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Influence of some DNA-alkylating drugs on thermal stability, acid and osmo-
tic resistance of the membrane of whole human erythrocytes and their ghosts

I. T. Ivanov' and V. GADJEVA?

Human erythrocytes and their resealed ghosts were alkylated under identical conditions using three groups of alkylating
antitumor agents: mustards, triazenes and chloroethyl nitrosoureas. Osmotic fragility, acid resistance and thermal stability
of membranes were changed only in alkylated ghosts in proportion to the concentration of the alkylating agent. All the
alkylating agents decreased acid resistance in ghosts. The clinically used drugs sarcolysine, dacarbazine and lomustine all
decreased osmotic fragility and thermal stability of ghost membranes depending on their lipophilicity. DM-COOH did not
decrease osmotic fragility and thermal stability of ghost membranes, while NEM increased thermal stability of mem-
branes. The preliminary but not subsequent treatment of ghosts with DM-COOH fully abolished the alkylation-induced
thermal labilization of ghost membrane proteins while NEM had a partial effect only. The present study gives direct
evidence that alkylating agents, having a high therapeutic activity against malignant growth, bind covalently to proteins of

cellular membranes.

1. Introduction

Chloroethylnitrosoureas, triazenes and nitrogen mustards
are compounds known as alkylating agents and are used
clinically for the treatment of a wide variety of human and
animal neoplasms. Single agents of particular interest in-
clude triazene 5-(3,3-dimethyltriazene-1-yl)-imidazole-4-
carboxamide (dacarbazine, DTIC) with greatest antitumor
effect against methastatic melanoma [1, 2], nitrosourea, 1-
cyclohexyl-3-(2-chloroethyl)-L-nitrosourea (lomustine,
CCNU) [2, 3] and nitrogen mustards such as sarcolysine
p-[bis-(2-chloroethyl)-amino)-DL-phenylalanine [4] for the
treatment of lymphomas, melanomas, gliomas and few so-
lid tumors. Recently, a promising combination of interfer-
on-o. plus fourdrug chemotherapy (dacarbazine, vincris-
tine, bleomycine and lomustine), for methastatic
melanoma has been reported to exhibit a remarkably high
response rate of 62% [5]. All of these highly reactive an-
ticancer drugs decompose spontaneously under physiologi-
cal conditions to give electrophiles which produce alkyla-
tion and/or interstrand cross-linking of DNA and proteins
[6, 7]. Nitrosoureas carbamoylate thiol groups of glu-
tathione causing changes in cellular glutathione content
[8]. Glutathione and endogenous thiols have been consid-
ered to play a significant role in the radiation protection
of cells [9] and also as possible indicators of chemosensi-
tivity [10].

Due to its pharmacological importance the binding of dif-
ferent antitumor DNA-modifying agents, including alkylat-
ing agents to cellular proteins has attracted a great deal of
attention. Thulin et al. [11] have found that mustards read-
ily bind to hemoglobin as a significant number of adducts
to N-terminal valines in hemoglobin could be found after
exposure of red cell hemolysate to nitrogen mustard in
vitro. Moreover, Black et al. [12] have isolated alkylated
glutathione and globin from blood preincubated with sul-
phur mustard, following lysis of erythrocytes. N-terminal
valine, on both the alfa and beta chains, and histidine resi-
dues were identified as the key site for interaction of sul-
phur mustard with hemoglobin.

Studies using EPR spectroscopy and preincubation experi-
ments with N-ethylmaleimide (NEM) revealed that the
spin labelled nitrosourea I-chloroethyl-3-[4-(2,2,6,6-tetra-
methylpiperidine-1-oxyl)]-1-nitrosourea, a compound with
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a high antitumor activity, penetrated the erythrocyte mem-
branes within three minutes and bound predominantly to
two classes of SH groups of membrane proteins that have
strong and week mobilities of the nitroxyl moiety, respec-
tively [13]. Studies carried out with some alkylating anti-
tumor drugs have shown that they bind to cellular mem-
branes as well [14, 15]. Considering their structure, the
binding of these drugs to cellular membranes and their
transfer through them is, however, still not well under-
stood.

