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ERYTHROCYTE MEMBRANES

ANNA WROBEL
Institute of Physics, Wroctaw University of Technology,
Wybrzeze Wyspianskiego 27, 50-370 Wroctaw, Poland

Abstract: The treatment of erythrocyte membranes with peroxynitrite
(ONOQO), a cytotoxic species formed in vivo by the amost completely
diffusion controlled reaction of nitric oxide (NO') and the superoxide anion
(O; ), led to the loss of the EPR signal of the nitroxide radical 2,2,6,6-
tetramethyl-piperidine-1-oxyl (TEMPQO). The decrease in the TEMPO EPR
signal was peroxynitrite concentration dependent in the studied peroxynitrite
concentration range (100 — 1000 niM). The absence of such a phenomenon in
the control membranes (not treated with peroxynitrite) and in a buffer treated
with peroxynitrite indicates that the effect must be caused by nitroxide radicals
reacting with the products of peroxynitrite reactions with membrane
components. To find out which membrane components are responsible for the
decrease in EPR signal, this effect was studied in simple model systems (protein
and lipid suspensions). The same phenomenon was observed in both lipid and
protein systems treated with peroxynitrite, but in protein solutions the effect
was greater and occurred for lower peroxynitrite concentrations. A clear effect
of the loss of the EPR signal was observed for both erythrocyte membranes and
bovine serum albumin (BSA) solution for a peroxynitrite concentration of 100
mM, while in the case of linolenic acid suspension, a significant difference
between control and peroxynitrite-treated samples was achieved for a
peroxynitrite concentration of 1000 nM. A comparison of the results obtained
for the lipid and protein systems suggests that the reaction of nitroxide radicals
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with protein derived species plays the main role in the observed decrease in the
TEMPO EPR signa in peroxynitrite treated erythrocyte membranes.

Key Words: Peroxynitrite, Nitroxide Radical TEMPO, Electron Paramagnetic
Resonance, Erythrocyte Membrane, Oxidative Stress

INTRODUCTION

Peroxynitrite (ONOO') is formed by the almost completely diffusion controlled
reaction of nitric oxide (NO) and the superoxide anion (O, ') [1], and its
formation in vivo probably occurs near such cells as macrophages, neutrophils
and endothelial cells that produce both nitric oxide and superoxide [2-5]. This
compound is a potent and versatile oxidizing and nitrating agent, and several
lines of evidence point to peroxynitrite as a key biomolecule in mediating the
reactivity and toxicity of nitric oxide and superoxide, the molecules of which
are relatively unreactive towards most organic molecules [6, 7]. ONOO'™ is a
stable anion in alkaline solution (pK 6.8); however, upon protonation, ONOOH
decays rapidly, with a half-life of 1s at pH 7.4 [1], generating reactive species
that readily react with biomolecules including sulfhydryls [8-10], lipids [5, 7,
11] and amino acids [2, 12-14]. This wide range of biologica targets makes
peroxynitrite a potent tissue-damaging species implicated in severa
pathological situations like inflammatory disorders|[2, 5, 15], atherosclerosis [6]
or neurodegenerative diseases such as Alzheimer’s disease [16, 17].

The mechanism of peroxynitrite toxicity is complex, and the primary
biochemical site of peroxynitrite reactivity responsible for cell destruction
remains unknown. Membranes of cells and intracellular organelles may be the
sites of peroxynitrite damage [7, 11, 18, 19]. The biological damage produced
by peroxynitrite in membranes is attributable to its ability to destroy
biomolecules either by a direct reaction or through the formation of freeradicas
and reactive intermediates, or via both processes [7, 11, 20]. The reaction of
peroxynitrite with membrane lipids results in the production of lipid
hydroperoxides [11]. It was found that lipid peroxidation is the main channel of
interaction of lipids and peroxynitrite in the presence of oxygen [7]. This
implies that there is a mechanism whereby peroxynitrite induces lipid free
radicals formation [21]. Peroxynitrite reaction with proteins can nitrate as well
as oxidize amino acid residues and affect prosthetic groups [2, 12-14]. The most
reactive amino acids are cysteine, methionine, tryptophan and tyrosine [12, 13].
Peroxynitrite-mediated oxidation and nitration of amino acids proceeds through
both one- and two- electron mechanisms, the former leading to the formation of
protein radicals[13, 14, 22, 23].

