3 h 
resulted in a further decrease in cellular ATP levels to about 30% of the control 
samples. 

Freeze.etching erythrocyte membranes treated with cross-linking agents 
Replicas of freeze-etched red cell ghosts treated with 5 mM diamide revealed 

the protoplasmic and exoplasmic fracture faces. Electron micrographs of the 
protoplasmic fracture face revealed intramembrane particles manifesting 
varying degrees of particle aggregation (Fig. 1). The pattern of aggregation 
included: (i) clumping; (ii) linear arrays; (iii) clumping and arrays together; 
and (iv) reticular arrangement of particles in the plane of the fracture face. 
Scrutiny of several micrographs disclosed that intramembrane particle aggrega- 
tion was exclusive to the protoplasmic fracture face. Aggregates o f  intramem- 
brane particles varied widely in the number of particles. Estimates of number 
of intramembrane particles per aggregate ranged from 4 to 20 (Fig. 1). Because 
of the low density of intramembrane particles on the exoplasmic fracture face, 
any effect of diamide on particle organization was not apparent. The degree 
and variability of particle aggregation is illustrated in Fig. 1; no differences 
could be discerned with the use of 5 mM or 10 mM diamide in a final 15% 
cell suspension. When excess diamide of the treated cells was washed off with 
buffer, and the cells reincubated with 25 mM dithiothreitol for 30 rain at 
37°C no intramembrane particle aggregation was observed, indicating a reversal 
of the intramembrane particle aggregation (data not shown). 

T A B L E  I 

A T P  C O N C E N T R A T I O N  O F  R E D  C E L L S  I N C U B A T E D  W I T H  1 0  m M  D I A M I D E  F O R  V A R I O U S  TIME 
P E R I O D S  A T  3 7 ° C  

T h e  c o n t r o l  w a s  i n c u b a t e d  for  3 h a t  3 7 ° C  w i t h o u t  d i a m i d e .  A T P  va lues  are the  m e a n  o f  three  separate  
e x p e r i m e n t s ,  w i t h  each  A T P  assay d o n e  in dupl icate .  

T i m e  o f  i n c u b a t i o n  A T P  c o n c e n t r a t i o n  
(h)  (mM/1 r e d  b l o o d  cells)  

Contro l  1 . 2 8  
0 . 5  0 . 9 6  
1 .0  0 . 9 0  
2 .0  0 . 4 4  
2 .5  0 . 5 8  
3 .0  0 . 3 9  
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Fig. 1. Freeze-etched m i c r o ~ a p h s  of membrane  of e ry throcytes  unt rea ted  (a) and t rea ted (b, c, d) wi th  
5 mM diamide in phosphate-buffered saline, pH 7.4, for 60 min  at  37°C prior  to  glycerirmtion and freeze- 
etching. The micrographs i l lustrate the varying types of aggregation of intxamembrane particles observed 
in this study. Note tha t  in t ramembrane  particle aggregation appears only at  the protopIA_~nie fractuse face 
(arrows). The rather  low densi ty  of in t ramembrane  particles on the exoplasmic fractuxe (EF) face make 
it  diff icult  to  discern any rearrangement of the in t ramembrane  particles. Magnification: a, control  
27 200X, untreated with diamide;  b, 32 670X ; c, 34 670X; d, 36 960X. 
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Fig .  2 .  (a)  E l e c t r o p h o r e t o g r a m s  o f  r e d  b l o o d  cel l  g h o s t  p r o t e i n s  in  S D S - a g a r o s e  p o l y a c r y l a m i d e  gels  
s h o w i n g  t h e  e f f e c t  o f  d i a m i d e  o n  t h e  g h o s t  p r o t e i n s .  C o n t r o l  g h o s t  w i t h o u t  d i a m l d e  ( le f t ) .  R e d  b l o o d  
cel ls  w e r e  i n c u b a t e d  w i t h  5 m M  d i a m i d e  in  p h o s p h a t e - b u f f e r e d  sa l ine  a t  2 2 - - 2 4 ° C  f o r  3 0  m i n  p r i o r  t o  
p r e p a r a t i o n  o f  g h o s t s .  G h o s t s  w e r e  d i sso lved  in  1 0  m M  Tr l s - ace t a t e  b u f f e r ,  p H  8 . 0 / 1 %  SDS,  b u t  w i t h o u t  
d i t h i o t h r e i t o l  in  t h e  d i a m i d e - t r e a t e d  cells ,  i n c u b a t e d  a t  3 7 ° C  f o r  39  m i n  a n d  t h e n  e l e c t r o p h o r e s e d  as 
d e s c r i b e d  in  Mate r i a l s  a n d  M e t h o d s .  3 0  Dg p r o t e i n  w a s  l o a d e d  o n t o  e a c h  g e l  Gels  w e r e  s t a i n e d  w i t h  
C o o m a s s i e  b l u e  as d e s c r i b e d  in  Mate r i a l s  a n d  M e t h o d s .  N o t e  t h e  p r e s e n c e  o f  h i g h  m o l e c u l a r  w e i g h t  p r o -  
r e in  a g g r e g a t e s  o n  t o p  o f  t h e  gels  o f  t h e  d l a m l d e - t r e a t e d  s a m p l e s ,  a n d  t h e  d e p l e t i o n  o f  al l  m a j o r  p r o t e i n  
b a n d s  ( r igh t ) .  (b )  D e n s i t o m e t r i e  s c a n s  o f  t h e  C o o m a s s i e - b l u e - s t a i n e d  gels  o f  t h e  c o n t r o l  s a m p l e  a n d  t h e  
d i a m i d e - t x e a t e d  cel ls  s h o w n  a t  t h e  le f t .  I-Ib, h e m o g l o b i n .  

