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Abstract

Differential scanning microcalorimetry was used to study the effect of oxidative stress induced by cumene hydroperoxide
Ž . 2qCHP and Fe on structural transitions of membranes of human erythrocyte ghosts. The CHP homolysis was shown to

Ž . Ž .cause: a reduction of the intensity of all structural transitions with the disappearance of B - and D-transitions; b decrease1
Ž . Ž .in the enthalpy of oxidized membrane denaturation; c negative slope of thermograms; d anomalous growth of heat

absorption by membranes above 728C. All these changes occurred until the ratio Fe2qrCHPrmembranes-0.02:0.05:1 was
reached, i.e., prior to the moment of maximal level of TBA-RS in membrane ghosts. We interpret changes in the character
of heat absorption by oxidized membranes as perturbations in the structural organization and interactions inside the
spectrin–actin-protein 4.1 domains, the spectrin-protein 4.2 domain, as well as inside the domain of spectrin–ankyrin–cdB3
and the domain formed by the msdB3. These perturbations are associated mainly with the decrease in the concentration of
native protein in the domains because of oxidative aggregation of proteins, as evidenced by SDS electrophoresis of oxidized
membranes. Preincubation of membranes with tocopherol did not block the aggregation of proteins in electrophoresis and
the decrease in the intensity of structural transitions, whereas it blocked completely the formation of TBA-RS, changes in
the thermogram slope and the sharp rise in the heat absorption above 728C. This proves that these processes are determined
by the thermotropic properties of the oxidized lipid bilayer of membranes and also provides evidence that the degradation of
PUFA of phospholipids modifies both the structure of protein domains and the physical properties of the lipid bilayer of
membranes. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Singe-electron reduction of hydroperoxides of fatty
acids catalyzed by iron andror hemoproteins is one
of the major sources of free lipoxyl and lipodioxyl

w xradicals in cell membranes 1,2 . Numerous studies,
based on the use of organic hydroperoxides such as

Ž .cumene hydroperoxide CHP , t-butyl hydroperoxide
Ž . w xt-BHP 3–6 and hydroperoxides of fatty acids
w x5,7–9 , made it possible to elucidate many details of
the mechanisms of free radical-induced lesions of
erythrocyte membranes. Hydroperoxides are known

w xto induce hemolysis 10–17 and to modify antigenic
w xproperties of erythrocytes 12,16,18,19 only in the

presence of catalysts, such as hemoproteins or free
iron ions. The prehemolytic process includes: Hb

w xdegradation 8,12–14,20,21 and a stronger binding
w xof degraded Hb to membrane 13–16 , disintegration
w xof PUFA of phospholipids 3,5,12,15,22,23 and

changes in the asymmetric distribution of lipids in
w xmembranes 15 , accumulation of fluorescent chro-

w xmolipids in membrane 6,21,24 , changes in the activ-
ity of membrane-bound and cytosolic enzymes
w x20,21 , and modification of the ionic permeability of

w xmembrane 21,25–27 , decrease in the deformability
w xand mechanical stability of erythrocytes 10,16,28 .

Homolytic degradation of hydroperoxides was shown
to induce the disappearance of electrophoretic bands
of spectrin, ankyrin, actin, Band 3, band 4.1 protein,
and glycophorin, as well as the aggregation of these

w xproteins into HMWA 6,8,10,12,15,20,24,29,30 . Ap-
parently, the oxidation and aggregation of proteins
can be regarded as the final stage of the oxidative
degradation of the membrane skeleton of erythro-
cytes. It is also obvious that the oxidation and aggre-
gation of proteins is accompanied by global confor-
mational restructuring of protein domains of the

w xmembrane skeleton. Recently, Carpari et al. 30
showed that t-BHP induces redistribution–marginali-
zation of spectrin that, in the authors’ view, is associ-
ated with changes in the structure of the junction
complex of the membrane skeleton. According to the

w xdata of Sato et al. 31 , derived using circular dichro-
ism, radicals modify the conformation of the cdB3,
whereas the inhibition of the Band 3 protein oxida-
tion inhibits the aggregation and oxidative hemolysis.
Nonetheless, few data have been reported which pre-
sent direct evidence of changes in the conformation

of membrane domains during peroxidation. Differen-
Ž .tial scanning microcalorimetry DSC is the most

adequate method for solving this problem. DSC makes
it possible to reveal five structural thermal transitions
in ghost membranes called A-, B -, B -, C- and1 2

w xD-transitions 32 . These transitions are determined
by thermal denaturation of membrane domains com-
posed of a set of proteins of the membrane skeleton
w x33,34 . The A-transition is due to denaturation of the

w xdomain formed by a- and b-spectrin–actin 33,35 ,
the B -transition is induced by denaturation of the1

domain formed by ankyrin and proteins of bands 4.1,
w x4.2, and 4.9 33 ; the B -transition is determined by2

w xdenaturation of the cdB3 36,37 ; the C-transition is
w xassociated with denaturation of the msdB3 37,38 .

