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Spectrin-dcplcted inside-out vesicles (1OV's) prepared from human crythrocyte membranes were characterized in terms of size, 
ground permeability to hydrophilic nonelcctrolytes and their sensitivity to modification by SH reagents, DIDS aud trypsin. IOV's 
proved to bgve the same permeability of their lipid domair= to erythritol as native erythrocytcs, in contrast to rcscalcd ghosts 
(Klonk, S. and Deuticke, B. (1992) Biochim. Biophys. Acta t 106, 126-136 (Part i in this series)), which have a residual leak. On 
tire other hand, IOV's have a slightly elevated pcrmcability for mannitol and sucrose, nonclectmlytcs which are almost 
(mannitol) or fully (sucrose) impermcant in the nativc membrane. These increased fluxes, which have a high activation energy 
and can be stimulated by phlorctin, arc, however, also much smaller than the corresponding leak fluxes observed in rcsealcd 
ghosts. In view of these differences, formation of IOV's can be concluded to go along with partial annealing of barrier defects 
persisting in the crythrocyte membrane after preparation of rcsealed ghosts. Oxidation of SH groups of the IOV membrane by 
diamidc produces an enhancement of permeability for hydrophilic nonclcctrolytes which is much less pronounced than that 
induced by a similar treatment of crythrocytes or ghosts (Klonk, S. and Deutickc, B. 11992) Biochim. Biophys. Acta 1106, 
126-136 (Part I in this series)). Moreover, proteolytic treatment of the vesicle membrane, although leading to a marked digestion 
of integral membrane proteins, only induces a minor, saturating increase of permeability, much lower than that in trypsinizcd 
resealed ghosts (Klonk, S. and Deuticke, B. 11992) Biochim. Biophys. Acta 1106, 137-142 (Part I t  of this series)). Since absence 
of the cytoskeletal proteins, spcctrin and actin, is llte atajor difference between IOV's and resealed ghosts, these results may be 
taken as further evidence for a dependence of the barrier properties of the erythrocyte membr~ae bilayer domain on its 
interaction with cytoskeletal elements, In contrast, these barrier properties seem to be rather insensitive to perturbations of 
integral proteins. 

Introduction 

Resealed inside.out vesicles are formed when un- 
sealed erythrocyte ghosts are incubated in Mg2+-free 
alkaline buffer of very low ionic strength [1]. In the 
course of this treatment the membrane loses a major 
fraction of its skeletal proteins (speetrin, actin), which 
provides for the change of spontaneous curvature re- 

Abbreviations: BANA. N"-oenzoyl-L-arginine-4-aitroanilide hydro- 
chloride; diamide, diazenedicarboxylic acid bis(dimethylamide); 
NEM, N-ethylmaleimide. 
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quired for extroversion of the cytoplasmic membrane 
surface. Such vesicles are interesting tools for the study 
of certain aspects of transport mechanisms based on 
the activity of integral proteins. 

An important prerequisite for transport studies with 
inside-out vesicles is the restoration of the original 
barrier Junction of the membrane. For the purpose of 
ion (for references see Ref. 2) and glucose transport 
studies 13] vesicle Inenlbranes may in fact be assumed 
to be tight barriers. Detailed studies about the basal 
barrier l~roperties, however, are not available to the 
best of our knowledge. This report presents a study of 
the permeability of reseale,i inside-out vesicles to hy- 
drophilic nonelectrolytes, some of which are imperme- 
ant, others permeant in the original erythrocyte mem- 
brane. 
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Moreover, since inside-out vesicles are completely 
devoid of spectrin and actin they could be used to 
study the molecular basis of membrane leakiness in- 
duced by modifiea~'ion of membrane proteins with SH 
oxidizing agents and by limited proteolysis. In compan- 
ion papers [4,5] we have examined the influence of 
such treatments on the barrier properties of the mem- 
brane of resealed ghosts and on the resealing after 
osmotic lysis. 

Materials and Methods 

Materials 

Fresh 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 UIm) or Sigma 
(Munich). 

