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Involvement of cytoskelctal proteins in the barrier function
of the human erythrocyte membrane.
I1. Formation of membrane leaks in ghost membranes
after limiced proteolysis of skeletal proteins by trypsin
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Limited p lysis of human cryth ghost membranes by low levels of trypsin (10-240 ng/ml) added bilaterally at (°C
together with the i inhibitor, p 1 Isull fluoride (PMSF) before rescaling at 37°C leads to a graded digestion
of spectrin and ankyrin and the dlsappcdmncc of band 4.1 protcm, while band 3 is clcavcd only to a very low extent. These
alterations arc accompanicd by an increasc of p bility of the rescaled ghosts to hydrophilic 1 1
{crythrito! to sucrose), taken to reflect i ired fing. M , the t begins to vesicul Shcdding of vesicles
dunng the cfflux can not be ible for the increased relcase of test solutes, since the ghosts do not loose

lobin and discrimit the 3! 1 ding to their size. Morcover, the vesiculation site itself does not scem to
act as the leak site, since ghosts prepared from eryth p d with a carbodiimide which induces membrane
rigidification still exhibit a p d protein degradation and vesi ion whilc the bility cnk induced by
trypsination is markedly d. The trypsin-induced leak has the properties of an aqueous pnrc as mdlcalcd besides size

by its inhibition by phlorctin and the very low activation energy. In analogy with ped in the
paper (Klonk, S. and Deuticke, B. (1992) Biochim. Biophys. Acta Il(}6 126-130 (P.m I in this scries)) the impaired rescaling
after limited proteolysis is assumed to be related to a pi of i of skeletal el with
themselves and /or with the bilayer domain constituting the permeability barrier,

Intreduction Materials and Methods
In the preceding paper [1] leaks formed in resealed
ghosts after covalent modification of membrane SH Materials
groups at various stages of ghost preparation were
igned to altered interactions of modified membrane Fresh human blood from healthy donors was ob-
keletai el with themselves or with the bilayer. tained from ihe iocal blood bank. Standard chemicals
l“ the present _paper limited  tryptic cleavage of and compounds used as test permeants were froin
erythrocy p is exploited to subst: Merck (Darmstadt), Fluka (Neu Ulm), or Sigma
tiate the infl of,, ins at the cytoplasmic mem- (Munich),
brane surface on membrane resealing and on the bar- HC-labelled test permeants (erythritol, mannitol, su-
rier properties of the rescaled membrane. crose, inulin) were from Amersham-Buchler (Braun-

schweig). EDC and trypsin (3.5 U/mg, substrate:
BANA) were from Merck (Darmstadt), phloretin from
Carl Roth (Karisruhe), PMSF from Serva (Heidelberg).

breviati BANA, N*by yl-L-arginine-4-nil ilide hydro-
chlondu. DMSO. dlmcihylsulfo\lde FDC‘ I-ethyl-3-(3-dimethyl-
MSF,
nyl fluoride. Methods

Correspondence: B. Deuticke, Institut fiir PhV*IOIOIIIB. Medizinische N .
Fakultiit, Rheinisch-Westfilische Techni Auchen, Preparation of resealed ghosts was carried out as

Pauwelsstrasse 30, D-5100 Auchen, Germany. described in the preceding paper [1].
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1. Treatment of ghosts with trypsin

Trypsin (final concentrations 0-240 ng/ml suspen-
sion i.e. 0-0.84 U/ml) was cquilibrated with open
ghosts during the period of loading with labeled test
permeants at 0°C (see companion paper). After 15 min
equilibration at 0°C the trypsin inhibitor PMSF (dis-

membrane proteins intact. In contrast, substantial pro-
teolysis after endofacial trypsination has been demon-
strated by many investigators, aithough the time courses
and cleavage patterns considerably diverge as a func-
tion of cxperimental details [S-10). In our studies pro-
teolysis from the internal side of the membranc was

solved in a small volume DMSO, final rat
0.8 mM) was added. After further 10 min isotonicity
was restored as usual. Membrance proteolysis remains
limited due to autoinactivation of trypsin {2] and inhibi-
tion by PMSF. Efflux mecasurements were carried out
as described in the companion paper {1].

2. Polyacrylamide gel electrophoresis

Samples for electrophoresis were prepared by solu-
bilisation of 0.9 volumes packed membranes with (.1
vol. of 20% (w/v) SDS followed by addition of sucrose
(100 mg/m!) and heating for 1 min at 100°C. Elec-
trophoresis was performed according to Fairbanks ct
al. [3], using rod gels containing 5.0% acrylamidc, 0.1%
N,N-methylene-bisacrylamide and 1.0% SDS. Gels
were stained with Coomassie blue. A marker kit (Fluka)
was uscd for determination of molecular weights.