The nature of the D-transition remains still unclear,
though it is known to be related to denaturation of

w xproteins 32 . The present study has shown that the
oxidation induced by homolytic degradation of CHP
causes changes in the structural organization of all
domains of the membrane skeleton of erythrocytes.

2. Materials and methods

2.1. Materials

Reagents: FeSO P7 H O, puriss., from Merck4 2
Ž .Darmstadt, Germany ; NaCl, Na HPO all of the2 4

reagent grade, and glycine, Tris-base, dodecyl sul-
fate–Na salt all of the electrophoresis grade, cumene
hydroperoxide were purchased from Sigma Chemical
Ž .Milwaukee, MO . 2-Thiobarbituric acid, purum., was

Ž .from Fluka Buchs, Switzerland . DL-a-Tocopherol,
Žpharm., 1 IErmg, was from Serva Heidelberg, Ger-

.many . All solutions were prepared with twice dis-
Ž .tilled glass water. Stock solutions of FeSO in4

water, CHP and tocopherol in 95% ethanol were
prepared shortly before the experiment.

2.2. Preparation of membranes

Red cells were isolated from fresh donor blood
using glucose citrate solution as anticoagulant. Ery-
throcyte ghost membranes were obtained via hemoly-
sis in cold 5 mM sodium phosphate buffer, pH 8.0
Ž . w x5P 8 as described in 39 with extensive washing ini

the buffer 5P 8. In the final stage the ghosts werei
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suspended in isotonic 310 milliosmolar sodium phos-
Ž .phate buffer, pH 7.4, 310P7 . The concentration ofi

Ž .membranes was measured in mg dry wt. after dry-
ing the suspension at 1058C for 30 min. The heme
content in each extensively washed ghost preparation

Ž .was determined from the absorbance at 398 nm of
ghosts dissolved in formic acid according to Ref.
w x40 .

2.3. Electrophoresis

Electrophoresis was carried out in gradient gels
Ž .5–15% acrylamide in a modified buffer system of

w xLaemmly as described in Ref. 39 . To reveal HMWA,
membrane samples were solubilized in buffer without

Ž .SH-reagents dithiothreitol or mercaptoethanol .

2.4. Microcalorimetry

The temperature dependence of excess specific
Ž .heat absorption thermograms by suspension of ery-

throcyte membrane was recorded using a differential
adiabatic scanning microcalorimeter DASM-4
ŽBureau of Biological Instrumentation of the USSR

.Academy of Sciences, Pushchino . The design, opera-
tion principle and basic characteristics of this instru-

w xment are described in Ref. 41 . All measurements
were done in buffer 310P7 at a heating rate of 1i

Krmin. The noise level did not exceed 30 mJrK, the
reproducibility of the baseline was not worse than
160 mJrK. Analysis of thermograms was performed

Žwith the help of MicroCal Origin Software North-
.ampton, MA . The relative specific enthalpy of de-

Ž .naturation of membranes D H was determined by
comparing the area under the sample thermogram
normalized to membrane concentration with the area
of electrical calibration marker of the instrument. The
D H value of oxidized membranes was determined
after subtracting the straight line connecting the point
of heat absorption beginning with the point of visible
minimum between the C- and D-transitions. The
intensity of transition was determined as the value of

Ž max .relative specific heat capacity DC in the maxi-p

mum of heat absorption peak at the corresponding
Ž . Ž .maximum temperature T . The half-width DTmax 1r2

of the A- and C-transitions was determined as the
double width of the left shoulder of the A-transition
and the double width of the right shoulder of the

C-transition. This mode allows comparison of DT1r2

values when it is impossible to determine the true
magnitude of DT due to low intensities of A and1r2

Ž .Fig. 1. A The representative absorption spectrum of TBA-RS
formed in the suspension of erythrocyte ghost membranes with-
out Fe2q and CHP. Vertical bars on the maximum of spectra are

