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Involvement of cyioskeletal proteins in {2e barrier function
of the human erythrocyte membrane.
I. Impairment of resealing and formation of aqueous pores
in the ghost membrane after modification of SH groups
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human cry yic ghosts prepared by a two-step p were whown to have small residual barricr defects with the
propeitics of aqucous pores, such as size discrimination of hydrophili I (erythritol to ), indicative of an
apparent pore radius of about 0.7 nm, and a low activation energy (about 12-20 kJ /moi {mannitol, sucrose)) of the leak fluxcs.
As in other cases (Deuticke et al. (1991) Biochim. Biophys. Acta 1067, 111-122) these leak fluxes can be inhibited by phloretin.
Treatment of such rescaled ghosts with the mild SH oxidizing agent, diamide. induces additional membrane leaks to the same

extent and with the same propertics as in native c’ytnmcytcs {Deuticke ct al. (1983) Biochim. Biophys. Acta 731, 196-210),
" 4 b

including reversibility of the leak by SH agents, in and stil ion by alkanols. In contrast, rcscalcd

ghosts prepared either from diamide-treated erythrocytes or by adding diamide to the ‘open’ b prior to i

of high ionic strength and raising the temperature, exhibit a state of greater i This leakil is h dnﬂ'c:cm in s

origin from the former class of leaks, since it can also be p d by N which is i ive when

added to the membrane in its ‘tight’ state. The leaks induced in the ‘open’ state of the b which can be ded as a
of an impai ting, are nevertheless reversible by reducing agents added after rescaling and arc comparable

in many, but not all their characteristics to lcaks induced in the *tight’ statc of the R ling in the of the

isothiocyanostitbenes DIDS or SITS mimicks the leak forming effect of diamide by modifying a small population of SH groups,
whilc amino groups scem not to be involved. The findings indicate and substantiate an important role of the redox state of

membranc skeletal protein sulfhydryls in the

and the blist

membranc.

Introduction

Resealed erythrocyte membranes (ghosts) are valu-
able tools for membrane studies, since after hypotonic
lysis and subsequent resealing the membrane can re-
gain many of its native characteristics. The extent of
the restoration of the original state depends on the
conditions of ghost preparation [1-9]. Many authors
have used ghosts to characterize transport properties

of the barrier function of the ervthrocyte

of the membrane [10-15}. An important prerequisite
underlying the evaluation of transport studies on re-
sealed ghosts is the restoration of the original barrier
function of the membrane after ghosl preparation. This
barrier function can ¢ be d by mea-
suring the permeability to hydrophilic nonelectrolytes
varying in size and polarity.

This report presents a study of the permeability of
resealed ghosts to large hydrophilic nonelectrolytes,
some of which are even impermeant in the native red
blood cell membrane.

In particular we were interested to find out, whether:
(1) chemically induced defects in rescaled ghosts are

iati diamide, di i ic acid bis(dime i
DIDS, 44'-diisothi 2,2"-stil It te; EDC, 1-cthyl-3-
(3-di i iimide hydrochloride; Hepes, 4-(2+hy-
1-piperazi ic acid; NEM, N. bl
mide; SDS, sodium SITS, 4. ido-4'-iso-

thiocyano-2.2"-stilbenedisuifonic acid.

Corrcspondence B. Deuuckc. lnshlu\ ﬁlr Physlolugw. Medizinische
Fakultit, h hschule Aachen,
Pauwelsstrasse 30, D-5100 Aachen, Germany.

to those in erythrocytes, (2) leaks induced
in intact erythrocytes are carried through the process
of ghost preparation or disappear during resealing and
(3) amino- and carboxyl groups like sulfhydryl groups
are involved in the barrier function of the erythrocyte
membrane.



Materials and Methods
Materials

Fresiv human blood from healthy donors was ob-
tained from the local blood bank. Standard chemicals
and compounds used as test permeants were from
Merck (Darmstadt), Fluka (Neu Ulm) or Sigma
{Munich).

!4C-labelled test permeants (erythritol, mannitol, su-
crose, inulin) were from Amersham-Buchler, Braun-
scaweig. EDC was from Merck (Darmstadt), phloretin
from Carl Roth (Karlsruhe), DIDS, SITS and DTE
from Sigma (Munich), diamide from Calbiochem
(Frankfurt), NEM from Fluka (Neu Ulm).

Methods

1. Preparation of cells

Fresh human blood, anucoagulated with citrate, was
stored at 4°C in a c | storage medium con-
taining glucose (20 mM) and adenine (25 pM) and
used for experiments within the following 10 days.
Erythrocytes were isolated by centrifugation (5750 x g,
5 min). After removing plasma and buffy coat, the
erythrocytes were washed three times in an excess of
isotonic NaCl and packed at 5750 X g for 5 min.

2. Preparation of resealed ghosts by a ‘two step’ proce-
dure

In a first step one vol. washed cells was suspended
in one vol. 51 mM ice-cold sodium phosphate buffer
(pH 7.7-8.0) and rapidly mixed with 16.5 vols. ice-cold
lysis buffer (5.1 mM sodium phosphate, pH 7.5-7.7)
[2]. The lysate was stirred for 15 min at 0°C and the pH
adjusted to 7.2-7.4 if necessary. After centrifugation
(32000 X g, 10 min, 0°C) the supernatant was removed.
In a second step 1 vol. of sedimented, unsealed ghosts
was resuspended in 1 vol. 15 mM MgSO, {16} conlaln-
ing the choosen permeants, i.e. '*C-labeled
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18000 X g, 10 min, 0°C) and immediately used for
measurements of permeability.

