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Oxidation of erythrocyte membrane SH-groups by diamide and tetrathionate induces cross-linking of 
spectrin (Haest, C.W.M., Kamp, D., Plasa, G. and Deuticke, B. (1977) Biochim. Biophys. Acta 469, 
226-230). This cross-linking was now shown to go along with a concentration- and time-dependent 
enhancement of membrane permeability for hydrophilic nonelectrolytes and ions. The enhancement is 
specific for oxidative SH-group modifications, is reversible by reduction of the induced disulfides, can be 
suppressed by a very brief pre-treatment of the cells with low concentrations of N-ethylmaleimide and is 
strongly temperature-dependent. The pathway of the induced permeability discriminates nonelectrolytes on 
the basis of molecular size and exhibits a very low activation energy (E  a 3 - 8  kca l /moi ) .  These findings are 
reconcilable with the formation of a somewhat inhomogeneous population of aqueous pores with radii 
probably ~< 0.65 nm. Estimated pore numbers vary with the size of the probe molecule. Assuming a diffusion 
coefficient as in bulk water within the pore, at least 20 pores per cell have to be postulated; more realistic 
lower diffusion coefficients increase that number. Alterations of the lipid domain by changes of cholesterol 
contents and insertion of hexanol or nonionic detergents alter the number or size of the pores. Since 
aggregation of skeletal and intrinsic membrane proteins also occurs after the SH-oxidation, in parallel to the 
formation of membrane leaks, one may consider (a) defects in the disturbed bilayer interface, (b) a mismatch 
between lipid and intrinsic proteins or (c) channels inbetween aggregated intrinsic proteins as structures 
forming the pores induced by diamide treatment. 

Introduction 

Plasma membranes are tight diffusion barriers 
to hydrophilic solutes in spite of their very inho- 
mogeneous structure and composition. The per- 
meation of ions and hydrophilic nonelectrolytes 

* To whom correspondence should be addressed. 
Abbreviations: DIDS, 4,4'-diisothiocyano-2,2'-stilbenesulfonic 
acid; DNDS, 4,4'-dinitro-2,2'-stilbenesulfonic acid; PCMBS, 
p-chloromercuriphenylsulfonic acid; DTDP, 4,4'-dithiodipyri- 
dine. 

occurs with high preference via specialized and 
controlled pathways exhibiting the properties of 
carriers or channels. Unspecific leaks usually con- 
tribute little to the total permeability [1] and can 
often be neglected in transport studies on polar 
permeants - in contrast to the situation for less 
polar substrates, for which transport via the lipid 
domain of the membrane may provide consider- 
able ' leaks '  [2]. 

The low leak permeability to polar substrates is, 
however, not an intrinsic consequence of mem- 
brane composition, but the result of certain ultra- 
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structural properties. Minor modifications, in par- 
ticular of membrane proteins, may greatly perturb 
the mutual interactions of membrane elements and 
induce leaks which may be irreconcilable with cell 
viability. This report describes the formation and 
the properties of leaks with the characteristics of 
aqueous pores in human erythrocyte membranes 
upon cross-linking of spectrin. 

Spectrin is the major constituent of the 'skele- 
ton' formed by extrinsic membrane proteins at the 
cytoplasmic interface of the erythrocyte membrane 
[3-5]. This skeleton is connected to the hydro- 
phobic, barrier-forming domain of lipids and in- 
trinsic membrane proteins by protein-protein and 
protein-lipid interactions [5]. Its major purpose 
seems to be mechanical stabilization of the mem- 
brane [6,7]. In addition, the skeleton has been 
claimed to play a role in the maintenance of the 
transverse asymmetry and the suppression of the 
transverse mobility (flip-flop) of the membrane 
phospholipids [5]. Oxidation of membrane SH- 
groups to disulfides by diamide (diazine dicarbox- 
ylic acid-bis (dimethylamide)) or tetrathionate 
(Na2S406), which goes along with cross-linking of 
spectrin monomers into oligomers [8-11 ], abolishes 
the predominant localization of the anionic 
amino-phospholipids at the inner layer of the 
membrane [12], presumably due to an enhance- 
ment of their transverse mobility. This enhance- 
ment could be demonstrated directly for phos- 
phatidylcholine [13] as well as for a number of 
lysophospholipids [ 11,14]. 

In this report it will be shown that SH-group 
oxidation by diamide also induces a considerable 
leak permeability to nonelectrolytes and ions. The 
relationship between this leak permeability and 
the enhanced transverse mobility of phospholipids 
may provide some insight into the underlying per- 
turbation of membrane structure by diamide, but 
will also be instructive with respect to natural 
leaks in unperturbed cell membranes. Preliminary 
reports have been given elsewhere [15,16]. 

Materials and Methods 

1. Modification of SH-groups 
(a) Oxidation. Oxidation of membrane SH- 

groups was carried out in principle as described 
previously [8,12]. Washed erythrocytes were sus- 
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pended at a hematocrit of 10% in a medium con- 
taining 100 mM KC1/50 mM NaC1/12.5 mM 
Na2HPO4-NaH2PO4/44 mM sucrose (pH 8.0, 
medium A). Part of the suspension served as con- 
trol, part was exposed to diamide (diazene di- 
carboxylic acid-bis(dimethylamide), Calbiochem), 
or tetrathionate (Na2S406), Fluka, Neu-Ulm, 
F.R.G.) or 4, 4'-dithiodipyridine (Serva, Heidel- 
berg, F.R.G.) for time periods and at concentra- 
tions given in the results. After this treatment the 
samples were centrifuged; the cells were washed 
four times with medium A at pH 7.4 and im- 
mediately used for measurements of permeability. 
When short periods of exposure to diamide or 
other SH-reagents were necessary, the treatments 
were stopped by addition of a permeable 
(mercaptoethanol) or an impermeable (GSH) thiol, 
the former being used to quench alkylating SH-re- 
agents, the latter for oxidative agents, in particular 
diamide. The permeability of diamide is so high 
[17] that its transmembrane diffusion will not sig- 
nificantly delay its reaction with GSH. 