In the present study we report our investigations on the
osmotic fragility, acid resistance and thermal stability of
membranes of human erythrocytes before and after treat-
ment with a number of compounds representing the main
groups of alkylating agents. Whole cells and isolated
membranes, both alkylated under identical conditions,
were used for comparative study. A possible relationship
between the chemical structures of the alkylating agents
and their binding to membrane proteins of erythrocyte
ghosts has been discussed. Human erythrocytes are fre-
quently employed in such investigations and they appear
to be a useful cellular model. Knowledge of the interac-
tion of these drugs with erythrocytes could also be impor-
tant in view of the involvement of erythrocytes in the
transport of drugs with blood circulation and delivery of
drugs to target tissues.

2. Investigations, results and discussion

Mustards (sarcolysine, CEAS, CEH and BEH), triazenes
(DTIC and DM-COOH) and chloroethyl nitrosoureas
(CCNU and TNU) were used in the present study. When
suspended in acidic media, intact erythrocytes and their
one-step resealed ghosts lyse by a mechanism that in-
cludes the following steps: a) transfer of acid into cyto-
sole, which is the rate limiting step; b) oxidation of hemo-
globin, coupled to release of free radicals and c) oxidative
stress on cellular membranes resulting in egress of hemo-
globin [21]. We show the time course of HCl — incuded
hemolysis of human erythrocytes (Fig. 1 A) and their
ghosts (Fig. 1B) subjected to preliminary alkylation with
CEAS. The alkylation was carried out under identical con-
ditions for cells and ghosts by incubating them at 20 °C,
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Fig. 1. HCI — induced hemolysis of human erythrocytes (A) and their one-step resealed ghosts (B) as affected by pre-alkylation. The cells and ghosts were
incubated at 20 °C in NaCl-saline containing 2.0 mM CEAS, 5 mM phosphate buffer, pH 7.0, hematocrit 0.20. After a time interval, indicated in
min on the panel, a portion of the suspension was withdrawn and mixed with 1.8 ml NaCl saline, dilution between 50 and 200 times. 5 min later,
20 wl HCI was added and the induced hemolysis was followed photometrically at 700 nm under constant stirring

hematocrit 20%, in buffered saline, pH 7.0, that contained
2 mM of the agent. At the times indicated, portions of the
resulting suspension were withdrawn and diluted in saline
(about 100 times dilution) to test acid resistance. After
5 min to allow the removal of unbound agent from alky-
lated cells and ghosts, hemolysis was started by addition
of a hydrochloric acid load. Control experiments proved
that the amount of unbound alkylating agent in the hemo-
lytic media did not affect the acid resistance of cells and
ghosts (not shown).

Compared to intact cells, the acid resistance of alkylated
cells was practically unchanged by alkylation that conti-
nued for up to 30 min (Fig. 1A). During the same alkyla-
tion period, acid resistance of ghosts was, however,
strongly reduced (Fig. 1B) indicating increased rate of the

transfer of acid into the cytosole. These findings indicated
that in contrast to the membranes of whole cells, the
membranes of ghosts were hardly affected by alkylation
with CEAS. On the time scale, the reduction in acid resis-
tance of ghosts took place between 3 and 8 min alkylation
and was not changed by further incubation (Fig. 1B). This
suggests that the entire quantity of agent was taken up by
ghosts within the given time interval. Similar results were
obtained using the other mustard triazene and nitrosourea
alkylating agents (not shown).