3. Measurements of permeability

Efflux of the trapped labeled test permeant was
initiated by resuspending 1 vol. tracer-loaded ghosts in
12 vols. tracer-free medium A. At various times, sam-
ples of 280 uf were taken. After centrifugation (6500 x
£, 5 min, 0°C) the radioactivity in the supernatant was
measured by liquid scintillation counting. Rate coeffi-
cients k of tracer exfflux were derived by linear regres-
sion aralysis {rom the slopz of a plot of In((dpm_. —
dpm,)/(dpm,, — dpm,)) versus time, subscripts 0, ¢
and o referring to radioactivities (disintegrations per
min per ml) in the supernatant at the beginning, at any
time and after attainment of equilibrium. The lines
derived by linear regression analysis should cut the
origin of the coordinates. After extensive membrane
damage this is, howaver, not the case; this indicates the
presencc of a smali population with higher permeabil-
ity, which can not be determined exactly, because of
the duration of separation of medium from ghosts.

The release of erythritol, which uses the glucose
transport system [171 in addition to unspecnﬁc path-
ways, was d in the p of A
(10 M) (Sigma, Munich).

For measurements of K™ release ghosts were pre-
pared as usual, whereas in medium A KCl was substi-
tuted by NaCl. K* release of the ghosts was measured
by taking 500 w1 samples after appropriate intervals (0,
t, ), which were centrifuged and analysed for K*
concentration in the supernatant by flame’ photometry
(Instrumentation Laboratory Type 543) using an inter-
nal lithium standard.

In case of results derived from three or more experi-
ments (n > 3) mean values + S.D are given, if n<3
only the arithmetic mean values are given,

4. De.ermination of hemoglobin release
Tests for release of hemoglobin were initiated by

nonelectrolytes {crythritol, mannitol, sucrose, n\..n.
160 nCi/ml) and 8 mM of the unlabeled nonelectrolyte
(0.2 mM in case of inulin). The suspension was incu-
bated for 15 min at 0°C. After this period of loading
with the test permeant, isotonicity was restored by
adding 0.5 vol. reconstitution medi ing KCl

pending 1 vol. of resealed ghosts in 12 vol.
hemoglobin-free medium A. After appropriate pericds
of time 800-x| samples were collected and centrifuged.
The hemoglobin contents in the supernatant, as a
measure of ghosts fragmentation or ‘lysis’ was deter-
mined photometrically at 405 nm (Soret band). It was

(700 mM), Hepes (100 mM) and MgCl (2.5 mM), (pH
7.4). By varying the pH of this reconstitution medium
the pH of the ghost interior can be changed. The
suspension with a final ghost volume fraction of 0.1 was
stirred for 10 min (0°C, pH 7.4) and subsequently
incubated for resealing at 37°C for 45 min. The re-
sealed ghosts were washed twice in a medium contain-
ing KC! (140 mM), Hepes (20 mM) and MgCl, (0,5
mM) (medium A) at 0°C and pH 7.4 (centrifugation at

pared to the total hemoglobin contents of the
ghost which was d after !
lysis with 0.1% Triton X-100.

5. Determination of retention of test solute

After several modifications a part of ghosts was
damaged to such an extent, that they lost the trappcd
test solute during the washing process. This reflects the
problem of different populations in the ghost prepara-
tion.
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For estimation of the fraction of these damaged
ghosts, we made use of the fact, that each ghost prepa-
ration, respectively modification, starts with the same
volume. of erythrocy All ghosts d from this
volume were washed two times and subsequently sus-
pended in equal quantums of wedium A. In this ghost
suspension the total radioactivity, trapped during the
ghost preparation and retained during the washing
process, was measured. The fraction of the radicactive
test solute retained by modified ghosts, termed the
‘retention’ of test solute, is expressed as percentage of
the total amount of test solute found in simultaneous'
prepared untreated ghosts.

6. Treatment with covalently modifying reagents

During the preparation of resealed ghosts there are
three possibilities to modify the membrane:

A. Treatment of resealed ghosts (termed ‘post’ treat-
ment). The reagents were dissolved in medium A and
added to the ghosts, loaded with the labeled test per-
meant, i diately after the At the end of
the exposuvre to the modisier at 37°C the ghosts were
washed and used for permeability measurements as
usual.

B. Pretreatment of intact erythrocytes before ghost
preparation (termed ‘pre’ treatment). 1 vol. erythrocytes
was mixed with 8 vols. solution containing KCi (100
mM), NaCl (50 mM), Na,HPO,/ NaH, PO, (12.5 mM)
and sucrose (44 mM) (medium B), at desired pH at
37°C. After adjusting the pH one vol. of 10-fold con-
centrated stock solution of the modifying agent under
study in medium B was added to 9 vols. erythrocyte
suspension. After 45 min incubation at 37°C the cells
were washed three times with medium B. Ghosts were
prepared from the washed erythrocytes as usual. After
preincubation of the cells at pH 8 it is important to
adjust pH for lysis to 7.2-7.4.

C. Addition of modifying reagents during ghost prepa-
ration (termed ‘para’ treatment). 1 vol. unsealed ghosts,
prepared as descrived above, was mixed with 1 vol. 15
mM MgSO, containing the radioactively labeled and
unlabeled form of the test solute as well as the reagents
at the desired concentration. After 15 min equilibra-
tion at low ionic strength at 0°C isotonicity was re-
stored and Ehosts were resealed at 37°C as usual. All

i ding efflux
were camed out at 0°C. Permeable reagents were
removed from the ghosts by the washing process. In
these cases efflux measurements could be carried out
at higher temperatures.