Ž . Ž .S.D. of the spectrum maximum ns4 . B Representative ab-
sorption spectra of TBA-RS formed in the suspension of erythro-
cyte ghost membranes. 1, Control membranes without Fe2q and
CHP. In the presence of: 2, Fe2q 500 mmolrl. 3, In the presence
of CHP 850 mmolrl. 4, In the presence of Fe2q 100 mmolrCHP

Ž 2q .250 mmolrl Fe rCHPrmembraness0.02:0.05:1 . 5, After
triple washing of membranes oxidized with Fe2qrCHPrmem-
braness0.02:0.05:1. Vertical bars on the maxima of spectra are

Ž . Ž .S.D. of the maxima of spectra ns4 . C Time course of
TBA-RS formation in the suspension of erythrocyte ghost mem-
branes: I, control membranes without Fe2q and CHP. In the
presence of: `, Fe2q 500 mmolrl; ^, CHP 850 mmolrl; e,

2q Ž 2qFe 100 mmolrCHP 250 mmolrl Fe rCHPrmembraness
. 2q0.02:0.05:1 ; \, Fe 250 mmolrCHP 250 mmolrl

Ž 2q .Fe rCHPrmembraness0.05:0.05:1 ; ), TBA-RS formation
Ž . 2qin the presence of a-tocopherol 850 mmolrl and Fe 250
Ž 2qmmolrl CHP 250 mmolrl Fe rCHPrmembranes s

.0.05:0.05:1 . Conditions of oxidation: suspension of membranes
in 310P 7, 2 ml, 5 mgrml dry wt., heme iron F2 mmol in thei

Žincubation mixture F200 nmol per 1 mg dry wt. of membranes
.or F100 nmol per 1 mg of membrane protein .
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C-transitions andror a strong overlapping with the
B - or B -transitions. The data obtained were statisti-1 2

Žcally processed using the Student’s t-test MicroCal
.Origin Software .

2.5. Oxidation of membranes

We used for experiments only freshly prepared
solutions of CHP and FeSO . Suspension of mem-4

Ž .branes 2 ml, 5 mgrml dry wt., 310P7 was incu-i

bated with CHP for 5 min with subsequent addition
of Fe2q to the required ratio Fe2qrCHPrmembrane
smmolrmmolrg dry wt. of membranes in liter.
Then membranes were incubated under aerobic con-
ditions at gentle stirring at 258C. In the process of
incubation membrane aliquots of 100–500 ml were
taken for the determination of TBA-RS and elec-
trophoresis. TBA-RS quantity was estimated by the

w xtechnique of Ohkawa et al. 42 . For calorimetric
studies membranes were oxidized for 1 h under the
same conditions. After incubation the membranes
were subjected to at least triple washing with cold
Ž .48C buffer 310P7 by centrifugation.i

2.6. Oxidation of erythrocytes

Ž .Red cells Hts10% in PBS were mixed with 50
mmolrl CHP and 2.5 mmolrl Fe2q and incubated at
378C for 1 h at stirring. Already in 20 min hemolysis
took place with the formation of methemoglobin.
After oxidation, the erythrocytes were washed four
times in PBS. Ghosts were obtained from the oxi-
dized erythrocytes using the technique described
above. It was difficult to remove hemoglobin by
washing from the ghosts obtained from the oxidized
erythrocytes. We used for calorimetric studies the
pink ghosts membranes after 10-fold washing in 5P 8i
and triple washing in 310P7.i

3. Results

3.1. Membrane oxidation

As one can see from the TBA-RS spectrum shown
Žin Fig. 1A, the control ghost preparations without

2q .Fe and CHP contain small quantities of TBA-RS

Fig. 2. The SDS-polyacrylamide electrophoresis of erythrocyte ghost membranes oxidized with Fe2qrCHP. The slots 1–5 are just after
Ž 2q . 2qoxidation, slots 6–13 are after triple washing in 310P 7. 1, Control membranes without Fe and CHP . The slots 2 and 8: Fe 25i

Ž 2q . 2qmmolrl and CHP 100 mmolrl Fe rCHPrmembraness0.005:0.02:1 . The slots 3 and 9: Fe 50 mmolrl and CHP 100 mmolrl
Ž 2q . 2q Ž 2qFe rCHPrmembraness0.01:0.02:1 . The slots 4 and 10: Fe 250 mmolrl and CHP 250 mmolrl Fe rCHPrmembraness