(b) Other modifications. Treatments of cells with 
alkylating SH-reagents (iodoacetate, iodoacetam- 
ide, N-ethylmaleimide) were carried out in a simi- 
lar fashion at pH 8.0 including the subsequent 
stopping and washing procedure. Between con- 
secutive treatments of cells with alkylating and 
oxidative reagents the cells were washed three 
times with medium A at pH 8.0. The reversibility 
of SH-oxidation was tested by treating the cells 
with dithioerythritol (Sigma, Munich) either dur- 
ing the preloading for tracer efflux measurements, 
or immediately after exposure to diamide. 

2. Modifications of the lipid domain 
Cells depleted of or enriched with cholesterol 

were obtained as described previously [18] by 48 h 
exposure to lipid vesicles prepared from DL-a-di- 
palmitoylphosphatidylcholine (Sigma, Munich No. 
P 6769) 1 mg/ml, with or without addition of 1.5 
mg/ml  cholesterol. Effects of detergents were 
tested by adding Brij 96 (polyoxyethylene-10-oleyl 
ether (Brij 96), Sigma, Munich) to the efflux media. 

3. Measurements of permeability 
Permeabilities of cells pretreated with SH-rea- 

gents were assessed by measuring tracer efflux 
from preloaded cells under selfexchange or net 
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flux conditions as described previously [ 19]. Briefly, 
cells were first loaded at a hematocrit of 3% with 
the unlabelled form of the nonelectrolyte or the 
anion to be tested in a medium containing, besides 
the test permeant at concentrations given in the 
results, 100 mM KC1/36 mM NaCl/6 .5  mM 
Na 2 HPO4-NaH2 PO4/44 mM sucrose (medium B). 
Test permeants were erythritol, L- and D-arabinose, 
L-glucose, sucrose, mannitol, acetate, glycolate, L- 
lactate and chloride, obtained from commercial 
sources, as well as S-acetamidothioglycol and S- 
acetamidothioglycerol. These two model nonelec- 
trolytes were synthesized from iodoacetamide and 
mercaptoethanol or thioglycerol, respectively, by 
procedures to be described in detail elsewhere 
(Deuticke, B, Wilbers, K.H. and Schwisters, K., to 
be published). After equilibration of the cells with 
the unlabelled test permeants, the hematocrit was 
raised to 40% by removing part of the suspension 
medium. The cells were loaded with labelled test 
solutes, which were obtained from commercial 
sources (Amersham Buchler) except for S-[1- 
14C]acetamidothioglycol or -thioglycerol, which 
were synthesized in analogy to their nonradioac- 
tive congeners. 

Tracer efflux was initiated by resuspending 
tracer-loaded cells at a hematocrit of 5% in tracer- 
free medium. Rate coefficients k of tracer ex- 
change were derived by linear regression analysis 
from the slope of a plot of log ((cpm~ - c p m ~ ) /  
( c p m = -  cpm0) ) versus time, subscripts 0, t and 
oo referring to radioactivities (counts per min per 
ml) in the supernatant at the beginning, at any 
time, and after attainment of equilibrium. Permea- 
bilities were calculated from rate coefficients 
according to the equation 

P ( c m . s  ' ) = k ( m i n  , ) . 0 . 9 7  l~,q 
60 A 

where 0.97 accounts for the compartment sizes 
under the conditions of our experiments, l/,q = 
aqueous space of the erythrocyte (60 /~m3), A = 
surface area of the cell (142 ffm2). Fluxes of per- 
meants which use specific transfer systems in addi- 
tion to ' unspecific' pathways were measured in the 
presence of appropriate inhibitors of the specific 
pathway: DIDS (a kind gift of Professor F.K. 
Schnell, Regensburg), DNDS (K and K), cyto- 

chalasin B (Sigma, Munich), PCMBS (Sigma. 
Munich). 

Results and Interpretation 

Formation of membrane leaks after SH-group 
oxidation 

Treatment of human erythrocytes with diamide 
(5 mM, hematocrit 10%, 45 min, 37°C, pH 8.0) 
remarkably enhances the rate of exit of a number 
of nonelectrolytes (Fig. 1). Under the conditions 
of our controls these test solutes permeate only by 
simple passive diffusion (presumably via the lipid 
domain of the membrane), since specific pathways 
were blocked by adequate inhibitors (cytochalasin 
B [20] for the glucose carrier transporting m- 
erythritol [21] and L-arabinose; Cu 2+ as an inhibi- 
tor of the glycerol transport system which accepts 
S-acetamidothioglycerol (Deuticke, B., unpub- 
lished data)). No hemolysis occurred during the 
efflux period, excluding cell destruction as a mech- 
anism of the enhanced released. Efflux kinetics 
were linear for at least two half-times, suggesting a 
homogeneous distribution of the induced leak 
pathways over the cell population. 

Effects similar to those of diamide were also 
observed after treatment of the cells with either 
tetrathionate or 4,4'-dithiodipyridine, known to 
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Fig. 1. Time course of the exit of labelled nonelectrolytes from 
normal (e) and diamide-treated (O)  human erythrocytes. Cells 
were treated with diamide (5 mM, pH 8.0, 45 rain). Fluxes 
measured at the temperatures indicated as described in the 
Methods. (A) S-acetamidothioglycol, (B) S-acetamidothiog- 
lycerol, (C) m-erythritol (in presence of cytochalasin B 10 ffM), 
(D) L-arabinose (in presence of cytochalasin B 10 ffM). Num- 
bers on the graphs are the rate coefficients (min - i ), calculated 
from the slope of the linear regressions. 
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TABLE I 

NONELECTROLYTE PERMEABILITIES OF HUMAN ERYTHROCYTES PRETREATED AT 37°C WITH OXIDIZING AND 
ALKYLATING SH-REAGENTS 

Experimental details as given in the Methods. Numbers of experiments in brackets. Cyt., cytochalasin. 

