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bstract

This study presents evidence for the role of spectrin and the anion exchanger in the temperature activation of ion permeability, hyperthermic
ermeability transition (HPT), involved in thermal necrosis of RBCs. Membranes, undergoing HTP at conditions sparing the structure of spectrin
39 ◦C, 18%, v/v ethanol, 3 min), became irreversibly permeabilized for NaCl but retained impermeability for sucrose. SDS-PAGE and thermal gel
nalysis did not detect denaturation of tertiary structure of membrane proteins. The denaturation temperature of spectrin did not change, whereas

◦
hat of the anion exchanger, band 3 protein, decreased by 2.5 C compared to that of control. Specific inhibition of the anion exchanger with
,4′-diiso-thiocyanato stilbene-2,2′-disulfonic acid (DIDS) prior to or after permeabilization increased the denaturation temperature to 76.5 ◦C,
hich was still lower by 3.5 ◦C than that of inhibited intact membranes. The results suggest initially reversible, predenaturational transition in the

nion exchanger was involved in the activation of ion permeability.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Medical application of blood pumps, lasers, ultrasound, radi-
tion and electric current all lead to rise in temperature, and
hermal necrosis of cells motivated this study of the effects of
igh temperatures on red blood cells (RBCs).

On continuous heating, thermal hemolysis is negligible below
2 ◦C and rises sharply above that temperature [1]. Others
ave found the activation energy (Ea) of 300 ± 20 kJ/mol for
hermal hemolysis [2–4]. Based on this high Ea some inves-
igators [3–5] suggested that denaturation of a single protein
r a group of similar proteins is the prime target of heat. Pro-

eins proposed as involved include spectrin [6], hemoglobin
7] and the anion exchanger [8]. The bulk of experimen-
al evidence definitively rejects, however, spectrin as well as

Abbreviations: RBCs, red blood cells; RBCM, red blood cell membrane; P,
asal permeability for ions (K+; Na+; Cl−) in red blood cells; HPT, hyperthermic
ermeability transition; DSC, differential scanning microcalorimetry; DIDS,
,4′-diiso-thiocyanato stilbene-2,2′-disulfonic acid; DTT, dithiothreitol
∗ Corresponding author.
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emoglobin as the prime target of heat in thermal hemolysis
1,9,10–12].

The participation of the anion exchanger in hemolysis is con-
roversial. The resistance of RBCs against thermal hemolysis is
educed by photochemical modification of the anion exchanger,
llowing the conclusion that heat denaturation of the anion
xchanger is involved in thermal hemolysis [8]. By contrast,
epock et al. [5] concluded that, although membrane proteins
re implicated in the thermal hemolysis, the heat denaturation
f the anion exchanger is not involved. In an effort to resolve the
roblem, Lepock [13] later proposed that several different pro-
eins are involved, and thermal hemolysis occurs when a critical
ortion (between 5 and 17%) denatures.

Another point of view arises from studies of the passive
ovement of ions in whole RBCs and their isolated, resealed
embranes during transient heating [10] and at fixed tempera-

ures [11,14]. Above 46 ◦C the prelytic interval included a lag
eriod and a time interval during which ion leakage increased

o a constant rate that corresponded to a constant permeability

[8,11]. With increasing temperature, the lag period shortened
nd P increased. Earlier kinetic studies on whole RBCs and their
esealed ghosts carried out within 50–58 ◦C interval found an
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nducing temperature of 61–62 ◦C for this transition [11]. It was
emonstrated that P was activated by a single mechanism with a
igh value of Ea (250 kJ/mol). In another study on the K+ leakage
rom human RBCs heated within the 46–54 ◦C interval, Prinsze
t al. [8] came to the same conclusion and determined the same
alue of Ea (246 kJ/mol). Based on this very high Ea it could be
oncluded that a direct effect of temperature on the conforma-
ion of membrane proteins, is responsible for the permeability
ncrease.

This study presents new evidence for the role of spectrin
nd the anion exchanger in the temperature activation of ion
ermeability involved in thermal necrosis of RBCs.