The osmotic fragility of membranes of erythrocytes corre-
sponds to the osmoactivity of media where cells overcriti-
cally swell and lyse. It depends on both the expandability
of membranes and cell surface area to cell volume ratio.
The osmotic resistance was assayed in whole cells and
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Fig. 2.: Osmotic fragility of whole erythrocytes (A) and one-step resealed ghosts (B) as affected by alkylation with different concentrations of CEAS.
Packed cells 0.1 ml were suspended in 0.4 ml NaCl saline which contained 5 mM phosphate buffer, pH 7.0, with 2 mM CEAS (+) or without
CEAS (m). Likewise, 0.1 ml packed ghosts were suspended in 0.4 ml NaCl saline which contained 5 mM phosphate buffer, pH 7.0, and the
indicated concentrations of CEAS: 2mM — (O): 0.6 mM — (A); 0.2 mM — (4) and 0 — (O) as control. After 15 min alkylation, the alkylated
cells and ghosts were transferred into hypotonic medium of NaCl, indicated on the abscissa, and optical density readings were taken in 2 min
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resealed ghosts before and after their alkylation with
CEAS carried out under identical conditions as described
above. According to the decrease in light scattering (Fig.
2A), the intact cells and ghosts swelled at mild hypotoni-
city (150—100 mM sodium chloride and lysed in a media
with sodium chloride concentration about 85 mM. The al-
kylation did not change the osmotic fragility of cells at all
(Fig. 2A) but strongly modified the osmotic response of
ghosts at hypotonicity (Fig. 2B). This finding indicated
that the ionic permeability barrier of the membranes was
preserved in cells and strongly perturbed in ghosts after
incubation in the same alkylation medium. Similar distur-
bance of the permeability barrier of ghost membranes was
obtained with all the mustards employed plus dacarbazine
and CCNU but not with DM-COOH and tyrosine nitro-
sourea (not shown).

Curve 1 in Fig. 3 shows the derivative thermogram of the
conductivity of a suspension which contained resealed
one-step ghosts under an outward gradient of ionic con-
centration. The thermogram had precisely the same form
when ghosts replaced whole erythrocytes (not shown). As
has been determined previously [29] the peaks centered at
52 °C and 66 °C correspond to the denaturation of spec-
trin and conformation change in intrinsic proteins, respec-
tively. Thus, the maximum temperatures Ty, of those peaks
expressed the thermal stability of peripheral and intrinsic
groups of membrane proteins, respectively. In order to
study the impact of alkylation on the structural stability of
membranes, similar thermograms were obtained with sus-
pensions that contained whole cells or resealed ghosts al-
kylated with CEAS. Prior to heating, the cells (ghosts)
were alkylated for 15 min as above, isolated, washed in
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Fig. 3: Derivative thermogram of the electrical conductivity of suspensions
containing one-step resealed ghosts (1-control), alkylated erythro-
cytes (2), alkylated one-step resealed ghosts (3) and alkylated two-
step resealed ghosts (4). The first and second peaks indicate thresh-
old changes in suspension conductivity related to thermal denatura-
tion of spectrin and the integral proteins, respectively (Ivanov,
1997). Alkylation of cells and ghosts was conducted at 20 °C in
NaCl saline that contained 1 mM CEAS, hematocrit 0.15. After
15 min, they were withdrawn, washed free of CEAS and suspended
in isotonic 50 mM NaCl/sucrose medium. The suspension was
further heated recording the first derivative of its conductivity on a
chart. The frequency of the current, hematocrit, and heating rate
were 1 kHz, 0.07 and 2.0 °C/min, respectively
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excess saline, and heated in a low-salt isotonic medium.
Compared to intact cells, the maximum temperatures Ty,
of both peaks were practically unchanged in alkylated
whole cells but were strongly decreased in alkylated
ghosts (Fig. 3). Similar results were obtained with other
alkylating agents. The reduction in Ty, could be used as a
measure of the thermal destabilisation of membrane pro-
teins related to their alkylation.