To study the influence of peroxynitrite on biological membranes, | chose the
erythrocyte membranes, a smple and suitable model system often used for
studies of plasma membrane modifications by toxic agents. By means of
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electron paramagnetic spectroscopy, a significant decrease in the EPR signal of
the nitroxide radical TEMPO was observed in peroxynitrite-treated erythrocyte
membranes. The lack of such a phenomenon in the control membranes (not
treated with peroxynitrite), in those membranes treated with the products of
peroxynitrite decomposition in buffer, and in buffer treated with peroxynitrite
indicates that the process is caused by nitroxides reacting with the products of
peroxynitrite reactions with membrane components. The results of studies on
the same effect in simple lipid and protein model systems suggest that the main
role in the observed decrease in the TEMPO EPR signal in peroxynitrite treated
membranes is played by nitroxide radicals reacting with protein derived species,
probably free radicals.

MATERIALSAND METHODS

Chemicals

TEMPO and BSA were purchased from Sigma Chemical Co. Oleic acid and
linolenic acid were obtained from Aldrich Chemical Co. HBS cellulose was
from Serva Chemical Co.

Erythrocyte membranes preparation

Bovine erythrocytes were isolated from fresh blood, anticoagulated with citrate,
by centrifugation a 4°C a 2000 g, and purified by three cycles of
resuspension and washing with PBS (phosphate-buffered NaCl solution, 310
mosM, pH 7.4). The osmolarity was calculated by totalling the concentration of
al ionizable species. After careful removal of the buffy coat, residua
leukocytes were removed by passing the erythrocyte suspension through a
column of HBS cellulose. Erythrocyte ghosts were prepared from the washed
cells according to a modification of the method of Dodge et al. [24]. The
erythrocytes were hemolysed on ice with 14 volumes of hypotonic phosphate
buffer (20 mosM, pH 7.4), containing 1 mM EDTA as a proteolytic inhibitor,
and centrifuged for 20 min at 4°C at 20000° g. The ghosts were resuspended in
ice-cold hypotonic phosphate buffer (20 mosM, pH 7.4) with EDTA, and this
process was continued until the ghosts were free of residual hemoglobin. The
ghosts were resuspended in phosphate buffer without EDTA, and the protein
concentration in the suspension (of 4 mg/ml) was estimated by the method of
Bradford [25] using bovine serum albumin as a standard.

Other samples preparation

Solutions of BSA were prepared by mixing an appropriate amount of the
protein with PBS buffer. Suspensions of oleic acid and linolenic acid were
prepared in 0.1 M sodium carbonate (the pH of these samples was 8.5). The
concentrations of all the compounds are given in the figure captions.
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Peroxynitrite synthesis

Peroxynitrite was synthesized by azide-ozone reaction [26]. This method
provides concentrated solutions of peroxynitrite that are low in ionic strength,
low in alkali and free of H,O,. An ozone stream generated by a Sorbios Ozone
Generator model GSG 001.2 (Sorbios GmbH, Berlin, Germany) was bubbled
through a glass-frit into 100 ml of 0.1 M sodium azide in water (pH adjusted
previousy to 12 with 1 N NaOH) chilled to 0°C in an ice water mixture for
about 60 min., with aflow rate of 40 I/h and an ozone concentration of 20 g/m3.
Peroxynitrite formation was monitored spectrophotometrically during the
synthesis at 302 nm (e = 1670 M™* cm™). The synthesis was stopped about 10
min after obtaining the maximum concentration. The fina concentration of
peroxynitrite was about 45 mM. The stock solution was stored at -18°C and
used within 1 week of synthesis. Before each experiment the concentration of
peroxynitrite was estimated spectrophotometrically [26] and an appropriate
volume of stock solution was added to the sample. Control samples were treated
with water (pH 12). To check for the potential effect of the products of
peroxynitrite decomposition, peroxynitrite was alowed to decompose for 24 h
at 37°C, before mixing with the samples.