. Materials and methods

.1. Materials

4,4′-Diiso-thiocyanato stilbene-2,2′-disulfonic acid (DIDS),
GTA, adenosine, sodium dodecylesulfate (SDS) and the SDS-
AGE chemicals were purchased from Sigma Chemicals Co.,
t. Louis, MO, USA.

.2. Treatment of RBCs and membrane preparation

Human blood samples were obtained from donor centers
Stara Zagora, Bulgaria and Charité, Berlin, Germany). RBCs
ere isolated by centrifugation and washed thrice in physiologi-

al buffered saline. Each sample was divided into equal portions.
ne portion served as control with no further treatment. The
ther portions were treated as described below:

.3. DIDS treatment [15]

Washed RBCs were suspended at hematocrit of 0.05 in phys-
ological buffered saline and treated with 30 �M DIDS at dark
nd room temperature for 15 min. The treatment of cells pre-
iously subjected to sparing permeabilization was performed
ollowing the same protocol in isotonic NaCl/sucrose solution.

.4. Preparation of white ghost RBCs [16]

Briefly, packed RBCs (intact, subjected to sparing perme-
bilization, and DIDS-treated) were diluted 20 times with a
◦C-cold hypotonic solution (1 mM MgCl2, 0.5 mM EGTA,
mM phosphate buffer, pH 8.0). The membranes were isolated
y centrifugation at 15,000 × g and washed thrice in the same
edium to white color.

.5. Sparing permeabilization [17]

After the washing procedure the RBCs were incubated at
9.5 ± 0.1 ◦C in an isotonic solution containing 50 mM NaCl,
ucrose and 18% (v/v) ethanol (final concentration) for 3 min.

hen the suspension was rapidly diluted (1:1) with cold isotonic
olution of 50 mM NaCl and sucrose and kept for several min-
tes at 4 ◦ in order to reduce the heat damage of membranes.
hen RBCs were washed thrice in excess volume of isotonic

a
T
a
a
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0 mM NaCl/sucrose solution to remove the ethanol. The final
emolysis was less than 0.5%. The mechanism of hemolysis
nduced by ethanol at such concentrations has been described
lsewhere [18]. The 3 min incubation at the inducing tempera-
ure of hyperthermic permeability transition (HTP) is sufficient
o alter about half the number of protein copies but too short to
nduce a change in membrane structure and composition such
s lipid solvation and vesiculation [19].

.6. Differential scanning calorimetry

DSC measurements were performed with a MSC
icrocalorimeter, MicroCal, MA, USA. The volume of

he measuring cell was 1.442 ml. For the measurements the
embranes were suspended in 100 mM NaCl, 10 mM phos-

hate buffer, pH 8 at a volume ratio of approximately 1:0.3
membranes: solution). The reference cell was filled with the
ame solution. The scanning was carried out at 0.7 ◦C/min from
0 to 90 ◦C. Only two portions of each sample were scanned if
here was no substantial difference between the thermograms
btained.

.7. Derivative thermal analysis of the electrical
mpedance of RBC and ghost suspension [10]

Intact RBCs or resealed ghosts (inside content usually
50 mM NaCl) were suspended (hematocrit 0.07) in an iso-
onic 50 mM NaCl/sucrose medium, thus imposing an outward
on concentration gradient across the membranes. The suspen-
ion was heated with constant heating rate and the suspension
mpedance was continuously measured at 7 kHz. The output sig-
al Us of conductometer was fed into a differentiating amplifier
nd its output voltage U was recorded (derivative impedance
hermogram).

The dependence of Us on the temperature, T, is closely
inear: Us = Uso(1 + Ks�T), where Ks is the temperature coef-
cient of Us. When T increases at a steady-rate, V, U could be
xpressed as U = 1/(RC)dUs/dt = 1/(RC). UsoKsV, where 1/(RC)
s the amplification coefficient. During the heating, only Ks is
llowed to change, which sensed the possible change in sus-
ension impedance. The time differentiation was applied in
rder to compensate for the strong Boltzmann dependence of
he suspension conductivity on temperature. At a steady-rate
eating, the thermogram appeared as a horizontal line, unless
he suspension conductivity or capacitance changed, producing

sharp peak around the inducing temperature Tm. At a heat-
ng rate of 2.0 ◦C/min, the reproducibility for obtaining Tm was
ithin ± 0.3 ◦C.