14C-labelled tesl. pt:rmeani.,, (erythritol, mannitol, su- 
crose, inulin) were from Amersham-Buchler (Braun- 
schweig). Trypsin (3.5 U / m g ,  substrate BANAl was 
from Merck (Darmsta~th phloretin from Carl Roth 
(Karlsruhe), diamide from Calbiochem (Frankfurt), 
cytochalasin B from Sigma (Munich) and NEM from 
Fluka (Neu UIm). 

Methods 

1. Preparation of  cells 
Fresh human blood anticoagulated with citrate and 

stored at 4°C in a conventional storage medium con- 
taining glucose (20 raM) and adenine (25 p.M) was 
used tor experiments within the following 10 days. 
Erythrocytes were isolated by centrifugation (5750 x g, 
5 rain). After removing plasma and buffy coat, ',he 
erythrocytes were washed three times ir~ an excess of 
isotonic NaCI and packed at 5750 :,< g for 5 min. 

2. Preparation o f  inside-out resicles 
Sealed inside-out vesicles were prepared according 

to Steck and Kant [1] with some modifications. Washed 
cells were suspended in one volume of 51 mM sodium 
phosphate buffer (pH 7.7-8.0). I wlumc of this sus- 
pension was rapidly mixed with 8.5 vols. ice-cold lysis 
buffer (5.1 mM sodium phosphate, pH 7.7-8.0). The 
lysate was stirred for 15 min at 0°C. Subsequently the 
unsealed ghosts were pelleted by eentrifugation (32(100 
x g, 10 rain, 0°C) and washed three times with ice-cold 
lysis buffer to remove all residual hem~globin. To 
initiate vesiculation and to load the vesicles with test 
permeants i vol. of unsealed, white ghosts was mixed 
with 2 vols. 0.5 mM sodium phosphate buffer (pH 9.7) 
containing various laC-labeled hydrophilic nonelec- 
trolytes (erythritol, mannitol, sucrose, inulin, 100 
nCi/ml)  and 2 mM of the unlabeled nonelectrolyte 

(0.1 mM in case of inulin). The pH was adjusted to 
8.2-8.4. After 1.5 hours incubation at 0°C tollowed by 
0.5 h at 37°C the vesicles formed were pelleted by 
centrifugation (32001)×g, 15 min, 0°C). After remov- 
ing the supernatant, the pellet was homogenized by 
vigorous vortexing [6]. The vesicles were washed twice 
with 0.5 mM sodium phosphate buffer (pH 8) and 
immediately used for measurements of permeability. 

3. Characterisation o f  inside-out resicles 
The sidedness of vesicle preparations was deter- 

mined according to Steck and Kan~ [1] by measuring 
the activity of the exofacial marker enzyme acetyl- 
cholinesterase. 

Protein contents was measured by the assay of Lowry 
[7], lipid phosphorus according to Bartlett [8]. Mem- 
brane SH groups were quantified with dithiodipyridine 
as described earlier [9]. When determinatien of lipid 
phosphorus was intended, we used Tris buffer for the 
preparation of vesicles [1]. The volume trapped be- 
tween the packed vesicles was determined by isotope 
dilution of an impermeant probe ([14C]inulin) [10]. 

Electrophorcsis was carried out according to Fair- 
banks et al. [11]. After Coomassie blue staining the gels 
were scanned at 546 nm using an ISCO gel scanner 
(Mode 1310). 

4. Mea:~urements of  penm, ability 
Tr~cer efflux was initiated by suspending 1 vol. 

tracer-loaded vesicles in 10 vols. tracer-free sodium 
phosphate bt,ffer (0.5 mM, pH 8). At various times 
300-/.Li ~ u'aples were centrifuged (32000 ×g ,  10 rain, 
0°C) and the radioaetivities in the supernatants mea- 
sured. Rate coefficients were obtained by linear regres- 
sion analysis as described in a previous paper [4]. As a 
measure for the yield of tight vesicles after membrane 
modification, we determined the retention of test so- 
lute as described earlier [4]. 

Results derived from three or more experiments 
(n >__ 3) are given as mean values _+. S.D., for n < 3 
arithmetic means are presented. 