7. Determination of thiols and protein content of the
membrane

Membrane SH groups were quantified in mem-
branes isolated from modified ghosts as described ear-

lier [18]. Protein was d ding to
Lowry et al. [19].

Results and Discussion

Characterisation of the resealed ghosts

Resealed pink ghosts, prepared by the two-step-pro-
cedure decribed in Methods appear as spheres with
fine, h ly distributed spicules and an ap-
proximate radius of 2.3 + 0.2 um (n = 80) when exam-
ined by dark-field microscopy. The mean volume calcu-
lated from these radii, 51 + 13 pin®, is about 60% of
the mean volume of the original erythrocytes. This
value was also confirmed by measurements of osmotic
fragility [20]. The true surface areas of ghosts and
criginal erythrocytes are probably the same, since dur-
ing ghost preparation no vesiculation could be ob-
served. The difference between the original erythrocyte
surface area of 140 pm? and the apparent ghost sur-
face area of 66 pm?, calculated from the spherical
radius, reflects the total area of the spicules.

Ground permeability of resealed ghosts

In order to characterize the barrier propersies of the
resealed ghosts, ground permeabilities for a number of
nonelectrolytes were obtained from efflux measure-
ments. Moreover, in order to characterize the path-
way(s) involved we determined the activation energies
of the fluxes and their sensitivity to phloretin [21]. Test
permeants were (Stokes-Einstein radius in nm [22,23)):
erythritol (0.36), mannitol (0.42), sucrose (0.52) and
inulin (1.4).

Erythritol fluxes in erythrocytes are based on two
processes: mediated transfer via the glucose trans-
porter [17] and simple diffusion, assumed to involve the
lipid domain. Distinction t the two path is
based on inhibition of the specific transporter by cyto-
chalasin B. Erythritol fluxes measured in the presence
of this inhibitor can be regarded as simple diffusion,
based on the ground permeability [24]. As shown in

Fig. lA the release of "“C-labeled erythritol from

d ghosts in of cytochal B at tem-
peratures between 0°C and 30°C can be fitted by single
up to a rel I fraction of more than

90% iMean rate coefficients derived from a series of
experiments are listed in Table 1.

The release of entrapped ["“Clmannitol and {"*C]
sucrose (Fig. 1B, 1C, Table 1) is only based on simple
diffusion, since hal B had no inhibitory effect
on the fluxes (data not shown). The permeability of
ghosts to inulin is extremely low (k,=(0.10 £ 0.02)-
107* min~"! (n = 6) at 0°C).

Since mannitol in the native erythrocyte has an
extremely low permeatility [25] and sucrose and inulin
do not penetrate to any measurable extent [25), the
permeability observed in resealed ghosts must - con-
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Fig. 1. Release of hydrophilic nonelectrolytes from resealed ghosts at

different temperatures. Time course of efflux measured as described

in Methods, (Panel A} Erythritol (in prescnce of cytochalasin B, 10

#M), (Panel B) mar-utsi, (Panel C) sucrose. (Note the different
ordinate scales.)

ceptually - reflect a leak. This leak is not based on an
insufficiently long resealing period, since it was the
same, when ghosts were resealed for 90 instead of 45
min {(data not shown).
In order to further evaluate the quality of our two-
step ghost p hod, we also d
leakage from d ghosts. The rate cocf-
ficients (k,, X 10° (min~") ranging from 1.72+ 0.5 (n =
3) at 0°C to 1.92 (a2 = 2) at 37°C (resulting activation
energy about 2 kj/mol)) compare well with values
obtained for ghosts prepared by a one-step method in
presence of magnesium at the time of lysis (k=1.2-
1073 min~', 37°C, [26]). The presence of magnesium
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Fig. 2. Arrhenius dugram for ground permeabilities of rescaled
ghosts to various itol (&), manni-
tol (M), sucrose (0)). Fluxes were measured as described in Meth-
ods. Numbers in brackets are activation energies (kJ/mol) ca'culated
irom the slopes of the lines (regression analysis).

during lysis is assumed to be important for a restora-
tion of the K* barrier [26]. Our results indicate that
ghosts, lysed in the absence of magnesium, will aquire
an p low p bility if magne-
sium is added before reconstitution and resealing.

The activation energies for the release of the three
test permeants, derived from Arrhenius diagrams (In &
versus 1/7 (K1), are quite different (Fig. 2). In terms
of established concepts, the value for erythritol (about
79 kJ/mol) indicates diffusion through the lipid do-
main of the ghost membrane as in native cells [27),
while the lower activation energies for mannitol and
sucrose permeability (20.7 k¥/mol and 12.8 kf/mol
between 0°C and 37°C) indicate diffusion through
aqueous pores [17,28), since they correspond to values
for free diffusion in bulk water. This interpretation
raises the problem, however, why erythritol should not
pass pores accessible to mannitol and sucrose. Further
studies will thus have to check alternative hypotheses.
Based on observations by Lieber and Steck [S), temper-

TABLE 1
Sumnmry nf ground permeabilities of m"nled ghosts
ilities were as in the text. Data for erythrocytes given for comparison [17). Number of experiments in brackets.
Test solute Membrane Tuttn k x10° [ Px10W E,
system (o] (min~") () (em/s) (kI/mol)
Erythritol Erythrocyte 0 0.34 kx} 241 9%
30 .6 045 182
Ghost 0 1161003 (12) 9.9 6.96 B Q@
30 273 042 164
Mannitol Ghost 0 0.79+0.15(5) 1438 4.68 20.7(2)
Sucrose Ghost 0 0.34+0.1(30) 350 198 12742)
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ature induced changes of hole size mlght be assumed
to affect the obscrved d of

TABLE Il

permeation. According tc their results hole radii might
decrease slightly (0.8-fold per 10°C) with temperature.
Even such an effect can, liowever, not account for the
large difference in activation energy between erythritol
on the one and mannitol on the other hand.