. 2q Ž 2q .0.05:0.05:1 . The slots 5 and 11: Fe 500 mmolrl and CHP 250 mmolrl Fe rCHPrmembraness0.1:0.05:1 . The slots 6 and 12:
2q Ž 2q .Fe 250 mmolrl and CHP 500 mmolrl Fe rCHPrmembraness0.05:0.1:1 . The slots 7 and 13: membranes incubated with

Ž . 2q Ž 2q .a-tocopherol 850 mmolrl and then oxidized with Fe 250 mmolrl CHP 250 mmolrl Fe rCHPrmembraness0.05:0.05:1 .
Membrane samples were solubilized without SH-reagents.
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formed through the homolysis of phospholipid hydro-
w xperoxides 9 in the presence of residual heme iron of

w xmembranes 40,43,44 . We used for experiments the
membranes containing in the control not more than
200 nmol heme iron per 1 mg dry wt. of membranes
ŽF100 nmolrmg membrane protein or F2 mmol in

.the incubation mixture of membranes and containing
ŽTBA-RS at a mean level of 0.22"0.13 mean"

. Ž .S.D. mmolrl Fig. 1C . Addition of more than 250
mmolrl Fe2q or CHP caused formation of TBA-RS
Ž .Fig. 1B,C that was also associated with the degrada-
tion of phospholipid hydroperoxides in the presence
of Fe2q and homolysis of CHP in the presence of

w x 2qheme 5,8,22 . Addition of Fe to a suspension of
ghosts with CHP led to a rapid increase in the

Žquantity of TBA-RS during the first minutes Fig.
.1C . The quantity of TBA-RS was also dependent on

the ratio Fe2qrCHPrmembranes. Fast accumulation
of TBA-RS in the absence of kinetic events was
associated with a rapid Fe2q oxidation since the

2q Žsubsequent addition of Fe to the ratio
2q .Fe rCHPrmembranes - 0.02:0.05:1 induced a

new ‘oxidation burst’ and accumulation of TBA-RS.
A ddition of Fe 2q above 100 m m olr l
Ž 2q .Fe rCHPrmembranes)0.02:0.05:1 was not con-
ducive to a statistically significant rise of TBA-RS
Ž . 2qFig. 1B . After incubation of membranes with Fe
up to 100 mmolrl and CHP up to 250 mmolrl
Ž 2q .Fe rCHPrmembranes - 0.02:0.05:1 the mem-
branes were washed totally free from the formed
TBA-RS to the initial level. After a strong oxidation
Ž 2q .Fe rCHPrmembranes ) 0.02:0.05:1 the mem-
branes could not be washed free from TBA-RS to the
initial level. The triple washing of such membranes in
310P7 reduced the level of TBA-RS only 2.5–3i

Ž .times Fig. 1B, curve 5 .

3.2. Electrophoresis

Incubation of membranes with Fe2q or CHP added
to a level of 500 mmolrl did not induce any statisti-
cally significant electrophoretic pattern of mem-
branes. Oxidation of Fe2qrCHP at 50 mmolr100

Ž 2q .mmolrl Fe rCHPrmembranes-0.01:0.02:1 led
to the disappearance of protein 4.1 band and the

Ž .appearance of HMWA Fig. 2, slot 3 . Upon rise of
Fe2q and CHP concentrations up to 250 mmolrl
Ž 2qFe rCHPrmembranes-0.05:0.05:1; Fig. 2, slot

.4 the oxidation induced a decrease in the intensity of
bands of actin, protein 4.9, spectrin, ankyrin, Band 3
and the appearance of a new band at about 38 kDa
Ž . 2qFig. 2, slots 1–4 . Further increase in the Fe

Žconcentration above 250 mmolrl at 250 mmolrl
.CHP or in the CHP concentration above 250 mmolrl

Ž 2q. Ž .at 250 mmolrl Fe Fig. 2, slots 5 and 6 did not
change the pattern of electrophoresis obtained at
Fe2qrCHPrmembranes s 0.05:0.05:1. The elec-
trophoretic pattern was independent of incubation
time and did not change after centrifugation and
triple washing of membranes for removing TBA-RS
by centrifugation. After the first sedimentation of

Ž .Fig. 3. A The temperature dependence of excess specific heat
absorption by suspension of erythrocyte ghost membranes: 1,
Control membranes without oxidation. Membranes oxidized with:
2, Fe2q 500 mmolrl; 3, CHP 850 mmolrl; 4, Fe2q 25 mmolrl