.~. iv~odff}cation of  inside-out resicles 
After 30 min incubation of vesicle': at 37~C modify- 

ing reagents, dissolved in sodium phosphate buffer (0.5 
mM, pH 8), were added to the vesicle suspension 
(desired concentrations see Results). After further in- 
cubation at 37°C the vesicles were washed at 0°C and 
used for el'flux measurements as usual. 

Results 

Characteristics o f  inside-out resicles 
Vesicles prepared by tile simple procedure de- 

scribed in Methods were oriented it~ide-out to about 



65 + 6% (n = 30) as indicated by the inaccessibility of 
acetylcholinesterase to acetylthioeholine in the absence 
of Triton X-100. The remaining 35% membrane mate- 
rial consist of unsealed vesicles, since resealing with 
right-side-out orientation is not possible in the absence 
of magnesium ions [1]. Further indication for this as- 
sumption is given by the complete tryptic cleavability of 
ankyrin, reported later in this paper. These unsealed 
vesicles do not disturb our efflux measurements since 
they are unable to trap test solutes. 

The preparation of inside-out vesicles results in a 
decrease in membrane protein content (rag protein/  
tzmol lipid phosphorus) from 1-1.1 in native cells [12] 
to 0.75 (n = 2), The decrease of protein contents is 
caused by the rapid and complete removal of extrinsic 
proteins, predominantly spectrin (bands 1 and 2) and 
aetin (band 5) during vesicle preparation [13-15]. 

The vesicle diameters, obtained by scanning elec- 
tron microscopy, arc distributed symmetrically and 
range from 0,38 to !.17 p.m with a mean value of 
1.05 + 0.32 tzm (n = 75) (for details see Ref. 16). Since 
the vesicles collapsed on the slide in the course of air 
drying, the observed diameter should be slightly larger 
than the real diameter. Based on geometric considera- 
tions a real mean diameter of the spheric vesicles of 0.7 
p m  could be calculated from the measured mean di- 
ameter of i.05 of the collapsed spheres. Sze and 
Solomon [17] reported an average measured diameter 
of 0.93 + 0.23 p.m, which agrees with our measure- 
ments. 

Ground permeability o f  inside-out cesicles 
In order to characterize the barrier properties of 

inside-out vesicles, permeabilities for a number of  non- 
electrolytes were derived from efflux measurements. 
Moreover, we determined the activation energies and 
the sensitivity to phloretin. Test permeants were 
(Stokes-Einstein radii in nm [18]): erythritol (0.36), 
mannitol (0.42) and sucrose (0.52). 

The time course of release of entrapped erythritol 
attd mar.nitol from inside-out vesicles at different tem- 
peratures i~ shown in Fig. 1. In this semi-log presenta- 
tion the data can be fitted by single exponentials. In 
the case of erythritol, cytoehalasin B was added to the 
efflux medium (I0 pM)  to inhibit the glucose trans- 
porter, which is still active in vesicles [3,17]. Erythritol 
fluxes measured in presence of the inhibitor can be 
regarded as simple diffusion, reflecting the ground 
permeability [4]. 

In Table ! rate coefficier:ts are listed for the efflux 
of erythritol, mannitol e, nd sucrose at different temper- 
atures. At 0°C the vesicles are impermeable to sucrose 
and mannitoi, while a ineasurable release of eryihritol 
is observed. Upon elevation of the effiux temperature 
to 37°C a slow release of sucrose becomes measurable, 
mannitol efflux is well measurable, whereas the efflux 
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Fig. I. Release of hydrophilic nonelectrolytes from inside-out vesicles 
at different temperatures. Time course of efllux measured as de- 
scribed in Methods. (Panel A) Erythritol (in presence of |0 ~,M 
¢ytochalasin B), (Panel B) mannitoL (Note different ordinate scales!) 

of erythritol becomes too rapid for our method already 
at 30"C. 

The activation energies, derived from Arrhenius dia- 
grams (In k versus 1 / T  (K-  I)) are quite similar (about 
100 kJ tool- i )  for erythritol ( T =  0°C-30°C) and man- 
nitol (T = 15°C-37°C (Fig. 2). This value suggests diffu- 
sion through the lipid domain of the membrane [19]. 