Results and Discussion

Infl of trypsin

tide pattern of resealed ghosts
Treatment of intact erythrocytes or resealed ghosts

with trypsin externally is well cstablished to clcave

glycophorin A [4] while leaving all the other major
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Fig. 1. C¢ ion d of the

hicved by introducing trypsin and a trypsin inhibitor
(PMSF) into the open ghosls at 0°C before reconstitu-
tion (for details sec Methods). Limited pr lysis oc-
curs under these conditions duc to autoinactivation of
trypsin [2] and the dclayed action of the inhibitor.

As a conscquence of this type of proteolysis, the
time course of protein cleavage can be rather well
resolved (Fig. 1), In line with carlier obscrvations [5]
both monomers of spectrin (band 1 and 2 (molccular
mass 240 /220 kDa)) are degraded. In contrast to other
studics [8] the B subunit (band 2) was more sensitive
towards trypsin than the a subunit. Owing to the use
of a trypsin inhibitor (see Fig. 2) scveral new bands,
differing in molecular mass by d of about 10
kDa, appear in the region of 120-200 kDa. This pat-
torn was docunicated carlier for the tryptic digestion of
isofated spectrin at low salt concentrations and 0°C, in
contrast to the pattern obtained at high ionic strength,
where three dominant fragments (80 kDa, 150 kDa,
170 kDa) are formed {11,12]. It can be concluded
therefore, that spectrin cleavage by trypsin already
started during the 0°C incubation of the ghosts at low
ionic strength.

Cleavage of spectrin is one of the possible reasons
for the onset of shedding of small membrane vesicles in
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ic cleavage of ghost membrane proteins by entrapped trypsin. Gels A-F hefore, G-L after
removal of pesipheral proteins (see in Results). Trypsin concentration in ng/ml: A, G: (;
Experimental conditions described in Methods (1emoval of peripheral proteins (lanes G-L) b

% C. I: 40; D, J: 80; E, K: 16 F, L: 240,
ubation of membranes in (.1 mM EDTA, pH

12, 30 min, 0°C). Nomenclature of polypeptide bunds in the SDS-PAGE gels (Coomassie staining) according to Ref. 3. Hb stands for hemoglobin,
the asteriks murks the 165 kDa band (x), respectively, the 50-55 kDa region (xx),
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Fig. 2. Limitation of the trypsin induced-cleavage of ghost membrane

prateins by the presence of the trypsin inhibitor PMSF. Gel A: 0

ng/ml trypsin, 0.8 mM PMSF (control). Gel B: 160 ng/ml trypsin,

0.8 mM PMSF. Gel C: 160 ng/ml trypsin, 0 mM PMSF. For details
see Fig. 1 and Methods.
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the presence of internal trypsin (Figs. 3A and B, sce
also Refs. 6, 13 and 14). In view of the geometry of
these vesicles, the volume of the residual ghosts may be
taken to remain ncarly unaltered, while the surface
area is probably slightly reduced.

The digestion products of spectrin appeared on the
gels. Since the resealed ghosts were 1e-lysed again after
trypsination and washed three times with 0.5 mM phos-
phate buffer prior to solubilisation and since even
rather large proteins are known to pass the lytic holes
in the erythrocyte membrane [15,16), at least the smaller
spectrin fragments formed by tryptic cleavage would
have been washed out if they were freely mobile in the
ghost interior. Therefore these spectrin fragments may
be d to remain d with the t

The ankyrin band (2.1), known to be very sensitive
to tryptic digestion [7], was already greatly diminished
in intensity after treatment with the lowest trypsin
concentration used, while band 4.1 was even com-
pletely cleaved under these conditions, in agreement
with earlier documentation [5,8). Actin remained es-
sentially intact.

Endofacial trypsin cleaves band 3 into a 50-55 kDa
membrane-bound domain and a water-soluble 43 kDa
cytoplasmatic domain, under appropriate conditions
[17). Under our conditions this effect was not very

Fig. 3. Vesiculation of trypsin-treated ghosts. Dark ficld micrograph of ghosts suspended in the reseating medium (300 mosmol /1), Ghosts were

prepa

resealing time (B, D). All s were

pared from normal (A,B) or EDC {5 mM) pretreated (C. D) erythrocytes. Trypsin (160 ng/ml) was introduced into the ghosts at 0°C prior to

after the resealing period at the same final dilwion. Bar: 10 wm. For

details see Methods.
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TABLE I
Influence of trypsin treatment on the leak permeability of rescaled ghosts

Leakiness quantified by rate coefficients (k X 10%, min ') of the efftux
Toypsin w;

of various test solutes. Retention in % of the retention by controf ghosts,

ntroduced inte the ghosts during the Joading period (for details see Methods). k= ground flux of unmodified ghosts. Efflux

measured at 0°C. Number of experiments in brackets, n.d., not determined.