Ž 2q .and CHP 250 mmolrl Fe rCHPrmembraness0.005:0.05:1 ;
2q Ž 2q5, Fe 100 mmolrl and CHP 250 mmolrl Fe rCHPrmem-

. 2qbraness0.02:0.05:1 ; 6, Fe 250 mmolrl and CHP 250
Ž 2q . 2qmmolrl Fe rCHPrmembraness0.05:0.05:1 ; 7, Fe 250

Ž 2qmmolrl and CHP 500 mmolrl Fe rCHPrmembraness
. 2q0.05:0.1:1 ; 8, Fe 500 mmolrl, CHP 500 mmolrl

Ž 2q . Ž .Fe rCHPrmembraness0.1:0.1:1 . B Membranes oxidized
2q Ž 2qwith Fe 250 mmolrl, CHP 30 molrl Fe rCHPrmem-

.braness0.05:5.8:1 .
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oxidized ghosts the supernatant did not contain any
polypeptide bands and protein aggregates.

3.3. Microcalorimetry

Fig. 3 shows typical thermograms of suspensions
of intact and oxidized membranes. High levels of

2q ŽFe and CHP, above 500 mmolrl, oxidantrmem-
.branes)0.1 mmolrmg dry wt. ghosts membranes

decreased the intensity of the A- and C-transitions by
10% on the average and lowered the T of C-transi-max

tion by 0.78C, while the D H value of membrane
denaturation did not display any significant variation.

Oxidation of membranes by Fe2qrCHP induced
irreversible changes in the heat absorption by mem-

Ž .branes Figs. 3 and 4 . Firstly, the oxidation dimin-
ished the D H of membranes. The curve of concentra-
tional dependence formed a plateau at 50 mmolrl
Fe2q and then did not change significantly up to an

2q Ž .Fe level of 300 mmolrl Fig. 4A . Besides D H
lowering, the oxidation reduced the intensity of all
transitions. The first to disappear was the visible

Fig. 4. The effect of increasing concentrations of Fe2q on
Žthermogram parameters CHP 250 mmolrl, CHPrmembraness

. Ž . Ž . Ž .0.05:1 : A Enthalpy of denaturation D H ; B Intensities of
Ž max. Ž .transition DC ; C Temperatures of transitions maximump

Ž . Ž . Ž .T ; D Transitions half-width DT . I, A-transition; `,max 1r2

B -transition; ^, B -transition; \, C-transition. The data are1 2
Ž .expressed as mean"S.D. ns4 .

Fig. 5. The effect of a-tocopherol on heat absorption of mem-
branes: 1, Control membranes without tocopherol and oxidation.

Ž .2, Membranes with a-tocopherol 850 mmolrl 0.1% ethanol
and without oxidants. 3, Membranes without a-tocopherol oxi-
dized with Fe2q 250 mmolrl and CHP 250 mmolrl
Ž 2q .Fe rCHPrmembraness0.05:0.05:1 . 4, Membranes with a-
tocopherol 850 mmolrl oxidized with Fe2q 250 mmolrl and

Ž 2q .CHP 250 mmolrl Fe rCHPrmembraness0.05:0.05:1 .

maximum of B -transition at Fe2q)50 mmolrl1
Ž 2q .Fe rCHPrmembranes)0.01:0.5:1 . Then at an

2q Ž 2qFe level of about 250 mmolrl Fe rCHPrmem-
.branesf0.05:0.05:1 the maxima of B - and C-tran-2
Ž .sitions disappeared Fig. 3A, curve 6 . The intensity

of A-transition decreased with the growth of Fe2q

concentration to 50 mmolrl and more and then did
not change significantly with further rise of Fe2q and

Ž .CHP concentrations above 500 mmolrl Fig. 3B .
Secondly, the oxidation induced insignificant lower-

Ž .ing of T of visible transitions Fig. 4C . The Tmax max

of A-transition decreased only at the CHP concentra-
Žtion rise above 500 mmolrl Fig. 3A, curves 7 and

. 2q8 , though even at Fe rCHPrmembranes f
Ž .0.05:0.05:1 the T decreased only by 38C Fig. 3B .max

Thirdly, the oxidation was found to increase the
Ž .DT values of A- and C-transitions Fig. 4D . A1r2

strong rise of DT of A-transition at 50 mmolrl1r2
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Fig. 6. The effect of oxidation on heat absorption of membranes
Ž .with msdB3 C-transition : 1, Control membranes without oxida-

tion; 2, membranes oxidized with Fe2q 250 mmolrl and CHP
Ž 2q .250 mmolrl Fe rCHPrmembraness0.05:0.05:1 .