The transport properties of our ghosts are compared
with those of original cells in Table I. Pcrmeabilities
were calculated as usual: P (em/s)=k (min"')-V,/
(A, - 60), where ¥, = ghost volume (51 p,m »and A, =
surf.n:e area (142 p.’n') of the ghosts *

The presence of residual ‘holes’ in rcsealed ghosts is
also supported by our finding that the fluxes of both,
mannitol and sucrose, are inhibited by 40% in the
presence of 200 uM phioretin (data not shown, for
details see Ref. 20). Phloretin (3-( p-hydroxyphenyl)-
2,4,6-trihydroxypropiophenone) has long been known
to inhibit the carrier-mediated transport of hydrophilic

Fo ion of b

procedure)

leaks by diamide in resealed ghosts (‘post™

Leaks quantificd by the increase of rate coefficients (4k X 10°
min~ ') of efflux of various olutes on top of the ground flux of
these test solutes (k, X 10%, min ~'). Ghosts were treated with 5 mM
dia:nide (pH 7.4 or 8.0, 45 . 37°C) after resealing. Efflux mea-
sured at 0°C. Further experimental details as described in Methods,
number of experiments in brackets.

Testsolute  kyx 107 (min~") Ak x10% (min" )

pHS pHT4
Enythritol 1162 0.03(12) 198 @ 60
Mannitol 0.79£0.15 (5) 71 ) 12
Sucrose 034401 (30) 081£0.32(5  0.0(6)

treatment. The extent of lcakiness induced in ghosts by
d|am|dc aftcr rcsealmg is quantitatively similar to the
1

nonelectrolytes, anions and other solutes {27,28). Re-
cently it was shown that phloretin also inhibits the
diffusion of nonelectrolytes and ions through aqueous
leaks induced in crythrocyte membrane by trcatment
with oxidants {21,29].

Calculations of the size of these aqueous holes in
the membrane accerding to a procedure introduced by
Lieber and Steck [4]} yield an apparent mean radius of
about 0.8 nm. Some defects may be greater then 1.4
nm, since inulin is also slightly permeant. The number
of holes per ghost, which was obtained according to
Ref. 4, is very low (0.02). As discussed eatlier [17], such
a low number indicates a dynamic character of the
holes, which probably arise from the formation of
statistical defects in the barrier opening and closing in
random distribution over the whole membrane surface.
Lieber and Steck [4,5] reported a radius of 0.7 nm for
the leak in resealed ghosts prepared under experimen-
tal conditions comparable to ours.

Permeability of ghosts after covalent membrane modifi-
cations

Modification of resealed ghosts (‘post-procedure).
Treatment of intact human erythrocytes with diamide
markedly enhances the cfflux of nonclectrolytes [17].
According to the data shown in Table II, treatment of
resealed ghosts wnth diamide has the same effect. As

pected, its de d ds on the pH during

* The true surface aren was supposed not to change during the
preparation of ghosts and thus to be identical with that of the
original cell. This assumption is supported by the lack of a de-
tectable shedding of vesicles during ghost preparation and by the
satisfactory agreement between ghost volumes calculated from
direct measurements of spherical radii, and volumes obtained by
osmotic fragility measurements {20).

duced in intact erythrocyics. In ghosts, the
d:amxde induced (5 mM, pH &, 45 min, 37°C, ‘post’-
procedure) erythritol permeability amounts to 2.2 - 10 7%
cm/s (n=2) at 35°C, to be compared with (1.5-2.1)+
107% cm/s in erythrocytes treated under comparabie
conditions, i.e. after removal of glutathione (by pre-
treatment with iodoacetate or chlorodinitrobenzene),
(Deuticke, B. uapublished results). The ‘cak fluxes
induced in ghosts by diamide have low activztion ener-
gies (11 and 12.8 ki /mol (Fig. 3)) indicating the in-
volvement of aqueous ‘holes’.
In Fig. 4 the solute size selectivities of the diamide-
induced holes are compared for ghosts and erythro-
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Fig. 3. Arrhienius diagram for diamide-induced leak ities of

rescaled ghosts (erythrito! { a.), sucrose (8)). Diagrams for unmodi-

fied ghosts {(from Fig. 2) are given for comparison. Fluxes were

measured as described in Methods. Numbers in brackets are activa-
tion energies (kJ /mol).
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Fig. 4. Relationship between the Stokes-Einstein radii (rgg) of vari-
cus test solutes (erythritol (E), manmlcl (M), sucrose (S)) and their
diamide-induced leak ities in resealed ghosts. Ghosts (e)
were treated with diamide (5 mM, pH 8. 45 min, 37°C) after
rescaling and fluxes measured us described in Methods. Data for
erythrocytes (O, [17]} are giver for comparison.

cytes (data from Ref. 17). The siopes suggest apparent
radii in ghosts, as in erythrocytes, of at least 0.5-0.6
nm.