.8. Thermal gel analysis of membrane proteins [20]

RBC membranes heated to a given temperature were ana-
yzed by SDS-PAGE electrophoresis using gels with 5%

crylamide and acrylamide /bis-acrylamide ratio of 40:1 [21].
he membrane proteins were solubilized in 2% SDS for 5 min
t 100 ◦C with or without 40 mM dithiothreitol as a reducing
gent taking into account the following considerations. The heat
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Fig. 2. Sparing permeabilization of human RBCs produced by short-time incu-
bation close to Tg. The cells were incubated in isotonic medium containing
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enaturation of a single membrane protein causes aggregation of
ts copies by intermolecular bisulfide bridges. The SDS-PAGE
lectrophoretic band of this protein will be absent or present
epending on whether or not a disulfide reducing reagent is used
uring the membrane solubilization. Thus, thermal gel analysis
ould indicate the occurrence of thermal denaturation of specific
embrane proteins.

. Results

During heating of RBC and ghost suspensions, the suspension
mpedance underwent sharp changes about 52 and 66 ◦C [10].
hese changes were detected as positive peaks by recording the
rst derivative of suspension impedance (Fig. 1). The threshold
hanges in electric properties of membranes revealed thermally
nduced conformation changes in two different portions of mem-
rane proteins, peripheral and intrinsic ones, respectively [22].
he peak at 52 ◦C (peak A) corresponded to a decrease in elec-

ric capacity of membranes [23] associated with the denaturation
f spectrin [22] which takes place at 49.5 ◦C [24]. The peak at
6 ◦C (peak G) corresponds to the collapse of the ion concentra-
ion gradient due to thermal activation of basal ion permeability
t 62 ◦C [11].

The shift of both peaks toward temperatures higher than the
nducing temperatures of corresponding membrane events is due
o the heating rate applied in the presented measurement.

Lower heating rates caused a decrease in the peak tempera-
ure, approaching the denaturation temperature (49.5 or 62 ◦C).
he method is not sensitive to changes in the shape of cells

uring heating [23].

DIDS is a highly specific covalent inhibitor of the anion trans-
ort of RBCs that thermally stabilizes the anion exchanger [25].
inding of DIDS to the anion exchanger of cell membranes did

ig. 1. Derivative thermogram of the electric impedance of RBC ghost suspen-
ion. The resealed membranes contained 150 mM NaCl and were suspended in
sotonic solution of 50 mM NaCl and sucrose, pH 7.0. Hematocrit and heating
ate were 0.07 and 2.0 ◦C/min, respectively. The thermograms of intact RBCs
nd DIDS-inhibited RBCs had the same form as that of RBC ghosts. Insert shows
he dependence of peak temperatures on ethanol present in the suspension media
t isotonicity.
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ucrose, 50 mM NaCl and 18% (v/v) ethanol and exposed to the indicated tem-
erature for 3 min. The permeabilization obtained is quantified by the inverse of
he time t1/2 needed for 50% hemolysis of these cells in 150 mM NaCl saline.

ot affect the peak temperature and half-width of peak G (Fig. 1).
ence, heat denaturation of the anion exchanger was apparently
ot needed and not involved in hyperthermic activation of ion
ermeability (HPT) and thermal hemolysis.

In a direct study of HPT, it is desirable to avoid spectrin
enaturation which does not participate in thermal hemolysis but
hould alter membrane structure and dynamics. A set of condi-
ions has been found where HPT precedes thermal denaturation
f spectrin. The temperatures of both spectrin denaturation (TA)
nd HPT (Tg) were linearly lowered by ethanol, the latter dis-
laying 3.5 times greater sensitivity (Fig. 1, insert). At ethanol
oncentration of 18% (v/v), the HPT occurred at 39.5 ◦C while
pectrin denatured at about 45 ◦C, which allowed the indepen-
ent study of HPT. This transition was induced by exposing
BCs to 39.5 ◦C isotonic medium that contained 18% ethanol

or 3 min.
RBCs, permeabilized by exposure to Tg at such condi-

ions, retained their permeability for ions and impermeability
or sucrose after the withdrawal of ethanol and hyperthermia.
he latter cells are referred to as selectively permeabilized
ells. These cells were stable in isotonic 50 mM NaCl/sucrose
olution over a long period of time but lysed completely
ithin 5 min in isotonic NaCl solution (Fig. 2). Addition of

lbumin (1 mg/ml), restored their discoid shape, proving the
pectrin/actin cytoskeleton network was intact. Incubation of
ells at the same ethanol concentration at temperatures higher
han 43 ◦C led to irreversible permeabilization for sucrose, while
ncubation at 34 ◦C and lower temperatures induced reversible

ermeabilization for ions (Fig. 2).