In order to further substantiate that the permeation 
of the test permeants through the vesicle membrane 
involves the lipid domain we measured the release of 
test permeants in the presence of phloretin. Phloretin 
(3-(p-hydroxyphenyl)-2,4,6-trihydroxypropiophenone), 
known as an inhibitor of many carrier-mediated trans- 
ports, also stimulates diffusion of nonelectrolytes 
through the lipid domain of membranes [19-22]. We 
found a progressive enhancement of the release of 
mannitol and sucrose at increasing levels of phloretin 

TABLE ! 
Grotmd I~'nneability of inside.out cesicles at different temperatures 

Efflux rate coefficients (ko × 103, rain-i) of various test solutes at 
several temperatures. Number of experiments in brackets, n.d, not 
determined. 

Test solute k 0 × 103 (min - t ) ,  T 

0PC 30eC 37°C 

Erythriiol 1,56+0.03(4) 75.8(2) 201 * 
Mannitol 0,016 * 1.5 (2) 3.82±0.82 (9) 
Sucrose n.d. n.d. 0.63 + 0.4 (9) 

• Values derived from extrapolation of Arrhenius diagrams, 
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Fig. 2. Arrhenius diagram for the ground permeability of inside-out 
vesicles to erythritol {el and m;mnitol (o). Fluxes were measured as 
described in Methods. Numbers in brackets are activation energies 
{k J/moll. calculated from the slopes of the lines {regression analysis). 
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Fig. 3. Stimulation, by phloretin, of mannitol (o) and sucrose (e) 
efflux from inside-out vesicles. Changes described under the assump- 
tion of a mulliplieative amplification of an existing pathway 
(kphlorctin/ko)" ko mannih,l m (3.8±0.8)- 10- 3 min- t (n = 9): k ,.c ,¢ 

= {0.63±0.4). 10 - 3 rain - I (n = 9). Fluxes measured at 37°C. 

(Fig. 3). A s t imulat ion of  similar magn i tude  was  previ- 
ously r epor t ed  for  the  inflt=ence of  phlore t in  on  the 
permeabi l i t ics  o f  h u m a n  red cells to 2 ,3-butanediol ,  
p rop ionamide  a n d  e thylene glycol [21,22]. 

Modification with cot'alently reacting reagents 
T r e a t m e n t  o f  native e ry throcyte  o r  ghost  mem-  

b ranes  with diamide,  a mild SH oxidizing reagent ,  
induces  crossl inking of  spectr in  by format ion  o f  inter- 
monomer i c  disulfide bonds  [4,23,24] a n d  fu r t he rmore  
oxidizes abou t  45% of  the m e m b r a n e  SH groups .  This  
modif ica t ion is para l le led  by a n  e n h a n c e m e n t  o f  the 
permeabi l i ty  to hydrophi l ic  nonelect ro lytes  [4,23]. A 
causal  re la t ionship  be tween  crossl inking o f  spectr in  

and  e n h a n c e m e n t  of  permeabi l i ty  has  been  c la imed 
[23] bu t  not  firmly establ ished.  

Surprisingly it p roved  to  be  impossible to induce a 
comparab l e  e n h a n c e m e n t  o f  permeabi l i ty  in inside-out  
vesicles with d iamide  (Table i l l ,  t hough  the  extent  o f  
SH g r o u p  modif icat ion was  the same in ghosts  nnd 
inside-out  vesicles (about  45%).  W e  observed only a 
minor  increase  of  permeabi l i ty  even at  high levels o f  
d iamide.  

in the unmodi f ied  vesicle m e m b r a n e  the passive 
diffusion o f  mar,  nitoi and  erythr i tol  is marked ly  tem-  
p e r a t u r e - d e p e n d e n t  (E~ about  100 k J / m o l ,  Fig. 4). In 
cont ras t ,  the d i amide - induced  permeabi l i t ies  to these 
test solutes have a low t e m p e r a t u r e  dependence  (E,, 

TAELE II 

Formation of membrane leaks by diamide hi blside-oat t'esicles 

Leaks quantified by the rate co=fficieuts (k × 10"~ rain :} of cffiux of various test solutes. Concentration of diantide (45 rain. pH 8. 37°C) and 
temperature of efflux are given in the table. Further experimeulal details as described in Methods. Number of experiments in bravkets. Data of 
rescaled ghosts are given for comparison. 