The further istics of the diamide-induced
leak in resealed ghosts, summarized in Table IlI, also
underline the similarity with leaks in diamide-treated
erythrocytes. Both are: (a) reversible by treatment with
the disulfide reducing agent DTE to a large extent
[17,30], (b} inhibited by phloretin and (c) stimulated by
addition of hexanol (25 mM, 0°C) to the efflux mednum
Aliphatic al s (h 1, t 1) have previ
been shown [21] to enhance leak permeahllmes in-
duced in native erythrocytes by oxid:
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TABLE HI

Characteristics of the leaks produced by diamide in rescaled ghosts
(‘post*-procedure)

Leaks characterized by the increase of rate coefficients (ak X 107,
min~!) of sucvose efflux on tap of the ground flux (k, = (0.34+0.1)-
107* min "' {1 = 30)). Ghosts were treated with diamide (5 mM, pH
8) at 37°C for 45 min after resealing. Reversibility was established by
quenching unreacted diamide with glutathione (10 mM) which itsel?
has no effect on leak flux and subscquent exposure (45 min) of the
ghosts to dithioerythritol (10 mM). Hexancl (25 mM) and phtoretin
(200 £ M) were added to the efilux media (for details see Methods).
Efflux at 0°C, number of experiments in brackets.

Ak x10* (min~")

0.81+0.32(5)

, then glutathione 0.75 Q)
Diamide, then glutathione

+dithioerythritol 012 )

Diamide, phloretin 025401 (3)

iamide, hexanol 397 @

Modification of intact erythrocytes prior to ghost
preparation (*pre*-procedure). In a turther set of experi-
ments we tested whether the diamide-induced leak
survives the p of ghost or closes
during the resealing of ghosts. To this end we prepared
resealed ghosts from erythracytes treated with diamide
and measured the release of test permeants. Such
ghosts proved to be even more leaky than ghosts modi-
fied only after resealing (Table IV). The leak surviving
ghost prep also discrimi permeants accord-
ing to their size. The rcication values (see Table IV)
agree with this discrimination. The modified ghosts are
impermeable to hemoglobin (data not shown).

The leak produced by the pre-procedure shares
certain features such as reversibility by DTE and inhi-
bition by phloretin with the leak formed by diamide in
the native cell (Table V). Furthermore, preliminary
measurcmems of the activation energy of the leak flux

TABLE IV
Effect of a pretreatment of erythrocytes with diamide or N-

ide on the

di a value of about 12 kJ/mol.

(‘pre*-procedure)

of rescaled ghosts prepared from these cells

Leaks characterized by the increase of rate coefficients of leak flux (dk X 10%, min~*) and retention of entrapped test solutes (in % of retention
by control ghosts) for ghosts, prepared from erythrocytes treated with diamide or N- ethylmaleimide (each 2 mM, 45 min, 37°C, pH 8, Hct 10%,
medium B) (for details see Methods). Efflux at 0°C. Number of experiments in brackets. k, = ground flux of ghosts prepared ficm erythrocytes

not pretreated with modifying agents (from Table 1.

Test solute ko X 10% (min~") Diamide N-Ethylmaleimide

Ak X 10 (min ") retention (%) Ak X 10% (min~") retention (%)
Enythritol 1L16+0.03(12) 2497 * [¢3] 60(2) 475 @ 80(2)
Sucrose 034+0.1 (30) 434 %% £1.1(4) 100 (4) LOB+0.3 (3) 106 (3)

* To be compared with 19.8 jor S mM diamide *post’-procedure (sce Table 11).
** To be compared with 0.81 for § mM diamide *post’-procedure (see Table 1.
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sarily identical with the original leak in the native cell
but may — at least in part — stem from arn impaised

TABLE V
Cl istics of the leak ity for sucrose of g/wm. prepared
from erythrocytes pretreated with diamide or N ethylmaleimide (‘pre*-
procedure)

Leaks defined by the increase of flux rate coefficients (4k x 10%,
min~!) over the ground flux for sucrose (k,=(0.34+0.1)-107
min~! (n=30)). Erythrocytes treated with diamide or N-ethyimalei-
mide, each 2 mM, 45 min, 37°C, pH 8, medium B, 10% Hct. Efflux at
0°C. Number of experiments in brackets.

Second treatment
(of rescaled ghosts)

Ak X 10* (min "),
first treatment (of erythrocytes)

diamide N-ethylmaleimide

None 4341 1.1(4) 108+03(3)
Dithioerythritol

5 mM, 45 min, 37°C

pH74 159 @ 0.92 m
Phloretin 260 pM

during efflux 1.56 @ 0.61 @
Hexanol 25 mM 325 @ 102 m

In order to check whether the leak in ghosts pre-
pared from diamide-treated cells is the one already
present prior to ghost preparation or rather a conse-
quence of a faulty resealing, we measured the perme-
ability of resealed ghosts prepared fron: cells treated
with NEM, which does not produce leakiness in the
native erythrocyte membrane [17]. According to Table
1V, the flux rates in such ghosts are in fact enhanced,
although to a lesser extent than in ghosts prepared
from diamide-treated cells. Fluxes in such ghosts are
also inhibited by phloretin {Table V). On the other
hand, hexanol had no effect on leaks in ghosts pre-
pared from cells pretrea!ed with NEM or diamide, in
contrast to leaks i d by diamide t of
resealed ghosts (see above). Since the defect produced
by NEM cannot be the relic of a leak induced during
the NEM pretreatment, modification of SH groups by
NEM must have caused an incomplete rescaling.

In analogy, the leak in resealed ghosts prepared
from diamide-treated cells is conceptually not neces-

TABLE VI

ling due tc SH group modification prior to lysis. It
is interesting to note that such ‘resealing defects’ are
quite similar in their properties to ‘primary’ leaks.