Fe2q was associated with the disappearance of the
visible maximum of B -transition and its overlapping1

with the A-transition. Fourthly, the oxidation of
membranes was conducive to changes in the slope of
thermograms—reduction of heat absorption in the
range of 55–728C and increasing heat absorption
above 728C that resulted in the disappearance of

Ž .D-transition Fig. 3A, curves 7 and 8 .

3.4. The effect of tocopherol

ŽPreincubation of membranes with tocopherol 0.5–
.0.85 molrl averted the accumulation of TBA-RS

Ž .Fig. 1C , the negative slope of thermograms and
suppressed totally the sharp rise in the heat absorp-

Ž .tion above 708C Fig. 5, curve 4 . But even at
tocopherol levels three times the CHP concentration,
tocopherol prevented only partially the decrease in
D H, did not restore the decrease in the intensity of
transitions and did not alter the electrophoretic pat-

Ž .tern of oxidized membranes Fig. 2, slots 7 and 13 .

3.5. The effect of oxidation on band 3 protein

To study the influence of oxidation on Band 3, we
isolated the membrane domain of Band 3 by alkaline

w xtreatment as in 45 . Fig. 6 shows that a short-time
oxidation of such ghosts affects strongly the character
of heat absorption by membranes, reduces the T ,max

intensity and enthalpy of the C-transition. Like in the
case of thermograms of strongly oxidized mem-
branes, the oxidation induced a dramatic increase in
the heat absorption above 708C.

3.6. Oxidation of erythrocytes

Oxidation of whole erythrocytes in the presence of
2.5 mmolrl Fe2q and 50 mmolrl CHP led to the
development of hemolysis. A thermogram of a sus-
pension of ghost membranes isolated from oxidized
red cells is shown in Fig. 7. The oxidation of erythro-
cytes accompanied by hemolysis is seen to be con-
ducive to the result qualitatively analogous to the

ŽFig. 7. Thermograms for: 1, Control ghost membranes without
. 2qoxidants ; 2, Membranes oxidized with Fe 250 mmolrl and

Ž 2q .CHP 250 mmolrl Fe rCHPrmembraness0.05:0.05:1 ; 3,
ŽGhost membranes isolated from oxidized erythrocytes 2.5

2q .mmolrl Fe and 50 mmolrl CHP .
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oxidation of ghosts—decrease in the membrane D H,
drop of the intensity of all transitions and the disap-
pearance of the visible maxima of B - and B -transi-1 2

tions. However, in contrast to the oxidation of ghosts,
that of membranes did not cause any significant
decrease in T of C-transition, changes in the slopemax

of thermograms and higher heat absorption above
708C.

4. Discussion

The results presented in this paper indicate that
homolysis of CHP catalyzed by Fe2q induces three

Ž .basic processes: 1 considerable accumulation of
TBA-RS which is indicative of PUFA degradation;
Ž .2 decrease in the concentration of native protein in

Ž .membrane due to aggregation into HMWA; 3
changes in heat absorption parameters for all thermal
transitions of membranes. The earlier work showed
that CHP induced complete degradation of PUFA of

w xphospholipids 3,22 . Under the conditions of our
experiments the maximal quantity of TBA-RS was
produced at 100 mmolrl Fe2q which suggests that
virtually all PUFA degraded at Fe2qrCHPrmem-
branes)0.02:0.5:1. The production of TBA-RS was
totally blocked by tocopherol. According to the re-
sults of electrophoresis, homolysis of CHP induces
the aggregation of proteins into HMWA that leads to
the decrease in the intensity of bands of spectrin,
ankyrin, Band 3, 4.1, 4.2 and 4.9 proteins, and actin.
The aggregation is not blocked by a-tocopherol. Un-
fortunately, the conventional gradient SDS-electro-
phoresis of oxidized membranes does not have the
resolution capacity, which would allow the establish-
ment of the dependence of band intensity and HMWA
on the concentration of oxidants and the level of
TBA-RS. Therefore, we can make only qualitative
comparison of the electrophoretic and calorimetric
data. Nonetheless, our results and the available litera-

w xture data 6,8,10,15,16,20,21,24,29 are sufficient to
maintain that homolysis of CHP leads to a decrease
in the native protein concentration in the membrane.
Despite the fact that both the degradation of PUFA
and the aggregation of proteins are extensively de-

w xscribed in the literature 3,5,18,22,46 , there is very
scanty evidence that both processes induce global
structural changes in the membrane skeleton. The

microcalorimetric data presented in this paper support
the existence of such interrelation. The major mi-
crocalorimetric consequences of CHP homolysis are:
Ž .a decrease in the intensity of B -, B and C-transi-1 2