Test solote Control Trypsin
160 ng/mi 240 ng/ml
ky % 10* & x10° Retention (%) kx10* Retention (%)
(min" ") (min (min ")
Mannitol 079015 (5) 146+0.1(3) 58%6(3) nd. nd.
Sucrose 03400 30 0.91+0.1(7 58+9(D) 23406 3054
Inulin 0.1 +0.02 () 0.36+0.1 (3) ol @ 077 @ 0 @

pronounced in spite of the extensive degradation of
spectrin. Even after removal of peripheral protein
(Fig. 1, lanes G~L) only a slight increase of staining
intensity in the 50-55 kDa region could be detected. In
this respect, the pattern of proteolysis obscrved under
our experimental conditions differs from that reported
by others [5]. The controversial reports on this subject
(Refs. 5-10 and this paper) underline the possibilitics
provided by cxperimental details, when different pat-
terns of limited membrane proteolysis are desired.

Formation of leaks in resealed ghosts subjected to endo-
facial trypsinarion

Effects of membrane modification by cntrapped
trypsin on the permeability to hydrophilic nonclee-
trolytes are shown in Fig. 4. Whilc there is no increase
of sucrcse permeability up to 80 ng/ml trypsin (data
not shown), higher trypsin concentrations enhance the
rates of exit of sucrose and inulin. Prolongation of the
trypsin exposure by extending the rescaling period from
45 min to 90 min does not further increase permeabil-

TABLE 11

Suppression of leak permes

induced by irypsin in resealed ghosts by

Rate coefficients (& X 10%, min ') of sucrose cfilux of unmuodifi
into permeabilities (P x 10', cm/'s) was carried out in the case of try

and modified ghosts. The

ity (data not shown), in line with the inactivation of the
cnzyme mentioned above.

The efffux kinetics for the trypsin trcated ghosts,
shown in Fig. 4, only refer to part of the ghost popula-
tion (sce retention data in Table 1). Depending on the
trypsin concentration a fraction of the ghost population
alrcady lost its trapped test solute during the washing
process as indicated by the low retention values. In
view of this heterogeneity, we applied only low trypsin
concentrations (160 ng/ml) in most of the further
cxperiments aiming at a characterisation of the defect.

The trypsin-induced leak pathway, most likely re-
sulting from an impairment of rescaling, slightly dis-
criminates hydrophilic nonelectrolytes (mannitol, su-
crose, inulin) according to size (Table I). Complete
retention of hemoglobin (data not shown) during the
efflux period clearly supports the assumption of the
formation of a size-sclective defect and excludes the
possibility that the pinching off of vesicles is responsi-
ble for an indiscriminate loss of test solute during the
efflux measurement. Most of this hemoglobin is freely

pretreatment of ervtirocytes with a permeant carbodiimide

Mux rate
under the of a loss of surface area due

of the

to vesiculation of about 50% of the surface excess. For a ghost w
the preceding paper [11) this amounts to 38 pm®. Ervthrocytes

pretreated with 1-ethyl-3-(3

olume of §1 pm? and an original unaltered surface area of 140 pm? (see
n
. 8 L N

ride (EDC) ( 5 mM, 45 min, 37°C. pH 7.4, Het 1077, see Ref. 1). Ghosts prepared from these cells were treated with trypsin as usual, Efflux at

°C. Number of experiments in brackets.

Second First treatment
treatment 1o EDC EDC
kx10! Pxio" retention kx10° Pxio" retention
fmin~"} (em/s) ) (min~ ") {em/s) 53]
None
(Conrol) 0.34£0.1 (30} 20 100 0.54-+0.1(5) .24 LY
Trypsin 091 0.1 (D .55 5849 +0.4(3) 431 LY
Trypsin
minus Control 555 107
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Fig. 4. Time course of the release of sucrose (open symbols) and

inulin (closed symbols) from ghosts treated with various concentra-

tions of trypsin (given in numbers at the lines in ng/ml suspension).
Etflux measured at 0°C. For details see Methods,

mobile in the ghost interior and can be released by
osmotic lysis of ghosts [1].