SDS-PAGE shows the polypeptides of RBCMs avoided
enaturation during heat exposure up to Tg (Fig. 3). This is
hown by the absence of aggregates produced by disulfide bond
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Fig. 3. SDS-PAGE electrophoresis of membrane of one-step resealed ghosts
or intact RBCs subjected to sparing permeabilization at Tg. The cells (ghosts)
were heated in the presence of 18% (v/v) ethanol for 3 min at 39.5 ◦C. After
permeabilization, the membranes were hypotonically separated, washed in 5 mM
phosphate buffer, pH 8.0, and subjected to electrophoresis. The solubilization of
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Fig. 4. Thermal gel analysis of the polypeptides of RBCMs subjected to sparing
permeabilization around Tg. The RBCs (ghosts) were incubated in the pres-
ence of 18% (v/v) ethanol for 3 min at the indicated temperatures: 25 ◦C (1),
39.5 ◦C (2) and 45 ◦C (3). After permeabilization, the membranes were hypo-
tonically separated, washed in 5 mM phosphate buffer, pH 8.0, and subjected to
electrophoresis.

Fig. 5. DSC thermograms of permeabilized RBCMs: (1) membranes isolated
from permeabilized cells; (2) membranes isolated from DIDS-treated and
subsequently permeabilized cells; (3) membranes from permeabilized and sub-
sequently DIDS-treated cells. To permeabilize cells, they were exposed to the
HPT inducing temperature (Tg) in the presence of ethanol (18 v/v%) for 3 min
only. Letters and arrows indicate the heat denaturations of specific portions of
he ghosts was carried out with (+DTT) or without (−DTT) 40 mM dithiothreitol.
he protein bands are indicated according to [21].

ormation following the heat denaturation. In support of this
onclusion, the thermal gel analysis showed that exposure to
emperatures above Tg (45 ◦C) produced significant diminution
f polypeptide bands, especially those of integral proteins and
pectrin (Figs. 3 and 4). In conclusion, temperature activation
f ion permeability at the stage of reversibility (34 ◦C) and even
rreversibility (39.5 ◦C) was not accompanied by heat denatu-
ation of membrane proteins, including spectrin and the anion
xchanger. The induction of sucrose permeability was, however,
oncomitant with significant protein denaturation (45 ◦C).

Fig. 5 (curve 1) shows DSC profiles of RBCMs that were
rreversibly permeabilized by exposure to Tg. This demonstrates
he generally intact structure of the major membrane proteins;
pectrin, actin and tropomyosin (representing about 35% of the
embrane protein content) and especially the anion exchanger

about 30% of membrane proteins), according to [26]. These
esults are supported by the electrophoretic profile of RBCMs
ubjected to sparing permeabilization by heat (Figs. 3 and 4).
he lack of protein aggregates in this profile and the appearance

f the same bands as those in intact RBCMs confirmed that HPT
as not accompanied by detectable thermal denaturation.
That the anion exchanger of permeabilized membranes was

ntact was further tested with DIDS. In agreement with published

membrane proteins: major peripheral protein spectrin (A), minor fraction of
peripheral proteins and the cytoplasmic part of the anion exchanger (B), trans-
membrane portion of the anion exchanger (C) and presumably the peripheral
protein tropomyosin (D), according to [24]. Other details as for Fig. 3.
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ig. 6. Thermograms of intact RBCMs. (4) membranes isolated from intact
ells; (5) membranes isolated from DIDS-treated intact cells.