Rate coefficient of equilibrium exchange (min i) 

ksAM_thioglyco I kErythritol( + 10/~M Cyt. B) 
(0°C) O5°C) 

Control 
Diamide 5 mM, 45 min 
Tetrathionate 20 mM, 60 min 
4,4'-Dithiodipyridine 3.6 mM, 60 min 
N-Ethylmaleimide 5 raM, 45 min 
Iodoacetate 10 mM, 15 rain 
lodoacetamide 2 mM, 45 min 

0.0610 + 0.0076 (14) 0.0448 ___ 0.0044 (5) 
0.1243+0.0193 (14) 0.1031 +0.0131 (5) 
0,1018+0.0123 (4) 0.0757+0.0118 (5) 
o, 1303 + 0.0090 (4) 0.0996 + 0.0200 (4) 
0.0676 (1) 0.0518 (1) 
0.0658 ( 1 ) 0.0471 ( 1 ) 
0.0647 (1) 0.0478 (1) 

produce disulfide bonds in proteins [22] (Table I). 
In contrast, monofunctional, alkylating SH-rea- 
gents which either block a considerable fraction of 
membrane SH-groups [23,24] a n d / o r  diminish the 
cellular concentration of GSH [25] have at best a 
minor effect on membrane permeability (Table I) 
under comparable conditions. From this finding 
one may conclude that formation of peptide dis- 
ulfide bonds is required for the effect. Neither a 
mere blockage of SH-groups nor the formation of 
mixed disulfides between membrane SH-groups 
and GSH, known to occur in diamide-treated 
erythrocytes [24], leads to changes of permeability. 
Specificity of the permeability changes is further 
suggested by observations compiled in Table II. 
The effect is reversible to a large extent when cells 
are exposed to dithioerythritol subsequent to treat- 
ment  with diamide. Diamide-induced disulfide 
bonds are reduced [8] and spectrin oligomers 
reconverted into monomers [8] under these condi- 
tions. Reversibility thus provides indications for 
an involvement of spectrin in the enhancement of 
permeability. Further evidence in favour of this 
view comes from the observation that pretreat- 
ment of erythrocytes with N-ethylmaleimide al- 
most completely suppresses the effect of a subse- 
quent exposure to diamide and to tetrathionate 
(Table II). Under the conditions of this pretreat- 
ment N-ethylmaleimide reacts predominantly with 
spectrin [12]. The sensitivity of the membrane to 
this suppressive effect of N-ethylmaleimide is re- 

markably high: 0.4 mM (at a hematocrit of 10%) 
for 10-20 s suffice to induce full blockage (Fig. 2). 
Other alkylating SH-reagents (iodoacetate, iodo- 
acetamide) are completely ineffective in this re- 
spect. Interestingly, the enhancement of permea- 
bility induced by D T D P  is not suppressed by 
N-ethylmaleimide, suggesting a somewhat differ- 
ent mode of action of this reagent. 

2. Characteristics of leak formation by SH-group 
oxidation 

In view of the specificity of the enhancement of 
membrane permeability by diamide details of the 
phenomenon were studied. The increase of non- 
electrolyte permeability depends on the concentra- 
tion of diamide during pretreatment in a saturat- 
ing fashion (Fig. 3A). Half-maximal enhancement 
is obtained at 1.3 mM (45 min exposure time). The 
maximum reached eventually depends on the ex- 
posure time. A saturating concentration depen- 
dence was also observed for the effect of tetra- 
thionate (data not shown). At a constant con- 
centration of diamide nonelectrolyte permeability 
rises linearily with the time of pretreatment up to 
al least 100-120 rain, a surprising observation in 
view of the time course of oxidation of membrane 
SH-groups by diamide (dotted line in Fig. 3B), 
which proceeds nonlinearily as expected (cf. Ref. 
12) and makes only little further progress at a time 
at which the permeability still rises progressively. 
In spite of these different time courses the increase 
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TABLE II 

CHARACTERISTICS OF THE EFFECT OF DIAMIDE AND 4,4'-DITHIODIPYR1DINE (DTDP) ON NONELECTROLYTE 
PERMEABILITY OF HUMAN ERYTHROCYTES 

For testing suppressive effects, cells were pretreated with N-ethylmaleimide (NEM) or iodoacetamide (pH 8, 37°C), reversibility was 
established by exposure to dithiothreitol after diamide treatment and washing of cells. Numbers of experiments in brackets. Cyt, 
cytochalasin. 

Rate coefficient of equilibrium exchange (min u ) 

ksAM-thioglycol k E r > t h r i , ,  I ( + 10/~M Cyt. B) 
0°C) (35°C) 

Control 
Diamide 5 mM, 45 min 
NEM 0.4 mM, 15 min, then diamide 5 mM, 45 min 
Iodoacetamide 2 mM, 15 min, then diamide 5 mM, 45 min 
Tetrathionate, 20 mM, 60 min 
NEM 0.4 raM, 15 rain, then tetrathionate 20 mM, 60 rain 
DTDP 5 mM, 60 min 
NEM 0.4 mM, 15 min then DTDP 5 mM, 60 min 
Diamide 5 mM, 45 rain, then dithioerythritol 10 mM, 75 rain 

0.0630:t0.0051 (4) 0.0423 (2) 
0.1037 _+ 0.0064 (4) 0.0833 (2) 
0.0657 _+ 0.0046 (4) 0.0486 (2) 
0.1054 (2) n.d. 
n.d. 0.0726 ~+ 0.0116 (3) 
n.d. 0.0510___0.0033 (3) 
0.2095 _+ 0.0050 (3) n.d. 
0.2356+0.0148 (3) n.d. 
0.0763 _+ 0.0146 (4) 0.0594 (2) 
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Fig. 2. Suppression of the effect of diamide on S-acetami- 
dothioglycol permeability by pretreatment of erythrocytes with 
N-ethylmaleimide. Cells were first treated with iodoacetate (1.3 
~M, pH 8.0, 15 rain) to block glutathione, then exposed (pH 
8.0, 37°C, hematocrit 10%) to N-ethylmaleimide (NEM) ( a ,  0.6 
raM; 0, 0.4 raM; C), 0.2 mM) for the periods indicated. The 
exposure was terminated by addition of glutathione (1 raM) to 
the suspension to quench unreacted N-ethylmaleimide. Subse- 
quently, cells were washed and exposed to diamide (45 rain, pH 
8.0, 37°C). Fluxes of S-acetamidothioglycol measured at 0°C 
as described in the Methods. 1.0 on the ordinate refers to the 
increase of the permeability (ZIP) in cells only exposed to 
diamide (relative units). SAM, S-acetamido. 

of permeability must be closely related to the 
oxidative effects of diamide. Permeability does not 
increase further during a prolonged (up to 3 h) 
incubation of diamide-treated cells in the absence 
of the agent (data not shown). This indicates that 
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Fig. 3. Concentration-and time-dependence of the effect of 
diamide on S-acetamidothioglycol permeability at 0°C. The 
diamide effect is defined as the increase of permeability (A p )  
on top of the control permeability (0.44.10 -7 cm.s  -n) of 
S-acetamidothioglycol at 0°C. (A) Cells treated with diamide 
(pH 8.0, 37°C) for 45 (O) or 100 (©) rain. (B) Cells treated 
with diamide 5 mM (O) or 40 mM (-o-) at 37°C, hematocrit 
30%, after preloading with labelled and unlabelled S-acetami- 
dothioglycol. Exposure to diamide was stopped by addition of 
glntathione (15 mM). Dotted line: percent of oxidized SH- 
groups determined as described elsewhere [8,12]. Normal con- 
tent of SH-groups 80-90 nmol. m g -  1 membrane protein. 



the presence of the oxidant is an essential prere- 
quisite for the increase of permeability. 