Test solutes Diamide T~mu~ k × 10 3 {min - t ) 
{raM) {°C) inside-out vesicles resealed ghosts 

Etythritol 0 0 1.56 + 0.03 (4) I.lr) ± 0.03 (12) 
Ill 0 4.37 (2) 21.0 (2) 

Sucrose 0 0 <0.1 (6) 0.34 ±0.1 (3ill 
5 0 <0.1 (2) 1.15+0.3 (5) 

10 0 < 0.1 (2) 1.20 (I) 
0 37 0.63±0.4 ('-)) 0.74±0.1 {3) 
5 37 0.65 (2) 2.5 (2) 

10 37 1.18±0.1 (3) n.d. 
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Fig. 4. Arrhenius diagram for diamide-induced (tO mM, 45 rain, 
370C. pit 8) mannitol leak permeability in inside-oat vesicles. The 
diagram fi~r unmodified inside-out vesicles (from Fig. 2) is given for 
comparison. Fluxes were measured as de~ribed in Methods. Num- 

bers in brackets are activation energies (kl/mol) (see Fig. 2). 

about 21 kJ /mol  (Fig. 4). This corresponds to the 
activation energy of diffusion of noneleetrolytes in bulk 
water and identifies the small leak formed by diamide 
in vesicles as an aqueous pathway [23]. 

Similar results were obtained for NEM (Table III), 
which did not produce a detectable leak in resealed 
ghosts [4] and erythrocytes [23]. 

In a preceding paper  [4] leak formation could be 
induced in ghosts by DIDS acting on the cytoplasmic 
side of the membrane after addition to open ghosts 
before resealing. As shown in Table Ili, treatment of 
inside-out vesicles with DIDS does not enhance per- 
meability although the originally cytoplasmic surface of 
the membrane was exposed to the agent. 

TABLE III 

Teml~,ramre dependence of noneh'ctrolyte fluxes in inside-out i'esicles 
before and after coralent memhram" modification by rarious ag~lts 

Rate coefficients of munnitol efflux (k × 10 "~, rain-t}. M~dific::!ion 
carried out as described in Methods. E~ values calculated from 
Arrhenius diagiams. Number of experin~ents in brackets, n.d.. not 
determined. 

Reagent k × 111 "~ (min- t), 1. E. 
0oc 2rooc 30oc (k J /  

mol) 

None 0 0.3(2) 1.5 (2) 107 
Diamide 

l0 raM. 45 rain 1.35 ± 0.18 (4} 3.3 (2) 6.49 (2) 21.5 
NEM 

t0mM. 45min 5.33 (2) 6.8(I) 9.5 (2) 10.0 
DIDS 

0.2-0.5 raM,45 min 0 (2) 0 (2) n.d. 

A B C 
Fig. 5. SDS.polyacPylamide gel electrophoretograms of tupsin-di- 
gested inside-out vesicles (B, C). For comparison• gel of unmodified 
inside-out vesicles (At is given. Trypsin concentra~ioP~ q.t2.~ f~) and 
0.5 (C) tzg/mL Nomenclature of peptide bonds in the SDS-PAGE 
gels (Coomassie staining) according to Ref. 32. Differences in inten- 
sitiy of band 6 and 7 result from different amounts of protein put on 

the gels. 

hzfluence o f  trypsination on inside-out L, esicles 
Spectrin- and actin-free inside-out vesicles could 

also be used to study the origin of trypsin-induced leak 
formation in ghost membranes [5], since they allow to 
decide wether cleavage of spectrin or of intrinsic pro- 
• :eins is responsible for the enhancement of permeabil- 
ity. 

Tryptic treatment of the outward directed surface of  
inside-out vesicles (Fig. 5, lane B and C) induced ~ 
complete degradation of all proteins in the range of 
200 kDa, mostly ankyrin (band 2,11. This complete 
degradation of ankyrin is evidence for the absence, 
postulated above, of rescaled right-side-out vesicles in 
our  preparation. Moreover, band 3 (95 kDa) was de- 
graded in the membrane of inside-out vesicles as evi- 
dent from the decrease in staining intensity in the 
range of 95 kDa in parallel with the appearance of the 
membrane-bound tryptic 52 kDa residue of band 3 
[25,261. 