The destabilisation effect of taurine mustard on membrane
proteins, clearly varied in ghosts depending on their he-
moglobin content. It was minimal in one-step ghosts and
gradually increased with two- and three-step ghosts with
further reduced hemoglobin content (Fig. 3). When alkyla-
tion of hemoglobin-free ghosts was conducted in a medi-
um that also contained albumin, the resulting destabilisa-
tion of membrane proteins was increasingly inhibited as
the concentration of albumin increased (not shown). Ap-
parently, both hemoglobin encapsulated within the cellular
membranes and external albumin decreased the destabili-
sation effect of alkylation on membrane proteins.

Thus, using the tests of thermal stability, acid resistance
and osmotic fragility, the alkylation of whole cells and
their ghosts, carried out under identical conditions, altered
the membranes mainly in ghosts. The ghost membranes
became structurally modified as shown by the decrease in
their thermal stability and disturbance of the permeability
barrier for ions and acid. This effect could be related to
the higher degree of alkylation of membrane proteins in
ghosts as compared to that in whole cells. Given that mus-
tards bind readily to hemoglobin in hemolysate [11] and
in whole blood [12] this outcome could be due to the pre-
sence of hemoglobin and other non-membrane proteins
during the alkylation procedure. Because of their over-
whelming amount, the non-membrane proteins of whole
cells may be able to bind most of the alkylating agent
resulting in a very low level of alkylation of membrane
proteins. This explanation is consistent with the results
that the alkylation-produced destabilisation in ghosts be-
came stronger as the hemoglobin content decreased and
also became weaker in the presence of external albumin.
These findings imply that before binding to membrane
proteins, the alkylating agents rapidly penetrated the ery-
throcyte membrane during the alkylation period, which is
consistent with previous data obtained with spin-labelled
chloroethyl-nitroso urea [12, 13]. It is important to find
out how the alkylating agents were transferred through the
membranes of erythrocytes. Ethanolamine, nitrogen mus-
tard (HN,), nitrogen halfmustard and choline are all be-
lieved to be transported by the choline permease in the
membranes of yeast cells [17], He-La cells and rat thymo-
cytes [18] and rat nerve cells [19]. Choline permease is,
however, practically absent in human erythrocytes [20]
and could not be the route of penetration into cytosole for
these drugs.

For some of the agents employed, the possible pathways
of penetration into cells could be elucidated through the
determination of hemolysis. Cells suspended in an unbuf-
fered medium began to lyse following the introduction of
CEAS (Fig. 4A) which is a strong acid. The hemolysis
was rapid and dose-dependent in intact cells and markedly
slower and less rigorous in cells with the anion channel
blocked by DIDS. This finding demonstrated that CEAS,
like hydrochloric acid, induced hemolysis after entering
the cytosole through the anion channel of membranes
[21]. The sulphate moiety of CEAS possibly enabled this
agent to be recognised and trasferred through the band 3
protein of the erythrocyte membrane thus playing the role
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Fig. 4.: Time-profile of the light scattering of erythrocyte suspension after addition of taurine mustard (A) or dacarbazine (B). The suspension contained
unbuffered NaCl-saline and intact cells (1) or cells with anion channel inhibited by DIDS (2) or NaCl-saline buffered by 30 mM Triss. HCI, pH 7.0
and intact cells (3). At the time indicated by the arrow the alkylating agent was injected under constant stirring and changes in optical density
OD7yy were recorded on a chart. The decrease in OD7y indicates reduced light scattering as a result of swelling and hemolysis

of carrier for the agent. In unbuffered medium, hemolysis
was also induced by acidic dacarbazine, which apparently
entered cytosole by routes other than the anion channel as
hemolysis did not depend on the preliminary inhibition of
anion transport (Fig. 4B). According to the molecular
structure of dacarbazine, the undissociated form of this
agent could have sufficient lipophilicity to pass through
the lipid bilayer of membranes thus introducing the agent
into cytosole by a protonophore mechanism. Neither agent
caused hemolysis in buffered neutral medium (Fig. 4).
Moreover, other alkylating agents (Tyrosine-nitrosourea,
CCNU), which are not dissociable, did not cause hemoly-
sis even in unbuffered medium (not shown). This data
possibly indicated that the hemolytic activity of alkylating
agents was strongly potentiated at acidic conditions. Based
on the results with CEAS, the low pH in cytosole was
mainly responsible for the increased cytotoxicity of alkyla-
tion. It is known that at low pH DTIC decomposes into a
powerful electrophilic agent 5-diazoimidazole-4-carboxa-
mide (diazo — AIC) that is able to bind to cellular pro-
teins [7].