Electron paramagnetic r esonance spectr oscopy

Ten m of TEMPO in water (c=0.4 mM) was added to two hundred m of sample
that had been treated with peroxynitrite. After vigorous mixing, the suspension
was placed in glass haematocrit tubes (the height of samples in the tubes was 20
mm). Each tube containing a sample was sealed off, and the EPR spectrum was
recorded at room temperature for 2 to 6 hoursin an X-band spectrometer, model
SE/X 2543 (Radiopan, Poznan, Poland). The instrumental conditions were: field
setting 334 mT, scan range 10 mT, microwave power 4 mW and modulation
amplitude 0.1 mT. The standard measurement conditions were typical for the
quantitative EPR (QEPR) technique. The height of the low field line (h,,) of the
TEMPO EPR signal was a measure of the relative signal intensity. Experiments
were repeated for seven different blood samples and at least three times for each
model system. The same effect was observed in all cases. The typical results of
a single experiment have been summarized in Figures 1-3 in order to
demonstrate changesin TEMPO EPR signal intensity.

RESULTS

In the peroxynitrite-treated erythrocyte membrane suspension, there is a ow
decrease in the EPR signal of the nitroxide radical TEMPO (Fig. 1). Although
the mgjority of the decrease in the TEMPO signal occurs before the first EPR
measurement, direct interaction between TEMPO and peroxynitrite has been
excluded by the lack of the decay in TEMPO EPR signal in peroxynitrite treated
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Fig.1. The amplitude of the EPR signal of TEMPO in control (1) and peroxynitrite-
treated erythrocyte membranes. Peroxynitrite concentration (mM): 100 (§ ), 250 (),
500 (N') and 1000 (0). (h, ) - height of low field line (arbitrary units).
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Fig. 2. The amplitude of the EPR signal of TEMPO in control (1) and peroxynitrite-
treated bovine serum albumin at 8 mg/ml concentration. Peroxynitrite concentration
(mM): 100 ( § ), 250 (), 500 (N) and 1000 (O).
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Fig. 3. The amplitude of the EPR signal of TEMPO in control (1) and peroxynitrite-
treated linolenic acid suspension of 36 mg/ml concentration. Peroxynitrite concentration
(mM): 500 (N), 1000 (), 2000 (" ) and 3000 (A ).

buffer. Because of the absence of a decrease in TEMPO signa amplitude in the
control membranes, in the membranes treated with the products of peroxynitrite
decomposition, and in buffer treated with peroxynitrite, the effect must be
caused by nitroxide radicals reacting with the products of peroxynitrite reactions
with membrane components. A study of this effect in simple lipid and protein
model systems showed that a decrease in the EPR signal in the membrane is a
complex process, because the same phenomenon was observed both in lipid and
protein solutions (Fig. 2 and 3).

Peroxynitrite treatment of BSA solution led to a concentration-dependent
decrease in TEMPO signal amplitude (Fig. 2). A clear effect of the loss of EPR
signal was observed both for erythrocyte membranes and BSA solution for low
peroxynitrite concentrations (100 nM), but in BSA solution this process had
quite a different course. In peroxynitrite treated erythrocyte membranes, the
rapid decrease in TEM PO signal amplitude takes place within the first 3 min of
the addition of nitroxide to the sample (Fig. 1). In peroxynitrite BSA solution,
there was no rapid phase decrease immediately after TEMPO addition (except
for the highest concentration of peroxynitrite — 1000 niM), and the signa
decreased slowly dependent on peroxynitrite concentration.

To find out if the same process takes place in lipids, two unsaturated fatty acids
with different number of double bonds were chosen: oleic and linolenic.
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Peroxynitrite treatment of oleic acid does not cause any decrease in the TEMPO
EPR signal (data not shown). In the case of peroxynitrite treated linolenic acid,
the decrease in nitroxide concentration was clear, but to get results comparable
to those obtained for erythrocyte membrane suspension and BSA solution, a
much higher peroxynitrite concentration had to be used (compare curves for
1000 nM peroxynitrite from Fig. 1, 2 and 3). The loss of the TEMPO signal in
the control suspension of linolenic acid was probably caused by the reaction of
TEMPO with the products of lipid peroxidation on air.