Trypsination of inside-out vesicles enhances the rate 
of sucrose exit. Normalized to the ground permeability, 
trypsin (0.5 ~ g / m l )  induced a 15-fold enhancement of 
sucrose permeability at 37°C. This effect of trypsin 
saturates with concentration (Fig. 6) since increasing 
the trypsin concentration above 0.5 izg/ml  did not 
further enhance permeability. The same was true for 
prolongation of the incubation titac from 15 to 30 rain 
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Fig. 6. Concentration-dependence of the effect of tupsin on sucrose 
permeability of inside-oat vesicles. The effect is defined as the 
increase of rate coefficients (Ak)on top of the control (k o = (0.63± 
0.4)'10 -3 rain - j  (n=9) ) .  Efflux at 37°C. Fluxes were measured as 

descibed in Methods. Mean values from 3-5 experiments. 

of test solute trapped in untreated vesicles (or ghosts) 
(for details, see l~:ef. 5). in case of ghosts, we found a 
diminished retention after trypsin modification [5] 
which was assigned to complete destruction of part of 
the ghosts during the modification period. 

The activation energies for the trypsin-induced per- 
meabilities of mannitol and sucrose inside-out vesicles 
are about 65-75 kJ/ruol (data not shown). 

Discussion 

Sealed inside~aut vesicles are formed by endocytosis 
in fresh, well-washed ghosts following incubation in an 
alkaline buffer of low ionic strength and lacking diva- 
ler.t cations. Their high surface area to volume ratio 
provides the possibility to derive very low permeabili- 
ties from measurements of fluxes with rate coefficients 
of reasonable magnitude. 

at high trypsin concentrations. Such saturation might 
be caused by self-digestion (autolysis [27]) of the trypsin. 
This interpretation was excluded by repeated addition 
of fresh, concentrated trypsin solution. Even then, no 
further enhancement of permeability could be ob- 
served (data not shown). 

Experiments with inulin-loaded vesicles sdpport the 
view that the trypsin-induced release of trapped solutes 
is not due to lysis of a fraction of vesicles~ but to the 
formation of a leak pathway. After trypsin treatment 
even up to 5 #g /ml ,  which induced a saturating en- 
hancement of sucrose permeability, inulin was not re- 
leased (data not shown). 

Further indication for the concept of a formation of 
defined leaks, rather than a destruction of a fraction of 
vesicles, is provided by the complete retention of 
trapped marker after the washing procedure (for meth- 
ods, Ref. 4). Tire reterttion of test solute is defined 
here as the amount of the test solute retained by 
modified vesicles (or ghosts) relative to the total amount 

Transport  propert ies  o f  inside-out  t~sicles 
In order to characterize the 'ground permeability' of 

inside-out vesicles, data obtained in this study are 
compared in Table IV with results available for ghosts 
and erythrocytes [4,23]. Results are expressed in per- 
meabilities calculated according to Ref. 4. 

In the case of erythritol, the permeabilities are 
essentially the same in all three systems. The high 
activation energy of 79-90 kJ/moi indicates diffusion 
through the lipid domain. 

in the case of mannitol differences become evident 
between ghosts and vesicles (Table IV). Ghosts seem to 
have a defect in their membrane with the character- 
istics of an aqueous pore, as indicated by the low 
activation energy of the leak fluxes [4]. This effect 
seems to have vanished in the vesicles. The low perme- 
ability of vesicles to mannitol is only slightly hi~;her 
than that of intact erythrocytes [28[. This 'leak' is most 
probably due to a permeation through the lipid do- 
main, a~ indicated by the high activation energy and 

TABLE IV 

Comparison of  permeabitities arid actil'ation ou, rgies for different u, st sohaes in intact eo,throcytes, ghosts and inside.onl i'esicles 

Permeabilites calculated as described in the text. Ac',ivation energies were derived from Arrhenius diagrams. Data for erythrocytes atld ghosts 
from Refs. 4 and 23. Effiux measurements at 15°C. Number of experiments in brackets. For ghosts and inside-out vesicles, volume iV) and 
surface area (A) were calculated from the radius, determined by microscopy (see Ref. 4, and Results). 