Byrne et al. [22] have found that alkylation of cystein-
containing proteins with CEAS generated significant
amounts of covalently cross-linked protein dimers. This
was due to preferential alkylation of protein SH-groups as
the cross-linking did not occur in model proteins which
have no cystein residues. In this study, the ghost mem-
branes were pre-alkylated with N-ethylmaleimide (NEM),
a specific reagent for SH-groups in proteins, in order to
assess the tendency of ghost membrane SH-groups for
subsequent alkylation with the agents studied. When the
alkylation was carried out with NEM alone, the Ty, of the
first and second peaks were increased (Table 1) which de-
monstrated increased stability of membrane proteins.
Moreover, in ghosts pre-alkylated with NEM (up to
10 mM), subsequent alkylation with CEAS (1.6 mM) gave
a destabilisation effect reduced by 30% compared to that
produced by alkylation with CEAS alone (Table 1). When
the second alkylation was carried out with sarcolysine, the
destabilisation effect was reduced more markedly (Table
1). These results proved that only a part of the labilization
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Table 1: Impact of different alkylating agents on the dena-
turation temperatures of ghost membrane proteins,
spectrin and intrinsic proteins

Membrane preparation Tm O Tm2 (°C)

Control (intact) membranes 52.0 66.0
Alkylated with 4 mM NEM 52.9 66.4
Alkylated with DM-COOH 52.3 66.2
Alkylated with 1.6 mM CEAS 38.0 46.5
Alkylated with 1.6 mM CEAS and pre-alkylated 44.0 57.0
with 10 mM NEM

Alkylated with 1.6 mM CEAS and pre-alkylated 51.0 65.0

with 1.6 mM DM-COOH
Alkylated with 1.6 mM DM-COOH and 39.0 48.0
pre-alkylated with 1.6 mM CEAS

The SD from the mean value was about 0.3 °C in most cases

effect was due to the binding of mustards to SH-groups of
membrane proteins. When pre-alkylation was carried out
with  DM-COOH (1 mM), subsequent alkylation with
either sarcolysine or CEAS at a concentration less than
that of DM-COOH, did not produce any destabilisation of
membrane proteins (Table 1). Such destabilisation was ap-
parent, however, if the molar concentration of mustard
was greater than that of DM-COOH (Table 1). Thus, mus-
tard-induced destabilization of ghost membranes was par-
tially reduced by preliminary treatment with NEM and to-
tally eliminated by DM-COOH. However, DM-COOH, at
any concentration, did not affect mustard-induced destabi-
lization in ghosts, when treatment with it was subsequent
to the alkylation of the ghosts with mustards (Table 1).
The latter results possibly indicated that both DM-COOH
and the mustard competed to bind the same types of che-
mical groups, although the binding of DM-COOH con-
ferred stability on proteins while binding of mustards
caused structural destabilisation.

In one-step ghosts, alkylated with CEAS, the T, of both
peaks demonstrated different but linear dependence on the
concentration of the agent (Fig. 5). Hemoglobin-free
ghosts were also used to quantify the destabilisation of
membrane proteins produced by various alkylating agents.
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Fig. 5: Thermal destabilisation of erythrocyte ghost membrane proteins by
alkylation. One-step ghosts were alkylated with different concentra-
tions of CEAS, washed, and heated under outward ion concentra-
tion gradient as described for Figure 3. The denaturation tempera-
ture of spectrin (Ty,;) and integral proteins (T,,) was determined
by the top temperature of the peaks described for Fig. 3