In line with the involvement of dissociable SH- 
groups in the effect of diamide the effect on per- 
meability increases progressively with increasing 
pH during treatment (data not shown). The 'titra- 
tion curve' for permeability suggests an apparent 
pK-value of the SH-groups reacting with diamide 
above a pH value of 8.5, since no inflection point 
of the curve was observed up to this pH. 

A linear time dependence combined with a 
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Fig. 4. (A) Time course of the diamide-induced enhancement of 
S-acetamidothioglycol permeability at different temperatures. 
Cells were exposed to diamide (5 mM) at the temperatures 
indicated after preloading with S-acetamidothioglycol. The re- 
action was stopped by addition of gtutathione (15 mM) and 
fluxes measured at 0°C immediately thereafter. (B) Arrhenius 
diagram derived from the slope for the increase of permeability 
with time. 
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saturating concentration dependence for diamide's 
effect on permeability indicates that it is not the 
availability of the oxidant which limits the rate of 
the enhancement of permeability. This is also very 
unlikely in the light of the high membrane permea- 
bility to diamide [17]. Moreover, the difference in 
the time courses between the overall SH-group 
oxidation and the enhancement of permeability 
excludes the rate of overall SH-oxidation as the 
rate limiting factor. 

A crucial role of steps preceding or following 
the step of disulfide formation is also suggested by 
the temperature dependence for the development 
of an increased permeability (not to be mixed up 
with the temperature dependence of the permeabil- 
ity induced by diamide). As shown in Fig. 4A, 
diamide treatment at 20°C (or below) has almost 
no influence on permeability. SH-group oxidation 
is decreased to some extent at 20°C (40% oxidized 
after 60 min instead of 65% at 37°C). Crosslinking 
of spectrin is almost completely suppressed (data 
not shown). At higher temperatures the rate at 
which permeability increases during diamide ex- 
posure is markedly accelerated by increasing tem- 
peratures. The slopes can be evaluated in an 
Arrhenius diagram (Fig. 4B) which reveals an ap- 
parent activation energy of about 23 kcal/mol 
between 27 and 40°C. This value is considerably 
higher than the activation energy of the oxidation 
of SH-groups in low-molecular thiols or soluble 
proteins (Haest, C.W.M., unpublished data). 

3. Characteristics of the pathway induced by diamide 
An enhancement of passive membrane permea- 

bility to nonelectrolytes could in principle result 
from changes of the properties of the lipid domain 
and would then be comparable, e.g., to the conse- 
quences of cholesterol depletion or enrichment [2], 
or the insertion of lipid analogues [26] or treat- 
ment with short aliphatic alcohols [2]. On the other 
hand, small polar nonelectrolytes like those studied 
here would be able to penetrate via aqueous pores. 
The increase of the transbilayer mobility of phos- 
pholipids in diamide-treated cells [8,13,14] clearly 
suggests an alteration of the lipid domain. How- 
ever, the mechanism of transbilayer motions of 
phospholipids not being known, the formation of 
aqueous pores cannot be dismissed. Such pores 
should be permeable to charged permeants of ade- 
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Fig. 5. Concentration- and time-dependent changes of chloride 
leak permeability of human erythrocytes after pretreatment 
with diamide. Cells suspended in medium A (hematocrit 30%) 
were loaded with 36C1- (10 min, 37°C, pH 8.0), then exposed 
to DIDS (10/~M, 30 min, 37°C) and subsequently treated with 
diamide (45 min, 37°C). This treatment was stopped by addi- 
tion of glutathione (15 mM). Cells were centrifuged and 36Cl- 
efflux into medium A (+  10 #M DIDS) measured immediately 
at 0°C. (A) Concentration dependence, e, Cells treated with 
diamide; I ,  cells treated with diamide, then exposed to di- 
thioerythritol (7.5 mM) for 45 min at pH 8.0, 37°C. (B) Time 
dependence, e, cells treated with diamide; ×, cells pretreated 
with 0.4 mM N-ethylmaleimide, 15 min, pH 8.0, 37°C prior to 
diamide exposure. C), SH-group oxidation. 

quate size. We therefore studied passive leak per- 
meabilities to small ions in diamide-treated cells 
by means of chloride tracer fluxes. CI-  leak per- 
meability was defined as the component of C1 
equilibrium exchange insensitive to extensive pre- 
treatment of cells with DIDS, a potent irreversible 
inhibitor of mediated C1 transport [2]. This leak 
permeability was 3 • 10 10 cm. s-  1 at 0°C pH 7.4, 
in our hands. Diamide pretreatment indeed pro- 
duced a dramatic enhancement of chloride per- 
meability (Fig. 5). An increase by almost three 
orders of magnitude was observed after 100 min 
pretreatment. This enhancement might in principle 
result from a loss of the well documented [27] 
specific inhibition of C1 transfer by DIDS. The 
inhibitory potency of stilbenedisulfonate inhibi- 
tors, however, is fully preserved in diamide-treated 
cells (Deuticke, B., unpublished data). K + permea- 
bility, estimated by following net exits of K + from 
diamide-treated cells into choline chloride media 
with an ion-sensitive glass electrode, was found to 
be enhanced to the same extent as CI-  permeabil- 
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mM DIAMIDE (Z.5MIN, pHSO) 
Fig. 6. Protective action of glucose against the enhancement of 
C1- leak permeability by diamide. Experimental procedure as 
in Fig. 5A, except that glucose (5 mM) was added to one of two 
samples. 

ity (Deuticke, B. and Schwister, K., unpublished 
data). 