Ž .tions and their eventual disappearance; b lower D H
Ž .of oxidized membranes; c negative slope of thermo-

Ž .grams; d increase in the heat absorption above 728C
and the disappearance of the D-transition. All these
changes occur within the range of 5–100 mmolrl

2q Ž 2q .Fe Fe rCHPrmembranes- 0.02:0.05:1 , i.e.,
before the formation of maximal quantity of TBA-RS
Ž .total degradation of PUFA , and form a plateau at

2q ŽFe levels higher than 100 mmolrl Fig. 4A and
.B . Evidently, the decrease in the intensity of A-tran-

sition is associated with the aggregation of spectrin–
actin, while that of B -transition—with the aggrega-1

tion of 4.1 and 4.2 proteins and ankyrin, and finally
the decrease in the intensity of B - and C-transitions2

—with the aggregation of Band 3 protein. However,
the appearance of plateaus in the curves of concentra-
tional dependence of the intensity A-, B - and B -1 2

transitions is due to different reasons. The plateau for
the B - and B -transitions is associated primarily1 2

with the disappearance of the visible maxima of these
transitions at Fe2q levels above 100 mmolrl. In the
case of A-transition its intensity went down with the
increase in the Fe2q level up to 50 mmolrl and then

Ždid not change significantly as confirmed by the
.electrophoretic data . This allows us to suppose that

the same portion of the spectrin–actin domain aggre-
gates over a wide range of Fe2q concentrations. In
this sense the A-transition—the spectrin–actin do-
main—proved to be the most resistant to oxidation.
This domain did not disappear even under a very

Ž .strong oxidation Fig. 3B . The increase in the CHP
level above 500 mmolrl caused only a lowering of
the T of A-transition but it did not induce anymax

additional aggregation and decrease in the DC max ofp

A-transition. The following explanation of the plateau
appearance seems to us to be reasonable for the
A-transition. Since the A-transition includes denatura-
tion of the spectrin–actin domain, which is in the
aqueous phase and does not interact directly with the

w xmembrane 33,35 , its aggregation must be due to the
attack of radicals formed in the aqueous phase. The
source of these radicals is the water-dissolved CHP,

Ž .which has a limited, about 15 grl 98 mmolrl ,
solubility in water. It is this portion of CHP which
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serves as the source of the same quantity of cumy-
loxy radicals over a wide range of Fe2q concentra-

Ž .tions 5–500 mmolrl and induces the aggregation of
the same spectrin quantity.

That a portion of radicals is generated and attacks
the proteins from the water phase is proven by the
disappearance of B -transition, which is formed by1

ankyrin and proteins of 4.1 and 4.2 bands, and by the
reduction of the intensity of A- and B -transitions2

formed by the spectrin–actin and the cdB3, respec-
tively. All of these proteins are localized in the water

w xphase 47 . Apparently, it is due namely to this reason
that tocopherol does not block the aggregation and
the decrease in the intensity of these transitions.

On the other hand, in addition to the aggregation
into HMWA, the oxidation perturbs the structure of
the nonaggregated portion of the spectrin–actin do-
main due the larger DT of the A-transition which1r2

is indicative of the decrease in the cooperativity of
denaturation. This may be associated with both the
weaker spectrin–actin interaction due to the aggrega-
tion of protein 4.1 and the oxidation of spectrin and
actin by radicals.

The most vivid changes are characteristic of the
heat absorption by the Band 3 protein which is
denatured in the course of B - and C-transitions.2

Oxidation induces a decrease in the intensity, in-
significant lowering of T and larger DT of themax 1r2