The potency of the agent to thermally destabilise mem-
brane proteins was defined as the reciprocal of that con-
centration of the agent that produced a 10 °C decrease in
the top temperature of the respective peak. Table 2 shows
the potencies of different alkylating agents to destabilise
spectrin (denoted as P;) and the anion channel (P;). For
different mustards, these potencies clearly depended on
both the carrier and halogen atom. The destabilisation po-
tency of CEAS and CNNU was greater than that of less
hydrophobic agents such as H2-N-mustards and sarcoly-
sine. The destabilisation potency of Br-mustard was great-
er than that of Cl-mustard (Table 2). This could possibly
be explained by the different partitioning of the agent be-
tween the membrane and water phase depending on the
lipophilicity of the agent. Considering the agents as am-
phiphilic molecules, the destabilisation potencies increased
with increasing hydrophobicity of their nonpolar part.
Clearly, both spectrin and the integral proteins were desta-
bilised more efficiently by mustards with greater hydro-
phobicity of their nonpolar moiety.

These results are essentially in agreement with the estab-
lished activity-lipophilicity relationship for some alkylat-
ing antitumor drugs. According to Sosnovsky et al. [23],
the most hydrophilic compounds should exhibit the high-

Table 2: Potency P (Mol !) of different alkylating agents for
thermal destabilisation of the proteins of erythrocyte
membrane, spectrin (P;) and intrinsic proteins (P,)

Alkylating drug P; (Mol™") P, Mol™") P2/P1
H;N-mustard (CI) 180+10 240+13 1.3
H;N-mustard (Br) 290+15 420+£20 1.45

HSO3;—-CH,;—CH,;—N mustard 870 £35 1200+ 50 1.40

(CEAS)

Phenylalanine-N-mustard 1250 =50 340 +18 0.27
(sarcolysin)

HSO3; —N-mustard ND ND 1.70
DTIC (dacarbazine)-triazene 230+ 13 240413 1.05
DM-COOH-triazene 0 0 ND

Tyrosine-nitrosourea <60£10 <60+10 ND

CCNU 200+ 12 760+35 3.8

Mean value + SD of three different determinations is shown
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est antitumor activity suggesting hydrophilic sites were
targeted. The above results indicated that the destabilisa-
tion effect on membranes was mainly produced by the
molecules of the agent that resided in the hydrophobic
sites of membranes. In addition, Table 2 shows that the
P,/P; ratio of destabilisation potencies was significantly
greater in more hydrophobic alkylating agents. In compar-
ison to the peripheral protein spectrin, the anion channel
is more exposed to the lipid phase and, thus it is more
susceptible to labilization by agents that partition predomi-
nantly into the lipid milieu. Thus, the agents with greater
lipophilicity: CCNU, sulphur mustard and Br-mustard,
produced greater labilization on the anion channel com-
pared to spectrin. For all the alkylating agents employed,
it could be assumed that the rate of their transfer across
the membranes apparently prevailed over the rate of their
binding to proteins. Consequently, during the initial stage
of alkylation period, the alkylating agent could be ex-
pected to achieve a near equilibrium distribution and parti-
tioning across the cellular membranes allowing different
destabilisation of membrane proteins.

Although all of the alkylating agents used reduced the
acid resistance of resealed ghosts, they were not equally
potent in their effect on the barrier and thermal stability of
membranes. We showed that those alkylating agents
(mustards plus dacarbazine and CCNU) which were able
to disturb the permeability barrier at the same time de-
creased the thermal, and/or structural, stability of ghost
membranes. By contrast, the alkylation of membrane pro-
teins with NEM, DM-COOH and tyrosine nitrosourea was
not accompanied by barrier disruption and structural desta-
bilisation of ghost membranes. Comparing the structural
differences between DM-COOH and DTIC, and between
CCNU and TNU, the different efficacy of these agents in
disturbing membranes may be explained by their different
carrier moiety. This information could shed light on the
role that the carrier moiety plays in the cytotoxic effects
of alkylating agents.