The increase of ion permeability produced by 
diamide exhibits all characteristics observed for 
the enhancement of nonelectrolyte permeability, 
including suppression by N-ethylmaleimide and 
reversibility upon cleavage of disulfide bridges by 
dithioerythritol (Fig. 5). The relationship between 
the reversible oxidation of SH-groups and the 
enhancement of chloride permeability could be 
demonstrated conspicuously by a protective action 
of the presence of glucose (Fig. 6). The glucose-in- 
duced retardation of the increase of chloride per- 
meability is accompanied by a retarded disap- 
pearance of membrane SH-groups. After 45 rain 
treatment with 0.5 mM diamide SH-groups had 
decreased by 17% in the absence of glucose and by 
9% in its presence. Cross-linking was also delayed 
in the presence of glucose (Haest, C.W.M., unpub- 
lished data). Glycolytic metabolism obviously 
antagonizes the cross-linking of spectrin by pro- 
viding reducing equivalents for a continuous re- 
cleavage of disulfide bonds by NADPH or GSH 
(see also Refs. 9, 24, 28 and 29). 

The diamide-induced enhancement of ion per- 
meability is a strong argument against a mecha- 
nism involving mere changes of the barrier proper- 
ties of the lipid domain, e.g. a 'fluidization'. Only 
a very polar pathway, equivalent to an aqueous 
pore, will allow for the rapid permeation of small 
ions. Such a pathway should discriminate per- 
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Fig. 7. Relationship between the diamide-induced permeabili- 
ties of various test solutes and their radii. For studies involving 
sucrose, L-glucose, mannitol  and D-arabinose cells were sus- 
pended in medium A (pH 8.0, 37°C, hematocrit 10%) contain- 
ing the unlabelled test solutes. Diamide (10 mM) was added for 
120 min. The reaction was stopped by adding 15 mM  glutath- 
ione, and the cells loaded with lac-labelled test solute for 60 
min at 37°C. The suspension was then cooled to 0°C, the cells 
spun down and tracer efflux into medium A, containing only 
the unlabelled solute, measured at 0°C. Cytochalasin B (10 
#M) was added in experiments with m-erythritol. 

For studies involving other nonelectrolytes cells were treated 
and fluxes measured at 0°C as described in the Methods. 
Fluxes of C1- measured as described in Fig. 5. Fluxes of 
organic anions determined in presence of 0.3 mM  DNDS and 
0.2 mM PCMBS in order to block anion movements via 
specific transport systems [2,27]. The radii of carbon com- 
pounds  are viscometric radii, taken for the polyhydroxy com- 
pounds  from Ref. 92. Radii for the organic anions and for the 
S-acetamido-substituted thiols were supposed to be equal to 
the radii of polyhydroxy compounds  of the same number  of 
C-atoms (S-atoms in the S-acetamido derivatives set alike to a 
C-atom in this function). Hydrated radii for C1- taken from 
Ref. 93 (Table 14.4, p. 271). SAM, S-acetamido. 

meants according to their molecular size. The di- 
amide-induced permeabilities of a number of polar 
nonelectrolytes and ions, plotted in Fig. 7 against 
their radii, bear out this expectation. Since 
erythrocytes are factually impermeable (P  < 10-~0 
c m - s  - l )  to mannitol, D-arabinose, L-glucose and 
sucrose (Ref. 30, and Deuticke, B., unpublished 
data), control values could not be established in 
these experiments. Cells were loaded with the test 
solutes via the leaks induced by diamide. As is 
evident from the graph, diamide-treated cells be- 
come permeable to polyhydroxy-compounds up 

to the size of sucrose. These observations suggest 
the formation of pores with equivalent radii of at 
least 0.5-0.6 nm. Interestingly, the data points for 
the test compounds studied could not be fitted by 
one single curve. The permeability versus size rela- 
tionship for monovalent anions indicates a some- 
what lower pore radius, acetamido-substituted 
polyols, which are less hydrophilic than the unsub- 
stituted polyhydroxy compounds, suggest larger 
radii. The diamide-induced pathway obviously dis- 
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criminates permeants not only by virtue of their 
size but also by their polarity. Nevertheless, the 
pathway has to be regarded as an aqueous pore, as 
becomes unequivocally clear from the apparent 
activation energies of the diamide-induced per- 
meability. In the native membrane the passive, 
non-mediated transfer of nonelectrolytes such as 
S-acetamidothioglycol, polyols, monosaccharides 
and of CI-  has a characteristic activation energy of 
16-22 kca l /mol  (Fig. 8A), usually regarded as the 
consequence of the removal of hydration water in 
the course of membrane permeation [31]. The di- 
amide-induced permeability of the same solutes is 
much less temperature dependent (Fig. 8B). 
Activation energies range from 2.5 to 8 kcal /mol ,  
very close to the activation energy for free diffu- 
sion of polar nonelectrolytes or ions in an aqueous 
environment, not requiring dehydration. 

4. Relevance of membrane lipid for leak formation 
The polarity of the permeants, the activation 

energy of the fluxes, and the selectivity of the 
pathway induced by diamide clearly indicate that 
aqueous pathways have been formed. On the other 
hand, the lipid phase is also involved in the pro- 
cess. The enhanced transbilayer mobility of phos- 
pholipids [8,13,14] and the dependence of selectiv- 
ity on solute polarity (Fig. 7) provide inferential 
evidence for this idea. More direct proof comes 
from the observation that perturbation of the 
membrane lipid domain modifies the effect of 

diamide. According to Table III cholesterol deple- 
tion (by about 50%) enhances the normal and the 
diamide-induced permeability to almost the same 
extent. Cholesterol enrichment (by about 90%) has 
no effect on the diamide-induced pathway but 
reduces the normal permeability. In these experi- 
ments membrane cholesterol content was altered 
before the diamide treatment. Thus, it cannot be 
decided whether the process of leak formation per 
se or properties of the leak were altered. This 
uncertainty does not prevail when membranes are 
modified only after the diamide exposure, as was 
the case with hexanol and Brij 96. These com- 
pounds, which will insert into the lipid domain of 
the membrane, stimulated the normal as well the 
diamide-induced pathway (Table III). 