Electrophoretic analysis of membranes of erythrocytes and ghosts treated with 
diamide 

Electrophoretic analysis of membranes of ghosts from erythrocytes treated 
with 5 or 10 mM diamide revealed the presence of very high molecular weight 
complexes when the protein preparation was electrophoresed without dithio- 
threitol (Fig. 2). Estimation of the molecular weights of these complexes 
indicated that they ranged from 540 000 to over 106. The latter complexes 
failed to enter the 3% acrylamide/0.4% agarose composite gels or 2.5% acryl- 
amide/0.3% agarose composite gels. Concomitantly, most of the major poly- 
peptides showed substantial reduction in their staining intensity (bands 1, 2, 3, 
4.1--4.5). The only exception was globin subunits which showed increased 
staining due to greater hemoglobin retention of diamide-treated ghosts (Fig. 
2). 
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Incubation of diamide-treated ghosts with 42 mM dithiothreitol for 30 
rain at 37 or 24°C prior to electrophoresis restored the electrophoretograms 
to a pattern similar to the control untreated ghost membranes. The rapid 
reversibility to a normal protein gel profile in the presence of the reducing 
agent suggested that sulfhydryl groups are involved in the formation of pro- 
tein complexes. Even in the presence of dithiothreitol, the staining intensities 
of the diamide-treated samples was slightly diminished. Furthermore, some of 
the 106 dalton complexes still persisted on top of the gel (data not shown). 

Discussion 

Diamide has been shown to react extensively with glutathione (7-Glu-Cys- 
Gly; GSH), and perhaps exposed reactive thiols in red cells [18]. Most of these 
previous studies have emphasized the thiol-oxidizing properties of diamide 
without consideration of the effect of the agent on red cell membrane ultra- 
structure. Greenquist et al. [7] showed that diamide inhibited echinocyte- 
discocyte transformation and suggested that thiol groups of membrane proteins 
which may be involved in the cell shape changes have been oxidized. The 
present study has demonstrated that diamide induces reversible aggregation of 
intramembrane particles on the protoplasmic fracture face of the erythrocyte 
membrane. Reversible clumping of intramembrane particles has been observed 
in red cell ghosts exposed to a pH 4.5--5.0 buffer [19]. Elgsaeter and Branton 
[20] have also demonstrated that a substantial proportion of bands 1, 2 and 
5 need to be extracted from ghosts during washing with a pH 5.0 buffer before 
particle aggregation could be observed. In the present studies the cells were 
incubated in buffered saline at pH 7.4 prior to freeze-etching and the pH of the 
incubated cell suspensions did not change. Hence, pH-induced aggregation 
of particles can be discounted. 

Glycophorin and band 3 protein are currently beheved to be the major 
constituents of the intramembrane particles revealed by freeze-etching and 
electron microscopy of red cell membranes [21,22]. Elgsaeter and Branton 
[20] demonstrated that the translational mobility of protoplasmic fracture 
face intramembrane particles is restricted by spectrin, supporting an earlier 
hypothesis that both glycophorin and band 3 are physically linked to spec- 
trin [21]. On the contrary, Cherry et al. [23] have demonstrated that 
band 3 rotates relatively freely about an axis normal to the plane of the mem- 
brane, and that spectrin does not restrict this rotational diffusion (relaxation 
time, 1 ms). The lateral mobility of membrane glycoproteins has also been 
demonstrated by the technique of fluorescence redistribution after fusion 
[24]. In the latter study, it was found that lateral mobility of erythrocyte 
membrane glycoproteins can be increased by the addition of ATP and 2,3- 
diphosphoglycerate, and decreased by neomycin and spermine. This control 
was effective only when these molecules were in contact with the cytoplasmic 
side of the membrane. Our results are consistent with the notion [23,24] that 
glycoprotein lateral mobility is influenced by protein-protein interaction. 
Therefore, the degree of interaction or cross-linking of cytoskeletal shell pro- 
teins (spectrins, actin and band 4.1) would conceivably control the transla- 
tional mobility or the state of aggregation of the glycoproteins (band 3 and 
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glycophorin). It is interesting to note that bands 4.1 and 2.1 (ankyrin) have 
been shown to form a stable complex with spectrin and band 3 in aqueous 
medium [25--27], although the exact interaction of these proteins within the 
membrane bilayer is at present unknown. 