DISCUSSION

To better understand the mechanism of peroxynitrite cytotoxicity and itsrole in
pathological processes, it is important to characterize its reactivity toward
different biomolecules. Studying the effect of peroxynitrite on the cell
membrane may help to understand the role played by oxidation damage in the
pathogenesis of some human diseases including neurodegenerative disorders,
and to find effective defenses against the excessive production of this
compound. The loss of the EPR signal of nitroxide radicals in erythrocyte
membranes treated with peroxynitrite observed in this study may be related to
novel applications of nitroxides as antioxidants. Over the past few years,
nitroxides have been shown to possess antioxidant activity and to protect cells
against a variety of agents that impose oxidative stress [27-29]. It was found
that nitroxide 4-hydroxy TEMPO inhibits peroxynitrite luminol-dependent
chemiluminescence (LDCL), is a potential tool to control peroxynitrite
mediated toxicity in activated microglia cell in culture [30], and significantly
reduces the formation of peroxynitrite in rats subjected to carrageenan-induced
pleurisy [15] . A greater knowledge of the interaction between nitroxides and
peroxynitrite in biological systemswill aid in the design of rational therapies for
pharmacol ogical intervention using nitroxides.

My studies show that in peroxynitrite treated erythrocyte membranes, thereis a
slow decrease in the EPR signa of the nitroxide radica TEMPO. Because
ONOOH decays rapidly after protonation at pH 7.4 [1], this phenomenon
cannot be the result of the reaction of peroxynitrite with nitroxides, but must be
caused by nitroxide radicals reacting with products of peroxynitrite reaction
with membrane components. The main reactions of nitroxide radicals resulting
in a loss of paramagnetism are oxidation, reduction and free radica
recombination. Usually, in biologica systems the main reaction of nitroxidesis
reduction. The basic source of reducing factors in erythrocyte membranes are
the -SH groups of proteins. Peroxynitrite mediates the oxidation of both
nonprotein and protein -SH groups [8-10, 18]. In erythrocyte membranes,
peroxynitrite dependent decrease in protein -SH groups is significant (50% at
250 MM peroxynitrite) [18]. This means that the observed loss of the TEMPO
EPR signal in peroxynitrite treated membranes cannot be caused by the
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reduction of nitroxides by -SH groups. However, peroxynitrite may initiate the
autoxidation of -SH groups, a process known to produce superoxide [31].
Superoxide can reduce nitroxide free radicals to their corresponding
hydroxylamines in the presence of -SH containing compounds [32]. The
apparent rate constant for reduction is two orders of magnitude larger than the
rate constant for oxidation of hydroxylamine by superoxide [33]. Because in
membranes treated with peroxynitrite not all -SH groups are oxidized, the
reduction of nitroxide by superoxide in the presence of -SH groups cannot be
excluded. The same process may also take place in the case of loss of the EPR
signal in BSA solution, because after peroxynitrite treatment, non-oxidized -SH
groups remain [9].

Peroxynitrite oxidation of proteins occurs, at least partialy, through one-
eectron-transfer oxidative processes - EPR spin-trapping studies of the
peroxynitrite-mediated oxidation of abumin demonstrated that the
corresponding thiyl radicals were formed [13, 22]. In the reaction of
peroxynitrite with BSA, the most reactive amino acids are cysteine, methionine
and tryptophan [12, 13]. The amino acids that react slowly with peroxynitrite
could possibly still have been modified by reaction with highly reactive species
formed from peroxynitrite in rate limiting steps. The reactions of these species
with tyrosine are likely to lead to tyrosine nitration [12]. It was found that in the
reaction of peroxynitrite with human blood plasma, tyrosine- and tryptophan-
centered radicals are formed [13, 23]. This peroxynitrite-mediated one electron
oxidation of biomolecules may be an important event in its cytotoxic
mechanism. Protein radicals formation was found in systems that undergo
various oxidative stresses, such as gammairradiation [34], porphyrin-sensitized
photo-oxidation [35], and hydrogen peroxide treatment [36]. Oxidized proteins
are often functionally inactive and their unfolding in association with enhanced
susceptibility to proteinases may be the primary target responsible for cellular
damage. Recombination of protein radicals produced by peroxynitrite with
nitroxide radicals may play an important role in the observed decrease in the
EPR signal of TEMPO in erythrocyte membranes and BSA solution.