A final feature of the diamide-induced leak 
which may be related to membrane lipids concerns 
a marked species difference in diamide sensitivity. 
Ox erythrocytes do not develop a leak when 
exposed to diamide although their membrane SH- 
groups are oxidized and spectrin is cross-linked as 
in the human red cell (data not shown). Flip rates 
of lysophospholipids are also insensitive to di- 
amide in ox erythrocytes (Dressier, V. and Haest, 
C.W.M., data not shown). The high content of 
sphingomeylin in bovine erythrocyte membranes, 
characteristic for these cells [2], must certainly be 
considered as a reason for the diamide insensitiv- 
ity. 

TABLE III 

I N F L U E N C E  OF MOD IF IC AT IONS  OF THE LIPID DOMAIN ON THE N O R M A L  A N D  THE DIAM1DE- INDUCED 
PERMEABILITY OF THE E R YT HR OC YT E  M E M B R A N E  

Data are expressed relative to the rate coefficient of the respective controls ( = 1.0). Membrane levels of cholesterol were changed 
prior to diamide treatment, hexanol and Brij 96 added to the efflux media. Mean values from three or two experiments. Erythritol 

fluxes measured in presence of 10 t~M cytochalasin B. SAM, S-acetamido. 

Normal pathway Diamide-induced pathway 

Cholesterol-depleted 1.63 1.20 1.63 1.29 
Control 1.0 1.0 1.0 1.0 
Cholesterol-enriched 0.84 0.81 1.03 0.96 
Hexanol 10 mM 1.33 n.d. 1.96 n.d. 
Brij 96 60 ~M 1.40 n.d. 2.13 n.d. 

SAM-thioglycol Erythritol SAM-thioglycol Erythritol 
(OoC) (35°C) (O°C) (35°C) 



Discussion 

1. Membrane modification by SH-reagents 
Modification of membrane SH-groups by al- 

kylating reagents and mercurials has long been 
known to increase erythrocyte membrane permea- 
bility to cations [32,33]. Consequences of SH-group 
oxidation have only been studied to a limited 
extent under the aspect of membrane permeability 
[34-36], although 'oxidative stress' in a more gen- 
eral sense has often tacitly been assumed to induce 
hemolysis via a disturbance of the barrier proper- 
ties of the erythrocyte membrane [37-40]. 

Effects on erythrocytes of the two SH-oxidizing 
agents used in our study are known from earlier 
studies. Diamide was introduced by Kosower as a 
highly permeable mild oxidant of glutathione not 
acting via radical formation and not oxidizing 
human hemoglobin [41,42]. Moreover, diamide 
oxidizes membrane SH-groups [8], forms mixed 
disulfides of glutathione with hemoglobin [43] and 
membrane thiols [24], and inhibits cytoplasmic 
and membrane-bound enzymes of the erythrocyte 
(Refs. 44, 45, and Haest, C.W.M., unpublished 
data). 

Tetrathionate (see Ref. 22 for additional infor- 
mation), which enters the erythrocyte slowly via 
the anion exchange system [46] inhibits glycolytic 
enzymes by oxidation of SH-groups [47], but also 
stimulates red cell glycolysis [48] and produces 
reversible oxidation of GSH [49]. Disulfide forma- 
tion by both agents goes along, in native cells, with 
pronounced intermolecular cross-linking of spec- 
trin [8,9,11]. Other membrane proteins predomi- 
nantly form intramolecular disulfide bonds and 
mixed disulfides, e.g. with GSH [24]. Small 
amounts of peptides from other fractions are found 
in the high molecular weight complexes of spectrin 
after more extensive treatments [9,11]. An en- 
hancement of passive leak permeability to cations 
in red blood cells by the two reagents has already 
been reported [34,50,51]. Our present study clearly 
shows a general disturbance of the barrier proper- 
ties of the membrane. 

2. Spectrin cross-linking and aggregation as a cause 
of leak formation? 

A possible link between the oxidation of spec- 
trin by diamide and tetrathionate and the dis- 
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turbance of membrane barrier properties is pro- 
vided by observations indicating that the cross-lin- 
king process is paralleled by aggregation of mem- 
brane skeletal proteins and of the membrane-inter- 
calated particles as demonstrated by freeze-frac- 
ture electron microscopy [11,52]. Intermolecular 
cross-linking or aggregation readily account for 
two other effects of both reagents, namely a pro- 
nounced membrane 'stiffening' [7] and a decrease 
of lateral mobility of intrinsic membrane proteins 
[10]. The size of the oligomers of spectrin linked 
by disulfide bonds is not yet defined clearly. A 
minimal molecular weight of 1.106, indicating 
tetramers, has been reported [12]. It remains to be 
elucidated therefore, whether the visible aggregates 
are linked covalently, which process triggers and 
which forces drive the aggregation. 

Cross-linking of membrane proteins and aggre- 
gation of membrane skeletal elements as well as of 
membrane spanning proteins render membranes 
leaky under other conditions, too. Most conspicu- 
ously, Bjerrum [30] has shown that titration of 
resealed erythrocyte ghosts to the isoelectric point 
of spectrin (pH approx. 4.9) goes along with a 
reversible aggregation of membrane proteins and a 
reversible formation of membrane leaks with the 
properties of aqueous pores (r > 0.5 nm), pervious 
to ions and nonelectrolytes. Furthermore, pho- 
tooxidation of the erythrocyte membrane in the 
presence of porphyrins [37,53] induces cross-link- 
ing of membrane proteins [54,55], particle aggrega- 
tion [56] as well as an increase of nonelectrolyte 
and ion permeabilities leading to photohemolysis 
[38-40,57]. The leak pathway is not well char- 
acterized, but may be an aqueous pore in view of 
the low activation energy of photo-induced K ÷ 
permeability of 2.5 kcal/mol [39] and its perm- 
selectivity for hydrophilic nonelectrolytes reconcil- 
able with an equivalent radius > 2 nm [57]. The 
primary mechanism underlying photodynamic 
membrane modification is most certainly not SH- 
group oxidation [58]. The patterns of protein 
cross-linking are different [54,55] and membrane 
lipids, which are not affected by diamide [34], are 
also modified [37]. A further example of leaks 
induced by cross-linking may be cells treated with 
Cu 2÷ ions undergoing oxidative hemolysis [59]. 