Liu and Palek [28] have also demonstrated specific association between 
spectrin band 1 and band 3 in erythrocyte ghosts by disulfide coupling (using 
CuSO4/o-phenanthroline mixture) under physiologic pH and isotonic condi- 
tions producing a complex of 330 000 daltons. Although the disulfide coupling 
of membrane proteins in our study was accomplished under different condi- 
tions, it is reasonable to consider that the 540 000--106 dalton complexes 
include proteins of the cytoskeleton and band 3. It is then possible that disul- 
fide cross-linking of the cytoskeletal proteins releases their apparent restric- 
tion on the translational mobility of the band 3 proteins. This viewpoint sup- 
ports the hypothesis that the actual physical state of the cytoskeleton is 
labile [29,30]. Based on our results, and other data [23,24,28,30], we con- 
clude that diamide perturbs membrane ultrastructure of erythrocytes by disul- 
fide cross-linking of cytoskeletal proteins (spectrin, actin, component 4.1). 
This perturbation results in the translational mobility and aggregation of mem- 
brane glycoproteins which is reflected ultrastructurally in the freeze-etch 
images of the protoplasmic fracture face. 

Acknowledgements 

The authors are grateful to Drs. Marie M. Cassidy and Richard Meusing 
for their interest and encouragment during this study and their valuable sug- 
gestions on the manuscript; and to Emma Humphrey for her technical assi- 
stance. This work was supported by the World Health Organization (Fellow- 
ship No. 73-10-344-6201-6). 

References 

1 Kosower, N.S., Kosower, E.M. and Werthein, B. (1969) Biochem. Biophys. Res. Commun. 37 ,593- -  
596 

2 Kosower, E.M. and Kosower, N.S. (1969) Nature 224, 117--120 
3 Epstein, D.C. and Kinoshita, J.H. (1970) Invest. Ophthamol. 9 ,629--638 
4 Sillprandi, D., Scutarl, G., Zoccazato, F. and Sillprandi, N. (1974) FEBS Lett. 42,197--199 
5 Hewitt, J., Phllllon, D. and Leibach, F.H. (1974) Blochtm. Biophys. Acta 363,267--276 
6 Hosey, M.M., Pint, D.A. and Tao, M. (1978) Biochim. Biophys. Acta 506, 211--220 
7 Greenquist, A.C., Wyatt, J.L., Guatelli, J.C. and Shohet, S.B. (1978) P~ogr. Clin. Biol. Res. 20, 1--17 
8 Haest, C.W.M., Kamp, D., Plasa, G. and Geutiche, B. (1977) Biochirn. Blophys. Acta 496,226--230 
9 Ku-~mtsin-Miils, J. and Lessin, L.S. (1978) Biophys. J. 21 ,119a  

10 Petexs, K. and Richards, F.M. (1977) Ann. Rev. Biochem. 46, 523--551 
11 Moor, H. and Muhlethaler, K. (1963) J. Cell Biol. 17,609--623 
12 Kornberg, A. (1950) J. Biol. Chem. 182,779--793 
13 Lamprecht,  W. and Trautschold, I. (1974) in Methods in Enzymatic Analysis (Bergmeyer, H.U., ed.), 

Vol. 4 pp. 2101--2110, Academic Press, New York 
14 Dodge, J.T., Mitchell, C. and Hanahan, D.J. (1963) Arch. Biochem. Biophys. 100,119--130 
15 Lowry, O.H., Rosebrough, N.J., Fa~,  A.L. and Randall, R.J. (1951) J. Biol. Chem. 193,265--275 
16 Steck, T.L. (1972) J. Mol. Biol. 66,295--305 
17 Peacock, A.C. and Dingman, C.W. (1968) Biochemistry 7,668--674 
18 Srivastava, S.K., Awasthi, Y.C. and Beutler, E. (1974) Biochem. J. 139,289--295 
19 Pinto da Silva, P. (1972) J. Cell Biol. 53,777--787 
20 Elgsaeter, A. and Branton, D. (1974) J. Cell Biol. 63, 1018--1036 



137 

21 Pinto da Silva, P. and Nicholson, G.L. (1974) Biochim. Biophys. Acta 363,311--319 
22 Guidotti, G. (1972) Ann. Rev. Biochem. 41,731--752 
23 Cherry, R.J., Burkli, A., B1,~li~ger, M., Schneider, G. and Parish, G.R. (1976) Nature 263, 389-- 

393 
24 Schindler, M., Koppel, D.E. and Sheetz, M. (1980) Proc. Natl. Aead. Sci. U.S.A. 77, 1457--1461 
25 Tyler, J.M., Hargreaves, W.R. and Branton, D. (1979) Proc. Natl. Acad. Sci. U.S.A. 76, 5192--5196 
26 Bennett, V. and Stenbuck, P.J. (1980) J. Biol. Chem. 255, 2540--2548 
27 Bennett, V. and Branton, D. (1977) J. Biol. Chem. 252, 2753--2763 
28 Liu, S.C. and Palek, J. (1979) J. Supramol. Struct. 10, 97--109 
29 Edelman, G.M. (1976) Science 192,218--226 
30 Schindler, M., Osborn, M.J. and Koppel, D.E. (1980) Nature 283,346--350 