3. Experimental

3.1. Alkylating agents

The antitumor drugs dacarbazine (DTIC), lomustine (CCNU) and sarcoly-
sine were kindly donated by Bristol-Myer Squibb Co. (Wallingford, CT,
USA). The nitrogen mustards N, N’-bis(2-chloroethyl)aminoethane sulfonic
acid (CEAS), bis-(2-chloroethyl)-hydrazine (CEH) and bis-(2-bromoethyl)-
hydrazine (BEH) were purchased from Aldrich Chemical Company. 3,3-
Dimethyl-(4-carboxyphenyl)-triazene (DM-COOH) and 1-(2-chloroethyl)-
3-[(3'-p-hydroxyphenyl)methyl-propanoil]-1-nitrosourea (TNU) were
synthesised by procedures previously reported [24, 25]. The triazenes da-
carbazine and DM-COOH were used as 100 mM stock solutions in
DMSO. To achieve sufficient solubility, the stock solution of DM-COOH
was diluted in medium containing 5 mM Triss-HCI buffer, pH 7.4. DIDS
(4,4'-diisothiocyanato-stilbene-2,2'-disulfonic acid) was purchased from
Sigma Chemical Co, St. Louis, MO, USA. The alkylating activity of the
agents used was determined spectrophotometrically using 4-(n-nitroben-
zyl)-pyridine (NBP) reagent [25].

3.2. Erythrocytes and erythrocyte membranes

Red blood cells were isolated from freshly drawn human blood of healthy
donors and washed three times in NaCl-saline. One-step resealed ghosts
were obtained by the procedure of Bodemann and Passow [26]. Erythro-
cytes were lysed in a hypotonic medium that contained 5 mM phosphate
buffer, pH 7.4, 0.5 mM MgCl, and 0.2 mM EGTA. The packed cells to
lysing medium volume ratio was 1:20. Following the restoration of isoto-
nicity to 150 mM NaCl and resealing of membranes at 37 °C for 20 min,
the ghosts were separated by centrifugation. The hemoglobin content of
the ghosts was further reduced in two- and three-step resealed ghosts pre-
pared by repeating this procedure with one-step resealed ghosts.

Prior to use, the resealing of the membranes was verified by two indepen-
dent methods sensitive to perturbation of the permeability barrier. The first
consisted of obtaining the Boyle van’t Hof relation of ghost volume with
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inverse of osmotic pressure [27] which is linear providing the permeability
barrier exists. The other was based on recording the derivative thermogram
of the conductivity of a suspension that contained ghosts under an outward
ion concentration gradient [28]. With resealed ghosts, one is able to record
a pair of sharp isothermic peaks at 52 °C and 66 °C related to spectrin
denaturation and thermal pore formation in membranes, respectively
(Fig. 3, curve 1). The second peak is absent in non-resealed ghosts as they
cannot maintain the imposed gradient.

3.3. Determination of the peak temperature T, that induces thermal de-
naturation of membrane proteins

During transient heating of a suspension of cells and ghosts, the conductiv-
ity of the suspension, measured at 1 kHz, underwent sharp changes about
52 °C and 66 °C [28]. These changes were conveniently detected as posi-
tive peaks by recording the first derivative of the conductivity on a chart
(Fig. 3, curve 1). These threshold changes in electric properties of mem-
branes revealed thermally-induced conformation changes in two different
portions of membrane proteins, peripheral and intrinsic proteins, respec-
tively [29]. The 52 °C peak corresponded to a decrease in dielectric polar-
izability of membranes [30] associated with the denaturation of spectrin
[29] which takes place at 49.5°C [31]. The 66 °C peak was due to the
formation of pores in membranes at 62 °C and related collapse of the ion
concentration gradient [28]. These peaks were shifted rightward because of
the heating rate applied. At lower heating rates, the maximum temperature
of each peak was decreased extrapolating towards the denaturation tem-
perature (49.5 °C or 62 °C) of the respective event (not shown). The meth-
od is assumed not to be sensitive to changes in the shape of cells during
heating.