Test solute Membrane I /  .4 k o x 10 3 P x |010 E+, 
system (pm ++) (,~m 2) train- ~) fern/s) (k J/mul l  

Enjthritol erythroc~tes 95 140 4.13 29.5 9() 
ghosts 51 140 5.5 33. I 79 
inside-out "vesicles 0.18 1.54 12.2 23.2 92 

Mannitol ewthrocytes 95 140 0.02 * 0.15 * 108 * 
ghosts 51 140 1.23 7.38 20.7 
inside-out vesicles 0.18 1.54 0.15 0.28 107 

• Calculated from data of Ref. 28, assuming an activation energy of 108 IO/moL 



the stimulation by phloretin, and is in line with the 
slight enhancement of the transbilayer mobility, in in- 
side-out vesicles, of the phospholipid probe, lysophos- 
phatidylcholine [29]. This residual enhancement of per- 
meability might be due to bilayer perturbation follow- 
ing the aggregation of integral membrane proteins re- 
ported to occur in inside-out vesicles under some 
[13,30], though not all [31] conditions. 

A decrease of membrane permeability clearly occurs 
between the ghost state and the vesicle state. The 
change of curvature during vesicle formation is proba- 
bly not involved in this effect since the vesicles have 
still a mean radius of about 0.35 p.m, not likely to 
impose constraints on the bilayer [32]. it is tempting to 
speculate that the removal of sl~ectrin and actin in the 
course of vesiculation leads to a tighter sealing, in 
terms of the concept of a single, discrete hole in 
resealed ghosts [33], which is an alternative to our 
hypothesis of floctnating detects in the ghost mem- 
brane bilayer, the normalisation of permeability ac- 
companying vesicle formation could also result from 
the confinemznt ;,f this discrete defect to only one of 
the large number of vesicles produced from one ghost. 
A distinction between these two concepts will have to 
await the final characterisation of the 'holes'. 

In contrast to the vesicle data, which suggest a 
decrease of permeability following the remoral of spec- 
trin during preparation of inside-out vesicles, we have 
shown that an enhancement of permeability results 
from tryptic clear'age of membrane skeletal elements in 
resealed ghosts (see the preceding paper, Ref. 5). Re- 
moval of spectrin and actin by elution in Mg2+-frce 
medium and proteolytic cleavage of these proteins in 
situ are obviously not directly comparable in their 
consequences. In the former case, which leads to vesi- 
cle formation, the two skeletal proteins are removed 
while the anchor proteins (ankyrin and band 4.1) stick 
to the membrane [13-15]. in the latter case, which 
produces leaks in ghosts, skeletal and anchor proteins 
are cleaved, but it is presently unknown wether the 
skeletal elements are still linked to the membrane by 
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the anchor proteins in spite of a scission in their 
peptide backbone, or are removed. 

Sensiticity o f  spectrin-depleted dlside-out resicles m di- 
amide 

Crosslinking of spectrin by diamide has been claimed 
to be responsible for diamide-induced leakiness of 
erythrocyte or ghost membranes [4,23]. Vesicles lose 
essentially more than 95% of their spectrin during the 
vesiculation process. In parallel they become much less 
sensitive to diamide, although some leakiness can still 
be induced. Expressed in terms of permeabilities, 5 
mM diamide (pH 8, 45 rain, 37°C) enhances erythritol 
permeability (at 0°C) by 8 .15 .10-m c m / s  in inside-out 
vesicles, to be compared with i18 .10  -"j  c m / s  in 
ghosts. This small diamide-induced leak in vesicles 
seems, nevertheless, to be based on the formation of 
aqueous holes, as indicated by the low activation en- 
ergy of leak fluxes. The lack of effect of diamide in 
vesicles devoid of spectrin and actin may be regarded 
as evidence for a major involvement of these proteins 
in the leak formation following diamide treatment in 
resealed ghosts and native erythrocytes. Alternatively, 
one would have to speculate that modification, by 
diamide, of proteins present [n both systems induces 
different types of secondary changes in vesicles as 
compared to ghosts, leading to leak formation in the 
lipid bilayer of ghosts but not of vesicles. 