While leaks with the properties of aqueous pores 
thus are formed in parallel with different types of 
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protein aggregation in the erythrocyte membrane, 
cross-linking does not produce pores inevitably. 
Cross-linking of spectrin by ~,-glutamyl-c-lysyl 
bonds  following Ca 2+-activation of trans- 
glutaminase [60], for instance, does not affect 
membrane  permeabil i ty (Deuticke, B., un- 
published data). On the other hand, leaks re- 
sembling aqueous pores can be induced in 
erythrocyte membranes without spectrin cross-lin- 
king by dielectric breakdown (Refs. 61, 62, and 
Schwister, K. and Deuticke, B., to be published). 

Thus, there is obviously not a simple relation- 
ship between cross-linking of membrane skeletal 
proteins and leak formation. It might therefore be 
asked, whether it is really the intermolecular 
cross-linking of spectrin and not some intramolec- 
ular disulfide-bond formation, or thiol blocking, 
that is involved. Thiol blocking can be excluded on 
the basis of our finding that extensive treatment 
with N-ethylmaleimide does not produce leaks 
comparable to those induced by diamide (cf. Ta- 
ble I). Three arguments support intermolecular 
cross-linking as the basic event: (1) Pretreatment 
of cells with low concentrations of N-ethylmalei- 
mide suppresses the formation of leaks (Table II) 
and reduces the extent of spectrin cross-linking 
[12], but does only slightly diminish the overall 
oxidation of SH-groups (Haest, C.W.M., un- 
published data). N-ethylmaleimide reacts prefer- 
ably with spectrin (three molecules per spectrin 
monomer) under these conditions [12]. (2) Treat- 
ment with diamide at low temperatures diminishes 
the formation of leaks (Fig. 6) and suppresses 
intermolecular crosslinking. 3) Oxidation, by 
CuZ+-o-phenanthroline, of SH-groups in spectrin- 
free inside-out vesicles does not affect action per- 
meability [63]. Dimerization of band 3 protein, 
which occurs under these conditions [64] can 
therefore be excluded as a reason for leak forma- 
tion in erythrocytes. This view is also supported by 
our finding that leak formation after diamide is 
not changed when band 3 protein is dimerized, 
besides spectrin cross-linking, in cells pretreated 
with iodoacetate. Iodoacetate pretreatment re- 
moves glutathione [49] which normally prevents 
band 3 dimerization by forming a mixed disulfide 
with band 3 protein [24]. 

On the other hand, the very different time 
courses of the overall SH-group oxidation and of 

leak formation (Figs. 3 and 5) indicate steps inter- 
mediate between the two events. One of these may 
be the process of protein aggregation, which has 
not yet been studied in its time dependence. Alter- 
natively, it has to be considered that not cross-lin- 
king in general, but the slow oxidation of a small 
subpopulation of SH-groups finally produces the 
leaks. The high temperature dependence for the 
development of diamide's effect (Fig. 4) indicates 
that a considerable energy barrier has to be over- 
come in forming the leaks. 

3. Size and number of the induced leaks 
An important aspect of the induced leaks re- 

lates to the question of their size and number. 
Qualitatively, the data in Fig. 7 suggest the pres- 
ence of pores with radii up to at least 0.5 nm. 
Radii derived from different classes of test solutes 
probably vary to some extent, less polar permeants 
indicating larger radii. This feature may reflect 
some sort of partition of permeants between the 
aqueous bulk phase and the interior of the pore, 
determined by nonpolar forces. Artificial systems 
with molecular sieving properties (swollen dextran 
gels) also discriminate solutes on the basis of hy- 
drophobic interactions [65]. 

For a further, refined analysis it has to be 
considered that conceptually the induced permea- 
bility is proportional to the total area (A tot ) of the 
induced leaks. Atot for a single erythrocyte equals 
the product of Np, the number of pores per cell, 
and A v, the area of a single pore. Consequently 
Ato t = N 0-Ap = Np.Tr rp, where rp is the radius of 
a single cylindrical pore. 

The total area obtainable from the experimental 
data (see below) is not equal to A,o~ but has a 
smaller value, since collisional sieving restricts dif- 
fusion of test solutes through the pore; yielding 
only apparent total areas of diffusion 

where r, is the radius of the test solute [66]. 
According to Fick's law the flux J through the 

sum of the pores induced in a single cell is J = Do  • 

Aapp 'AC/ lp ,  where Dp=di f fus ion  coefficient 
within the p o r e ,  lp = pore length, and A C= 
transmembrane concentration difference driving 
the flux. On the other hand, the fluxes are also 



describable by J = PEry" AEry" AC, where PEry is 
the permeability coefficient obtained in the usual 
way (see Methods). Hence 

Dp 
PEry. AEry = ~-p .Aapp (2) 

and 

lp (3) 
Aapp = PEry'AEry" D~ 

Values for Np and rp can be derived from Eqn. 1 
when combined and solved for pairs of permeants 
with radii a and b [67]. One obtains 

(4) 

aAap p bAap p 

Np *r(rp - ra) 2 *r(rp - rb) 2 (5) 

This approach has recently been proposed and 
successfully applied by Lieber and Steck [67,68] to 
define Np and rp for holes in osmotic ghosts. We 
used Aap p values calculated from the permeabili- 
ties and viscometric radii as given in Fig. 7. A 
value of 5 nm (i.e. of this thickness of the lipid 
bilayer) was chosen as a reasonable approximation 
of the pore length [69]. Diffusion coefficients in- 
side the pore will equal maximally those in bulk 
water. A somewhat lower value may be more 
realistic for narrow pores. Diffusion coefficients 
within the gramicidin A channel (internal diameter 
about 0.4 nm) have recently been estimated to be 
about one order of magnitude lower than those in 
bulk solution [70]. This may provide a lower limit 
for the diffusion coefficients inside the diamide-in- 
duced pore. 

As becomes evident from Table IV, different 
equivalent pore radii and pore numbers are ob- 
tained for different pairs of permeants. Pore radii 
decrease slightly with decreasing radii of the per- 
meants, while pore numbers increase markedly, 
from about 1 per cell for sucrose to 17 for erythri- 
tol. Variation of the assumptions concerning Dp or 
lp, while not affecting the pore radii obtained, 
leads to different pore numbers, but does not alter 
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TABLE IV 

RADII AND NUMBERS OF PORES INDUCED BY DI- 
AMIDE 

Values calculated from permeabilities of pairs of permeants as 
described in the text, using the viscometric radii from Fig. 7 
and the following diffusion coefficients (× 105 cm2.s-I): 
sucrose 0.27, L-glucose 0.31 (from Ref. 94, corrected to 0°C). 
D-Arabinose 0.35, erythritol 0.40. Coefficients for the latter two 
compounds where calculated from the square root of their 
molecular weight (1/-M) and the product ~/M-. D for sucrose or 
glucose, assuming constancy of this product for the 4 solutes 
tested [951. 