Artifacts resulting from a contribution of the con-
tent of small membrane vesicles to thc fluxes can
probably be neglected b of their low volume
fraction. Nevertheless, must be considered
in calculating ghost permeabilities (see Table 11).

The defect in resealing induced by tryptic cleavage
may be regarded as an aqueous ‘hole’. This is indicated
not only by its size selectivity (see above) but also by
the observation that phloretin inhibits the leak flux of
mannitol and sucrose by about 35% (data not shown,
see Ref. 18). Phloretin has been shown in recent stud-
ies to inhibit fluxes through aqueous leaks induced in
erythrocytes [19] and ghosts [1] by various types of

A%-103(min-1)

w

6 I/
4 I/
= =/} .

HEXANOL {mM)
Fig. 5. Stimutation, by hexanol, of sucrose efflux from vamodified
(0) and trypsin-treated (®) ghosts. Dala given as the increase (4k) of
rate coefficients over the corresponding controls {without Irypsin:
ky=(1.0+0.36)-10"% min~' (n=7), wilh trypsin: k,=(1.1£0.2)
107Y min =" (1 = 5)). Fluxes measured a1 37°C. Mean values+S.D.
from three experiments.
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membrane modification. Moreover, the activation en-
ergy of the trypsin induced leak flux must be very low
since the total sucrosc efflux from trypsin-treated ghosts
(i.c. the sum of ground and leak permeability) had no
measurable temperatire dependence between 0°C and
37°C (data not shown). Hexanol (15-25 mM, 37°C),
which sti leak fluxes induced by various types
of membrane modification {19] also increases the su-
crose flux in trypsin-treated ghosis (Fig. 5). Ail these
functional similarities between trypsin-induced leaks
and leaks induced by oxidative modifications [19] sug-
gest structural similaritics betwecn the two types of
leaks.

Pr ion against trypsi
EDC

In the preceding paper [1] we described the suppres-
sion of diamide-induced leakiness after modification of
the ecrythrocyte membrane with the carboxyl group
modifying reagent EDC, which crosslinks and rigidifies
the erythrocyte membrane [20]. In that case it was
impossible to decide, whether the suppressive effect is
due to a simple blockage of SH-groups by EDC or to a
‘stabilisation’ of the conformation of membrane skele-
tal elements. In order to further investigate this ques-
tion, we studied the infl of an EDC p
of erythiocytes on trypsin-induced leak formation. As
evident from Table II, EDC decreases the enhance-
ment of permeaakility and prevents the decrease of test
solute refention induced by tryptic damage.

This normalisation of permeability can not be re-
lated to different extents of trypsin-induced vesicula-
tion in control and EDC pretreated ghosts, since the
extent of vesiculation proved to be the same under
both conditions (Fig. 3). Moreover, an inhibitory effect
of EDC on leak formation in spite of unaltered vesicu-
lation contradicts the suggestive hypothesis that mem-~
brane vesicle shedding after trypsination might create
the defects serving as a leak for small polar soiutes.

induced barrier damage by

Concluding remarks

The temporal correlation between a progressive
cleavage, by trypsin, of membrane skeletal proteins and
an increasing impairment of membrane resealing by
trypsin is highly suggestive of a causal relationship
between the two events, although the invoivement of
cleavage of other proteins, e.g. band 3, can not be
excluded at present. This working hypothesis is also
supported by the data on leak formation by SH group
modification of skeletal proteins reported in the com-
panion paper.

As a t initiating trypsi d leak for-
mation we propose a perturbation of the rearrange-
ment of t keletal el and their int
tion with the bilayer domain, assuined to occur in the

sod
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course of resealing of ghosts [21-23). It remains to be
seen, whether the impairment of the mechanical stabil-
ity of the erythrocyte membrane observed after tryptic

leavage of b keletal el 5,24] bears
any mechzaistic relationship to lecak formation under
these conditions.

The site of p cleavage responsible for this
feak formation (ankyrin?, Band 4.1?, spectrin?) re-
mains to be localized. Secondary alterations in the lipid
domain resulting from the protein perturbation are
probably responsible for the ultimate formation of an
aqueous leak, as indicated by the size selectivity of the
leak fluxes, their low activation energy and their sensi-
tivity to phloretin and alcohols {for a discussion of this
subject see Ref. 19). Molecular models for these sec-
ondary alterations have been provosed earlier [25-27).
The molecul hanism <f pi ion by EDC re-
mains to be explained.
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