C-transition before and after reaching the Fe2q level
of 100 mmolrl. The visible maximum of C-transition
disappears only at concentrations of oxidants above
500 mmolrl The lower intensity of B - and C-transi-2

tions is associated with the aggregation of the cyto-
plasmic and membrane domains of Band 3. Surpris-
ingly, even strong oxidation has little effect on both
the Tmax of C-transition in whole membranes and on
the T and DT of C-transition of the isolatedmax 1r2

msdB3 after alkaline treatment. This resistance of
msdB3 to oxidation may be due to a few reasons. In
the first place, the msdB3 shows a preferential bind-

w xing of long chain saturated lipids 48 and cholesterol
w x49 ; consequently, the oxidative degradation of phos-
pholipids reflects poorly the phase state of the sur-
rounding and ‘boundary’ lipids and has little effect
on the T and DT of the C-transition. Further-max 1r2

more, if the decrease in the intensity of C-transition
were mediated by the degradation of phospholipids
surrounding msdB3, tocopherol would block changes

in the intensity, T and DT ; this however is notmax 1r2

the case in reality. On the other hand, this may mean
that either radicals do not attack directly the msdB3
and do not affect strongly its structure or the attack
by radicals results in the immediate aggregation of
the msdB3 without formation of intermediate
‘oxidized’ conformations which denature at lower
T . The idea of weak modification of the msdB3 bymax

oxidation is supported by the data reported by Carpari
w xet al. 30 , who failed to reveal any changes in the

distribution of intramembrane particles over the PF-
fracture face of erythrocyte membranes oxidized by
BHP. The high sensitivity of Band 3 protein to
oxidation is most likely determined mainly by the
aggregation of the cdB3 and not the membrane-span-
ning domain of Band 3 protein.

As noted above, the oxidation induces the appear-
ance of the negative slope of thermograms and a
dramatic increase in the heat absorption above 728C.
These two effects are interrelated since they are
dependent on the oxidant concentration and the influ-
ence of tocopherol which suppresses both effects.
Consequently, they are determined by thermotropic
properties of the oxidized lipid membrane bilayer.
This proves that the degradation of PUFA of phos-
pholipids alters phasic properties of the lipid mem-
brane bilayer. An analogous conclusion was drawn

w xby Caprari et al. 30 who showed that the oxidation
t-BHP modifies strongly the ordering of the lipid
phase in lipid membrane. It is noteworthy that the
processes of lipid phase degradation and changes in
the structure of protein domains are relatively ‘inde-
pendent’ of each other since tocopherol totally inhib-
ited the formation of TBA-RS but did not block the
lowering DH of membrane the decrease in the inten-
sity of transitions and the aggregation of proteins in

w xelectrophoresis. Many other authors 6,50,51 drew
analogous conclusions. However, there is no general
consensus regarding the cause of this phenomenon.
There is a view that different radicals mediate these
processes: peroxidation—by peroxyl radicals, while
aggregation—by alkoxyl and hydroxyl radicals
w x6,15,21,24,50,51 . Investigation of this problem is
the subject of our further studies.

Thus, based on the general concept of the mem-
w xbrane skeleton organization 47 , changes in the char-

acter of heat absorption by oxidized membranes may
be interpreted as perturbations of the structural orga-
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nization and interactions inside the spectrin–actin-
protein 4.1 domains, the spectrin–protein 4.2 domain,
as well as inside the domain of spectrin–ankyrin–
cdB3 and the domain formed by the msdB3. These
perturbations are determined by the decrease in the
native protein concentration in the above domains
due to oxidative aggregation of proteins and by
changes in the protein conformation in these do-
mains. It should be noted that the HMWA formed
remain bound to the membrane since we have failed
to reveal any proteins or aggregates in the super-
natant of oxidized membranes. This is in keeping

w xwith the data of Carpari et al. 30 indicating that the
oxidation induced by t-BHP reduces the extractabil-
ity of oxidized spectrin from membranes.

The oxidation of intact erythrocytes accompanied
by hemolysis is on the whole conducive to the same
changes in the heat absorption by membranes as in
the case of oxidation of ghosts: decrease in the
intensity of transitions, D H of membranes, the disap-
pearance of the maxima of B - and B -transitions and1 2

the removal of D-transition. However, the oxidation
of erythrocytes does not induce any negative slope of
thermograms, growth of heat absorption above 708C
and lowering of the T of C-transition. These dif-max

ferences are still difficult to interpret since we have
not succeeded in establishing the dependence of the
thermogram shape on the concentration of oxidants,
the quantity of TBA-RS and the level of hemolysis,
and these will be the topics of our subsequent studies.
Nonetheless, our preliminary data indicate that the
CHP homolysis destabilizes the membrane skeleton
structure that in turn explains the development of
erythrocyte hemolysis. It appears obvious that the
changes in the membrane skeleton structure described
in this paper underlie modifications in the membrane

w xpermeability to ions 21,25–27 , and the decrease in
w xthe deformability and mechanical stability 10,28 of

erythrocytes.
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