Membrane riodification before reconstitution of the
ghosts (‘para’-procedure). In order to further charac-
terize the relevance of SH groups in the membrane for
ghost resealing, diamide and NEM were added to open
ghosts during the ‘loading perir<’ at 0°C and low ionic
strength. The rcagents are thus present on both sides
of the ghost t during the ling p “5
min, 37°C) and only removed from the cells during
subsequent washing in the cold.

For diamide (1.25 mM) the consequences of this
‘para’-treatment are shown in Table VI. A marked
leak is produced with a lesser size discrimination than
the leak induced by the rcagent in resealed ghosts
(‘post’-treatment, see Table II). The ghost: are, how-
ever, completely sealed to | bin (data not shown).
As expected, the effect is also more pronounced at
alkaline pH (Table VI). Vesicles were not released
from the "hosts dunng ﬂux measurements as evident
from mi Leaki induced
membrane modxﬁcauon with diamide by the ‘para™
procedure shares a number of properties with leakiness
induced by ‘pre’-treatment of native cells {17} (a) re-
versibility by dithioerythritol (Table VII), (b) consider-
able supp by pret of the erythrocy
with NEM (data not shown) and (c) inhibition by
phloretin (Table VII). In contrast, alcohols do rot
stimulate this leak.

For reasons of comparison NEM was added in some
experiments instead of diamide to open ghosts prior to
resealing. This modification also induced leakiness in
the resealed ghosts, though again to a2 much lesser
extent than diamide (Table VII). Phloretin inhibited
NEM-induced leak fluxes, while addition of alcohols
had no effect, as in the case of diamide. Obviously
Icohols do not in modi-

Leak formation in resealed ghosts by diamide added before reconstitution (*para*-procedure)

Leaks quantified by the increzse of flux rate coefficients (4k X 10" min~") of various test solutes on top of corresponding k,, values (ko X 10,

min~") of untreated ghosts. Diamidz was added before ity of the ghost (1.25 mM, pH 7.4 or 8.0) (for details
see Methods). Efflux at 0°C. Number of experiments in brackets.
Test solute ky % 10% (min~ ") pH during diamide treatment

pHS pH74

Aky x10? (min~") retention (%) Ak % 10* (min~ ) retention (%)
Erythritol 1.16+03 (12) 40243 (3 69(3) 133+£06 (3) 66 (3)
Sucrose 034+0.1 (30) 80+32 (3) 84(3) 39+13 (6) 120¢)
Inulin 0.1 +002 (6) 1.0£0.17(3) 1003} 0.7+£0.13(3) 100(3)
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Characieristics of the leaks induced by diamide, N-ethylmaleimide and DIDS, when added before reconstitution ('para’-procedure)

Leaks quantified by the increase of the rate coefficients of sucrose flux (4k X 10%, min™") over the ground flux (ko =(0.34+0.1)-10* min~!
(n = 30)). Reversibility established by exposure to dithioerythritol (DTE) after the treatment with reagent. Phloretin and alcohols were present
during the efflux period (for details sce Methods and Results). Efflux at 0°C, Number of experiments in brackeis, n.d., not determined.

Second treatment Ak % 10* (min ~ 1), first treatment (during ghost preparation)
(of rescaled ghosts) amide N-cthylmalcimide DIDS
1.25 mM, pH 7.4 10mM, pH 7.4 007 mM, pH 74

None 39+1.3(6) 1.3510.19(5) 1.93+045(4)
DTE 10 mM 37°C

45 min 164 Q) 12 @ nd.

75 min nd. nd. 0.75 (]

90 min 057 ) nd. nd.
Phloretin

200 M 4.2 ) 113 a) 172302 (3)

600 oM 21 @ 0.26 @ 045 3]
Hexanot

25 mM 38 @ L17 m 1.8 (1))
Butanol

200 mM 35 w nd. 19 ()

fied membranes. Only defects induced by modification
of the resealed ghosts (‘post’) are sensitive to alcohols,
while defects induced by treatment under ‘pre’ or
‘para’ conditions can not be stimulated.

D, n A B,

similar loss of sensitivity during resealing can be ob-
served.

Surprisingly, the extent of membrane SH group oxi-
dation by diamide does not change with increasing
latency between cnsct of resealing and time point of

of the leak-i

diamide addition. In all cases 1.25 mM diamide oxi-

effect
sulfhydryl reagents (dmm:de NEM) on the time regime
of reagent addition
When ghosts are treated with diamide by the
‘para’-p d is much more
pronounced than when the agent is added only after
ling (‘post’-pi d Tables 11 and
VI1). This discrepancy could result from a change, dur-
ing the resealing procedure, in the reactivity or the
accessibility of the SH groups reacting with diamide
and might provide a possibility to characterize the time
course of resealmg in terms of the diamide sensitivity
of the b P; which reseal-
ing, comprisc increase of temperaturc and of ionic
strength. Both might be responsible for changes in the
sensitivity of b proteins for diamide. To test
this assumption diamide was added to ghost suspen-
sions, after reconstitution of isotonicity, at various times
after the onset of the resealing procedure (i.e. expo-
sure of the cells to 37°C). The experiments were car-
ried out at pH 7.4, where diamide has no detectable
effect on the sucrose permeability of fully led

dizes 36%.