In peroxynitrite treated lipid suspension, a sow decrease in nitroxide
concentration was also observed. the reaction of peroxynitrite with lipids
initiates lipid peroxidation [7, 11, 21]. Peroxynitrite addition to
phosphatidylcholine liposomes resulted in MDA and conjugated diene
formation, as well as oxygen consumption [7]. It was aso shown that
peroxynitrite causes the production of phospholipid hydroperoxides in
synaptosomes [11]. The last theoretical study supports the hypothesis that the
reactive speciesin lipid peroxidation with peroxynitrous acid in the presence of
air isthe discrete hydroxyl radical [21], which is formed by homolysis of the O-
O bond in this acid. Peroxynitrous acid is generated from the peroxynitrite
anion at physiologica pH. Lipid free radicals formed during the lipid
peroxidation process of linolenic acid may recombine with nitroxide radicas



CELLULAR & MOLECULAR BIOLOGY LETTERS 949

causing the loss of the EPR signal. Because monounsaturated fatty acids such as
oleic acid do not undergo autoxidation, the lack of a loss of the EPR signal in
peroxynitrite treated oleic acid suspension may confirm this hypothesis.

In this study | tried to compare the decrease in the EPR signal of nitroxide
radical TEMPO in peroxynitrite treated protein and lipid systems. It was found
that proteins are probably the main target of peroxynitrite reaction. A clear
effect of the loss of the EPR signa was observed both for erythrocyte
membranes and BSA solution for a low peroxynitrite concentration (100 M),
while in the case of linolenic acid, a significant difference between the control
and peroxynitrite treated samples was observed for a peroxynitrite concentration
of 1000 M, and total loss of the EPR signal was achieved for a peroxynitrite
concentration of 3000 nM. The fact that in linolenic acid samples (which have
higher pH than other samples, which means a longer half-life of peroxynitrite)
the effect is much smaller, additionally confirming the thesis that peroxynitrite
reacts much more easily with proteins than lipids. The observations are in
accordance with studies concerning peroxynitrite induced hemolysis of human
erythrocytes [19]. It was shown that erythrocytes underwent hemolysis when
incubated with peroxynitrite without appreciable lipid peroxidation [19]. The
studies on mouse erythrocyte membranes indicate that the cytoskeleton, in
particular spectrin, is a very sensitive target of peroxynitrite [18] and studies on
human erythrocytes show the formation of erythrocyte membrane protein
aggregates, and a decrease in the content of many protein bands (mostly
spectrin and band 3 protein) [37]. Peroxynitrite was also demonstrated to inhibit
multidrug resistance-associated protein (MRP) in erythrocyte [38] and synaptic
plasma membrane Ca’*-ATPase [39]. These facts seem to confirm the thesis
that in the reaction of peroxynitrite with the cell membrane, proteins play a
significant role.

In conclusion, this study enables an estimate of the contribution of processes
linked to lipids and proteins to the loss of TEMPO in peroxynitrite treated
membranes. | postulate that the decrease in the TEMPO EPR signa in
peroxynitrite-treated erythrocyte membranes may be explained mostly by the
recombination of nitroxides with free radicals produced by the reaction of
peroxynitrite with membrane proteins, or less likely with free radicals derived
from the process of lipid peroxidation. The fact that in our previous studies on
the effect of ozone on erythrocyte membranes the difference in decrease of the
TEMPO EPR signal between protein and lipid systems was much less
significant [40] indicates that the reactions of nitroxide radicals with the
products of membrane component oxidation strongly depend on the oxidant.
This must be considered in novel applications of nitroxides as tools protecting
cells against agents that impose oxidative stress.
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