ata [25], binding of DIDS increased the denaturation tempera-
ure of the transmembrane part of the anion exchanger by 13 ◦C
Fig. 6). Induction of HPT in permeabilized cells did not affect
he ability of DIDS to stabilize the anion exchanger (Fig. 5,
urve 2). Moreover, similar stabilization was observed when
IDS was allowed to bind the anion exchanger prior to or after

he permeabilization (Fig. 5, curves 2 and 3). This finding also
upports the conclusion that the majority of the anion exchanger
olecules preserved their tertiary structure after exposure to Tg

nd permeabilization.
Thus, data obtained by DSC, electrophoresis and thermal

nalysis of suspension impedance all lead to a conclusion that
eat denaturation of the anion exchanger was not involved and
ot needed for the HPT, thermal hemolysis and the activation of
on permeability at supraoptimal temperatures. While the denat-
ration temperature of spectrin was preserved in permeabilized
embranes (Fig. 5, curves 1, 2 and 3) that of the anion exchanger
as lower by 2.5 ◦C (Fig. 5, curve 1, Fig. 6). In addition, the sta-
ilization of the anion exchanger of permeabilized membranes
y DIDS was by 9.5 ◦C only instead of 13 ◦C known for the
ontrol membranes (Fig. 5, curves 2 and 3). The latter findings
ll indicate, in contrast to spectrin, a small change in the ter-
iary structure of the anion exchanger accompanied membrane
ermeabilization by heat.

. Discussion

Heat changes erythrocytes, leading to increase in ion per-
eability and hemolysis [8,10,11,14,27]. Studies on whole and

econstructed erythrocytes have clearly showed thermal hemol-
sis has colloid-osmotic nature at its earliest stage [10,11] thus
ossessing the major requisites of the heat-induced necrosis of
nimal cells. The rise in permeability responsible for hemoly-
is was related to a thermally induced change, HPT, in integral
roteins with inducing temperature Tg of 61–62 ◦C and Ea

50 kJ/mol [10,11].

Human RBCs do not lose their discoid shape up to 49 ◦C
6,28]. At 46–51 ◦C, spectrin irreversibly denatures which
nduces spherization [6], partial fragmentation and vesiculiza-
ca Acta 456 (2007) 7–12 11

ion [6], increase in membrane shear elasticity and bending
igidity [28], loss of membrane deformability and RBC aggre-
ability [29,30] without significant hemolysis and loss of
lectrolytes. Studies on human RBCs with various spectrin
utants confirm the involvement of spectrin denaturation in all

hese events [31–33]. In addition, spectrin is found involved in
arrier function [34].

Nevertheless, the denaturation of spectrin is a major factor
n the heat-induced changes of erythrocyte morphology, it was
roved not the prime target of heat in thermal hemolysis [9,13]
nd permeability activation [22]. Based on that, in this study we
nduced HPT at conditions, sparing the denaturation of spec-
rin, and studied membrane proteins. According to the data of
DS-PAGE electrophoresis (Fig. 3), thermal gel analysis (Fig. 4)
nd DSC (Figs. 5 and 6), although erythrocyte membranes were
xposed to Tg and incurred severe permeabilization to ions, no
races of thermal denaturation in tertiary structure of major mem-
rane proteins, including spectrin and the anion exchanger, were
etected.

This conclusion should be yet more convincing in respect to
hermal hemolysis at temperatures lower than Tg. According to
he data in Fig. 2, supported by experiments of [8], the induced
ermeability had reversible character below Tg and, hence, the
espective changes in membrane proteins should be reversible
s well. The reversible character of the permeability below Tg
xcludes spectrin denaturation once more.

At this stage, the presented data does not allow final insight
nto latter changes. Close to Tg, however, DSC recorded slight,
lthough well detectable change (2.5–3.5 ◦C) in thermal stabil-
ty of tertiary structure of the anion exchanger (Fig. 5). These
ndings are in line with earlier data [10,14,22] that integral pro-

eins are the major participant in HPT, permeability activation
nd hemolysis.

Based on the initial reversibility, several lines of events could
ead to this predenaturational change in the conformation of
he anion exchanger; dissociation of multimeric proteins, verti-
al displacement, dynamic transition. Additional experiments,
hat are underway, will elucidate the nature of this important

embrane change.
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