Tonic h has been claimed to affect b
resealing [3,4,6-8]. In order to study its effect on
diamide sensitivity we added the reagent before reseal-
ing but after reconstitution of isotonicity by KCI. Un-
der these conditions diamide induced a less pro-

dd of ghost t than under the

TABLE VIl

Changes in the ¢ffectivity of diamide as a function of the time regime of
diamide addition

Leaks quantified by the increase of rate coefficients (Ak X 10%,
min~ '} of sucrose efflux on top of the ground flux (ko = (0.34£0.1)
107 min =" (n = 30)). Diamide (1.25 mM, pH 7.4) was either added
at 0°C 15 min before or 10 min after reconstitution of high ionic
strength or at different time points after starting the resealing
process by putting the suspension into a 37°C water-bath. Efflux at
0°C. Numbers of experiments in brackets.

ghosts (see Table 111). As becomes evident from Table
V111, the effect of diamide on sucrose leak fiux rapidly
dec with i ing latency b starting the

ling and addition of diamide. The ¢,,, of this
decrease of sensitivity is lower than 30 s and thus much
shorter than the ¢, , of resealing itself (about 6 min at
37°C [6,7,31]). In the case of treatment with NEM, a

Time point of diamide Ak x10% (min~")
addition
Before reconstitution (*para’, 37°C) 3.35+06(3)
After reconstitution (0°C) L14£0323)
After a period of resealing of

6.5 min (17°C) 0.58 @

2 min (32°C) 257+0.2(3)

4 min (37°C) 0.30 3

15 min (37°C) 0.15 Q@

45 min Cpost’, 37°C) 005 @
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conditions of the usuai ‘para’-proccdure, where the
modifiers are added prior to reconstitution (Table
VIID. Neverthcless, the induced leakiness was still
greater than that induced by addition of diamide dur-
ing or after complete resealing.

Earlier investigators [6,7,31] have proposed a causal
relauonshnp between the resealing of ghosts and a

ion of skeletal protein cl A reorgani-
sation within the cytoskeletal meshwork might also be
claimed.

The prcsent resulls support such concepts by
d ling after membrane
modifications known to affect SH groups in peripheral
proteins with some preference [17,32). The extent of
this disturbance seems to depend .on the statc of the
membrane, as a function of temperature and ionic
strength, at the time of SH group modification. Since
differences in the total number of modified SH groups
do not seem to account for these differences, it has to
be postulated that either different populations of SH
groups react with the modifiers in dependence of tem-
perature and ionic strength, or that structural alter-
ations, induced by modification of the same SH groups,
vary with temperature and ionic strength.

The conformation of spectrin is known to be influ-
enced by these two parameters [33.34]. If one assumes
that such conformational transitions are involved in
resealing, the effects of SH group modification might
be claimed to arise from a perturbation of these transi-
tions, most strongly at low temperature and low ionic
strength. Irrespective of the time point of SH modifica-
tion (before, during or after ghost preparation) di-
amide-induced membrane defects can always be an-
nealed at least partly by treating the final resealed
ghosts with the disulfide reducing agent, DTE. The
conformation of spectrin {or other skeletal protein
targets for the effect of diamide) can thus always
return to a normal or more ncarly normal stat:.

Effect of DIDS on the barrier function of the membrane

The present study and many other data [35,36]
clearly indicate the crucial involvement of SH groups in
the barrier function of the erythrocyte membrane.
Equally reliable evidence is not availablc for amino
groups. In an attempt to deal with this probiem we
studied the effect of DIDS on tne permeability of
resealed ghosts. DIDS, well known as an inhibitor of
the anion exchanger (band 3) [37,38], is a potentially
bifunctional amino reagent. The covalent reaction in-
volves the two isothiocyano groups, which exhibit high
specifity for lysine residues (NH ,-groups), but can also
react with cysteine residues (SH groups) [37 39].

As exp d, DIDS ind no when
added to resealed ghosts, since essentially only one
exofacial amino-group of band 3 is modified under
these conditions [38). Effects of the agent on the cyto-

Ak-103 (min-1)

T w0

41 £1:7]
< ./
29 o7, 290 ./

L7

T T T T T
0 025 05 075 10 125
CONCENTRATION OF MODIFIER (mM}

Fig. 5. Concentration dependence of the effect of di
€. ) and DIDS (0) on the sucrose permeability of res
Modification at pH 7.4, *para’-procedure (see Methods). The effect
i. defined as the increase of rate cocfficients (34) on top of the
control (ky=(©.340.1)-10"* min~ 30). Numbers at curves
refer to the retention (S of controls) of the test solute by the
modified ghosts at different concentrations of the modifying reagents.
Points without numbers refer to 100% retention. Efflux at 0°C.
Fluxes and retention of sucrose measured as described in Methads.
Mean values from 2-6 experiments.

plasmic side of the membrane can only be studied by
entrapment of DIDS (‘para’), since it is impermeable.
As shown in Fig. 5, DIDS in fact produces leaks in
resealed ghosts and is about 6-times more effective
than diamide. Modification by DIDS also induced a
decrease of the retention of test solute to an extent
which was never scen after modification with diamide
(Table VI, Fig. 5). The DIDS-induced leak discrimi-
nates hydrophilic nonelectrolytes according to size (data
not shown). In its further characteristics the DIDS
induced leak flux is comparable to the leakiness in-
duced by ‘para’-treatment with diamide (Table VID.
In preliminary experiments it could also be shown,
that the formation of leaks by DIDS can be suppressed
by a short (2 min) preincubation of the erythrocytes
with low levels of NEM (0.6 mM, for details see Ref.
18). This suppression by NEM, an agent rather specific
for spectrin-SH groups under these conditions [32], and
a partial reversal of the leak formation by the reducing
agent DTE (Table V1) previde indications for a major
involvement of SH groups in the enhancement of per-
meability by DIDS. Surprisingly, determination of SH
groups revealed a decrease in SH groups by only 5%
after 8.07 mM DIDS (n = 2) as compared to 28% after
0.4 mM diamide (n = 2). Only very few endofacial SH
groups are thus mudified by DIDS, although we added
an excess of the reagent. These few groups seem to be
essential for the resealing process. in contrast, the
modification of amino groups by DIDS, which must



have occurred in parallel to SH modification [37,39),
does not seem to have a great influence on the reseal-
ing process.