Calculated from Pore radius Pores 
permeabilities for (nm) per cell 

Sucrose, glucose 0.63 1 
Glucose, arabinose 0.52 4 
Arabinose, erythritol 0.45 17 

the ratio between them. Faulty measurements of 
permeability are not very likely to account for this 
result, since permeabilities for erythritol, calcu- 
lated by Eqn. 3 on the basis of the pore size and 
number for sucrose, were lower by a factor of 3 
than the measured permeability of erythritol, far 
out of the range of experimental errors. More 
likely, the results reflect pore heterogeneity. This 
does not contradict the linear efflux kinetics re- 
ferred to above, if heterogeneity concerns each cell 
to about the same extent and heterogeneity in the 
cell population is not involved. In view of these 
results it seems so far safe to assume that diamide 
treatment induces pores with radii up to about 
0.65 nm but scattering around a somewhat lower 
mean (or mode) value. The number of pores per 
cell is most certainly larger than l, probably even 
larger than 10 (or 100 when the diffusion coeffi- 
cients within the pores are lower than those in 
bulk water). The diamide-induced leaks are thus 
very different from those present in osmotic ghosts, 
in which only a single, but very large (rp ~< 1.4 nm) 
hole seems to be present [67,68]. 

The total area (Ap-Np)  of the induced pores 
per cell is certainly very small. This is also docu- 
mented by the observation that the water permea- 
bility of diamide-treated cells established by a 
simple technique [71], is unaltered (Osberghaus, 
U., unpublished observations). From the above 



208 

calculations water permeability would be expected 
to increase by about 10 - 6  c m .  S ~ in diamide- 
treated cells. This enhancement will not be detec- 
table against the background of the normal water 
permeability of the erythrocyte of 3 • 10 3 cm.  s 
[71]. 

4. Molecular basis of the induced leaks 
The molecular nature of the induced pores can 

only be considered in speculative terms. Conceptu- 
ally, they may be situated (a) in the lipid domain, 
(b) at the interface between the lipids and intrinsic 
membrane-spanning proteins, or (c) within aggre- 
gates of proteins. An involvement of the lipid 
domain is clearly suggested by the enhancement of 
the transbilayer mobility of phospholipids [8,13,14] 
and fatty acids [11] in diamide-treated erythro- 
cytes, although it is not yet established that the 
two events occur at the same sites. The sensitivity 
of the diamide-induced leak to changes of mem- 
brane cholesterol and to reagents perturbing the 
membrane lipid domain (Table III) provide addi- 
tional evidence for the involvement of lipids. 

The aggregation of skeletal proteins and of 
membrane-intercalated particles in diamide-treated 
cells [11,52] produce lipid areas free of membrane 
proteins and, possibly, lipid areas perturbed at 
their cytoplasmic surface by aggregates of extrinsic 
proteins. In either case, reorganization of phos- 
pholipids, e.g. local phase separations, may occur, 
giving rise to the formation of hydrophobic pores, 
characterized (Fig. 9) by an increase in lateral 
compressibility and thinning of the bilayer [72,73]. 
Alternatively, hydrophilic pores might arise [74]. 
Such pores would have to be envisaged as fluctuat- 
ing structures, since stable hydrophilic pores in 
lipid bilayers require a diameter equal to the thick- 
ness of the membrane [75]. The pore radius would 
thus have to be greater than or equal to 2.5 nm, 
which is not compatible with our results. More- 

"HYDROPHO81C . . . .  HYDROPHILIC " 

Fig. 9. Possible structures act ing as aqueous pores in d iamide-  

t reated ¢rythrocytes.  

over, non-bilayer phases intercalated into the 
original bilayer domain could be formed [76]. Such 
perturbed lipid structures, which also promote an 
enhanced transbilayer mobility of phospholipids 
[77], are known from studies on artificial systems 
to be much more permeable, even to ions, than 
'normal '  mixed bilayers containing cholesterol. 

The interface between the lipid bilayer and 
membrane-spanning proteins is tightly sealed in 
normal biomembranes, although the rugged surface 
of the protein has to make contact with alkyl 
chains in this region. A lateral displacement of 
intrinsic membrane proteins into new environ- 
ments may produce a 'mismatch' between lipids 
and peptide chains acting as an aqueous pore [78]. 
In model studies proteins inserted into lipid bi- 
layers have been shown to induce considerable 
leak permeabilities [72 82], again in parallel with 
an increased transverse mobility of phospholipids 
[80,82,83]. 

Finally, aggregates of intrinsic proteins might 
form aqueous channels penetrating the lipid bi- 
layer even though the walls of these channels 
would be constituted by rather hydrophobic pro- 
tein domains. The polar residues which are present 
in the intra-bilayer domains of membrane proteins 
[84,85], however, are sufficient to reduce the 
activation barrier that has to be overcome by ions 
permeating the hydrophobic core of a normal lipid 
bilayer [86]. 

Oligomeric arrangements of exogenous and en- 
dogenous peptides are well established as channels 
in a number of instances: annular arrangements of 
proteins form junctions between adjacent cells [87], 
and control the permeation of material across the 
bacterial [88] and mitochondrial outer membrane 
[89], to name only a few. 

The pores induced by diamide may be consid- 
ered as a model for damages in the erythrocyte 
membrane induced by oxidative stress in vivo or in 
vitro. Furthermore, the leaks demonstrated here 
are a promising model for naturally occurring 
pores. The presence of aqueous pores, although of 
somewhat smaller diameter, has been claimed in 
the erythrocyte membrane for a long time [90,91], 
but their detailed properties could not yet be 
defined. Our studies provide a means to induce 
pores in the erythrocyte membrane without intro- 
ducing foreign material. It will be interesting to 



study further properties and the origin of these 
pores in more detail. Such studies are presently in 
progress. 
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