Intact cells or resealed ghosts (content usually 150 mM NaCl) were sus-
pended (hematocrit 0.07) in an isotonic 50 mM NaCl/sucrose medium,
thus imposing an outward ion concentration gradient across the mem-
branes. The suspension was heated with constant heating rate and the out-
put signal Ug of a conductometer was fed into a differentiating amplifier,
the output voltage U of which was recorded (derivative conductivity ther-
mogram).

The dependence of U on the temperature, T, is closely linear:
Us = Uy - (1 + K - AT), where K is the temperature coefficient of Us.
When T increases at a steady-rate, V, U could be expressed as
U=1/(R-C)-dUs/dt=1/(R-C). Uy K-V, where 1/(R-C) is the
amplification coefficient. During the heating, only Kj is allowed to change,
which sensed the possible change in suspension conductivity. Time differ-
entiation was applied in order to compensate for the strong Boltzmann
dependence of the suspension conductivity on the temperature. At steady-
rate heating, the thermogram appeared as a horizontal line, unless the sus-
pension conductivity increased, which caused a sharp peak around the in-
ducing temperature Ty,. At 2.0 °C/min heating rate, the reproducibility of
Ty, was within +/ — 0.3 °C.

3.4. Acid hemolysis of alkylated cells and ghosts

Low pH hemolysis of cells and ghosts was induced by adding 20 ul HCI-
load to a continuously stirred 1.8 ml suspension. The final pH was deter-
mined by a pH-meter at simulative conditions. Hemolysis was followed by
recording the changes in optical density at 700 nm (OD7y) on a chart
[32]. At this wavelength the light absorption of hemoglobin is nil and the
OD7pp measured can be attributed mainly to the light scattering of the cells
which remain intact. The acid resistance of cells is defined as the time
elapsed after acidification of the suspension, during which 50% of cells
lyse as measured by the reduction in optical density. Generally, the scatter-
ing of light from an erythrocyte suspension is proportional to the concen-
tration of cells provided their volume remains constant. At a constant cell
concentration, the change of volume can also contribute, swelling decreas-
ing and shrinkage increasing the scattering and consequently the optical
density of the suspension [33].

3.5. Osmotic test of alkylated whole cells and one-step resealed ghosts

Stock suspension of cells or ghosts was prepared by suspensing 0.1 ml
packed cells or ghosts in 0.4 ml NaCl saline which contained 5 mM phos-
phate buffer with or without alkylating agent, at pH 7.0. After 15 min to
allow alkylation, the stock suspension of ghosts was diluted in 1.2 ml
NaCl-containing medium to make it hypotonic. Likewise, a small amount
of the alkylated cells was transferred into 1.8 ml hypotonic medium of
NaCl. The optical density of the suspension obtained was measured at
700 nm (OD7gp) in 2 min. OD7g depended on the final NaCl concentra-
tion of the medium as a proportion of the cells and ghosts swelled or lysed
according to their osmotic fragility.
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3.6. Inhibition of the anion channel of erythrocyte membranes

Anion transport in erythrocytes was inhibited using the highly specific in-
hibitor DIDS that binds covalently to the band 3 protein (anion channel) of
membranes [34]. Cells were incubated at 23 °C in NaCl-saline, containing
10 mM borate buffer, pH 8.5 and 10 uM DIDS, hematocrit 0.03, at dark,
for 15 min. Prior to use, the treated cells were washed thrice in excess
NaCl-saline and inhibition verified as follows. Addition of erythrocytes to
an isotonic 20 mM NaCl sucrose medium is known to result in a rapid
acidification of the outer medium due to the exchange diffusion of inner
CI~ for outer OH™ through the anion channel of the membranes [35].
Compared to intact cells, the addition of DIDS-treated cells to such a medi-
um resulted in a reduced acidification rate and amplitude which was used
to assess the inhibition of the anion channel obtained.
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