In order to study the relevance of the bifunctionality
of DIDS for the formation of leakiness, we uscd the
str fly | {ogous but functional stifbene
derivative, SITS. As shown in Fig. 5, the cffect of SITS
on the sucrose leak flux of ghosts is somewhat lesser
than that of DIDS. Some selective crosslinking by
DIDS may thus be involved in the effect, although we
could not detect crosslinked proteins in gels from ghosts
treated with DIDS under our experimental conditions
(data not shown). In any case, effects of DIDS medi-
ated by modification of SH groups may deserve general
interest.

Carbodiimide protection of the membrane from
diamide-induced damage
The carboxyl group modifying carbodiiuide, EDC
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state of membraine SH groups. According to our results
two classes of leakiness induced by SH modification
may occur in the erythrocyte membrane: (1) leaks
produced by modifying the membrane in its ‘tight’
state (intact cells and resealed ghosts (‘post-proce-
dure)) and (2) leaks persisting after resealing of ghosts
already containing SH modified proteins (‘pre’-, ‘para’-
procedure). These two classes differ in some properties
but are similar in others. The major differences consist
in the extent of leakiness, the size selectivity and in the
sensitivity to alcohols, the major agreement in re-
veisibility by reducing agents and inhibition by
phloretin.

Leak formation in the native erythrocyte following
diamide t has been d [17] to oxidati
of skeleta! proteins SH groups in view of its suppres-
sion by mild selective alkylation of SH groups in these
proteins. Since a similar mild alkylation with NEM also

has recently been shown to induce extensive cross-
linking of erythrocyte membrane proteins by formation
of amide bonds [40). As one consequence of this cross-
linking the membrane is markedly rigidified and cell
deformability decreased {40]. In order to investigate
whether this crosslinking stabilizes the membrane
against damage by diamide, we used EDC-treated ery-
throcytes for experiments.

Pretreatment of intact erythrocytes with low levels
of EDC (5 mM, 45 min, 37°C, pH 7.4, medium B)
produces only minor leakiness by itself. The rate coeffi-
cients (k,X 10* (min~'), 0°C) of sucrose i d

pp! the impairment of resealing by diamide
(‘para’-procedure, see above) modification of skeletal

proteins is probably involved in this defect, too.
Altered interactions of membrane skeletal elements
with themselves and with the anchor proteins (ankyrin,
band 4.1) after modification of SH groups are well
documented [41-45). Ferturbations in the association
of skeletal elements with the biiayer domain are as-
sumed to induce changes of mechanical properties of
erythrocytes such as cell dcformability and membrane
stability [46,47]. A destabilisation of the lipid bilayer
after SH group modificatica by diamide is indicated by
dding of b vesicles {48], a loss of phospho-

from 0.34 + 0.1 (n = 30) lo 0 54 + 0t(n= 5) Interest-

lipid y [32), an ent of

ingly, EDC-pretr ditmil the transbil
of sucrose leak permeability (4k X 10* (min~")} pro- ;
duced by diamid during the ling pro-

mobility of phospholipids [49] and an en-
of the t permeability to hy-

drophobic ions which precedes leak formation (Deu-

cedure (‘para’-treatment) from 3.9 + 1.3 (n = 6) to 0.56
+0.24 (n=4). A similar prevention of diamide-in-

ticke, B., unpublished results).
A close correlation has been established in native

duced leakiness has been shown in EDC-p d eryth b the loss of barricr properties and
mtdcl erytt (D B., unpublish d results). h in the t mobility of phospholipid
fiminary results ind a similar suppression of after SH modification, ot least for the ‘tight state’ of

ledkmess for DIDS-treated cells.

This suppressive effect might be caused by a block-
age of SH groups by EDC, which would prevent their
reaction with diamide, in analogy to the effect of NEM
{17). This assumption could not be tested, since the
EDC-crosslinked membrane can no longer be solubi-
lized, which obviates reliable quantification of SH
groups by DTNB.

On the other hand, one might postulate that cross-
linking by EDC stabilizes the native conformation of
skeletal proteins against modification by diamide.

Concluding remarks
The data presented in this study d that

the membrane [21]. A similar correlation between the
patterns of effects of both, NEM and diamide, on
membrane stability [46] and on membrane barrier func-
tion (this work) can presently not be established. Di-
amide, for instance, increases and NEM decreases
membrane stability [46), while both impair resealing. It
would thus appear, that different SH groups, possibly
on different membrane skeletal proteins, control mem-
brane ground permeability and membrane stability.
Our new data arc in full agreement with our work-
ing hypothesis that leak formation following SH group
modification results from an extensive modification of
the sub b|Iayur skeletal protein mechwork which by

not only the barrier function of the native membrane
itself but also its recovery ofter lysis depend on the

leads to fl ing per-
mrbatmns of the integrity of the bilayer domain (lipid
plus integral proteins) [17,36,50).
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