The lack of effect of  DIDS in the vesicle system 
probably points to an involvement of  spectrin in the 
effect of DIDS in the ghost system. On the oiher hat,,J, 
it should be considered, that in the ghost system DIDS 
was already present prior to and during the resealing, 
while in the vesicle system the modifier was added only 
after the formation of resealed vesicles. One could thus 
define DIDS as a modifier of resealing and not of  the 
barrier function of the tight membrane. 

Sensitivity o f  inside.out ~'esicles to trypsin 
In the preceding paper [5], we reported an increase 

of leakiness to sucrose in parallel with tryptic digestion 

TABLE V 
Coml~arison of Irypsin-illdnced t.nhmxetnent O[ l~,rmeability for different t,'sl sohltes hi ghosts and hlsidt,.¢gtt i't, sicles 
Permcabilities calculated as described in the text. Activation enerl;ies (!urived from Arrhenius diagrams 123-37°C). Note that different trypsin 
concentrations were used in thw two preparations, k values arc given for 0°C, based on measurements (gilosls), respectively, calculated from 
Arrhenius plot (inside-out vesicles). 

Test solute  Membrane Trypsin V A k × 103 P × IO ui Ell 
system (ng/ml) (p.m :~) (pro") (mln - I ) (cm/s) (k.l/mol) 

Mannitol ghosts 160 51 102 ~ 1.46 I 1.8 n,d. 
insldc-mll vesicles 500 0.18 1.54 0.86 1.6 = 65 

Sucrose ghosts 160 51 102 * 0.91 7.55 0 
inside-out vesicles 501) 0.18 1.54 0.15 0.28 = 75 

* For a discussion of the choice of this xalue, sue the preceding paper [5]. 
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of  ghost  m e m b r a n e  proteins .  These  s tudies  had  to be 
restr ic ted to low trypsin concent ra t ions ,  since the onset  
o f  vesiculat ion o f  ghosts ,  caused  by digest ion of  spec- 
trin,  obvia ted  quanti tat ivt ,  efflux measu remen t s  a f te r  
more  extensive t rypsinat ion.  Measur ing  fluxes a f te r  
t rypt ic  digest ion posed  no  exper imenta l  p rob lems  in 
spec t r in -dep le ted  inside-out  vesicles. We found  no  de-  
c rease  in the re ten t ion  of  t r apped  test  solute.  

Trypt ic  t r ea tmen t  o f  inside-out  vesicles induces  
drast ic  c leavage o f  m e m b r a n e  proteins.  The  induced  
leakiness,  however ,  is cons iderably  smal ler  than  in re- 
sealed ghosts  a n d  also differs in size discr iminat ion and  
activation energ ies  (Table V). 

Since speetr in  is not  present  in these vesicles, its 
proteolyt ic  c leavage can  not  be the reason  for  the 
leakiness.  Moreover ,  t rypsin does  not  cause  vesicula- 
t ion in this system, there fore  leakiness can  not be 
re la ted  to this p h e n o m e n o n .  By exclusion we have 
there fore  to pos tu la te  tha t  enzymat ic  c leavage o f  in- 
tr insic pro te ins  causes  leakiness of  inside-out  vcficles. 
it  appears ,  however,  tha t  a major  protcolyt ic  c leavage 
o f  lhese proteins ,  probably  of  the i r  cytoplasmic do- 
mains,  has  to occur  before  the m e m b r a n e  begins to 
lose its ba r r i e r  p roper t i e s  (see Fig. 5). 

Genera l iz ing ,  the hypothesis  can  be fo rmula ted  tha t  
even major  modif icat ions  of  intrinsic m e m b r a n e  pro-  
teins, by chemical  o r  enzymat ic  t r ea tment  will not  
impai r  the  ba r r i e r  funct ion of  the m e m b r a n e  to any  
extent  comparab l e  to, tha t  resul t ing f rom cer ta in  al ter-  
a t ions  o f  the m e m b r a n e  skeleton.  
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