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Research article

Theinfluence of ferrylhemoglobin and methemoglobin on the
human erythrocyte membrane

Malgorzata Sztillér, Mieczyslaw PuchalaAleksandra Kowalczyk Grzegorz Bartos?

Department of Molecular Biophysics, University of Lodz, Lodz, Poland
2Department of Biochemistry and Cell Biology, University of Rzeszow, Rzeszow, Poland

The aim of the study was to examine and compare the effects of methemoglobin (metHb) and
ferrylhemoglobin (ferrylHb) on the erythrocyte membrane. Kinetic studies of the decay of
ferrylhemoglobin (*HbFe(IV)=0 denotes ferryl derivative of hemoglobin present 5 min after
initiation of the reaction of metHb with_B,; ferrylHb) showed that autoredecay of this derivative

is slower than its decay in the presence of whole erythrocytes and erythrocyte membranes. It
provides evidence for interactions between ferrylHb and the erythrocyte membrane. Both
hemoglobin derivatives induced small changes in the structure and function of the erythrocyte
membrane which were more pronounced for ferrylHb. The amount of ferrylHb bound to erythrocyte
membranes increased with incubation time and, after 2 h, was twice that of membrane-bound
metHb. The incubation of erythrocytes with metHb or ferrylHb did not influence osmotic fragility
and did not initiate peroxidation of membrane lipids in whole erythrocytes as well as in isolated
erythrocyte membranes. Membrane acetylcholinesterase activity increased by about 10% after
treatment of whole erythrocytes with both metHb and ferrylHb. ESR spectra of membrane-bound
maleimide spin label demonstrated minor changes in the conformation of label-binding proteins in
ferrylHb-treated erythrocyte membranes. The fluidity of the membrane surface layer decreased slightly
after incubation of erythrocytes and isolated erythrocyte membranes with ferrylHb and metHb. In whole
erythrocytes, these changes were not stable and disappeared during longer incubation.

Keywords: Hemoglobin, methemoglobin, ferrylhemoglobin, erythrocyte membrane

INTRODUCTION ferrylhemoglobin which contains the oxoferryl complex
(iron in the +4 oxidation state with an oxo-group as the
Hemoglobin (Hb) is a heme-containing protein whichsixth ligand) and the protein radical centered probably
binds oxygen reversibly and transports it to tissueson theaTyr-42 residué:** The protein radical decays
About 3% of Hb in the human body autoxidizes torapidly by intramolecular or intermolecular electron
methemoglobin (metHb) every dayetHb can react transfer and/or reacts rapidly with molecular oxygen
with H,O,, which is formed in the circulation by dismu- generating a peroxyl radical? Peroxyl radicals may, in
tation of the superoxide radical anion liberated duringurn, form more stable protein peroxidés.
autoxidation of oxyhemoglobin (oxyHBY,activation of The protein-based free radical in frozen blood has
phagocyted,and during metabolism of some xenobi- been shown to have the same spectroscopic properties as
otics® This reaction generates two oxidizing speciesthe signal of the globin-based free radical formed in the
reaction of purified methemoglobin with @,
, (HbFe(IV)=0)¢ It indicates that, in spite of the presence
Received 12 July 2006 . .
Revised 17 November 2006 of enzymes (catalase and glutathlone_ peroxidase), the
Accepted 19 November 2006 physiological steady-state concentration of hydrogen
Corres _ rperoxide in erythrocytes reportédo be 5x 10 M is
: p.ondenc.eto.'AIeksandra Kowalczyk, Department of Moleculahigh enough to bring about detectable oxidation of
Biophysics, University of Lodz, Banacha 12/16, 90-237 Lodz, Poland
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In this study, we investigated the influence of Sephadex G-25 column using a 0.1 M phosphate buffer
*HbFe(IV)=0 and metHb on the erythrocyte membrane in(pH 7.4) as the eluent. Concentrations of Hb and metHb
a whole-cell system and in preparations of isolated erythrovere determined spectrophotometrically after conver-
cyte membranes. The ferryl derivatives of hemoglobin haveion into the cyanmet form, assuming the absorption
been chosen for this study since their interaction with theoefficient of 44,000 dfmolcnr? (with respect to the
erythrocyte membrane has been suggested to occur intetramer). Absorption spectra of metHb and ferrylHb
variety of physiological and pathophysiological stateswere recorded in the range of 490—-650 nm. All spec-
including blast-pressure injury, ischemia-reperfusion androphotometric measurements were carried out at 25°C
cerebral hemorrhag&!’Moreover, the interaction of ferryl in a CARY-1 apparatus (Varian, Melbourne, Australia).
derivatives of hemoglobin with cells and their constituents
has been rarely studied and is much more poorly under-
stood than that of myoglobin derivativés? Formation of ferrylhemoglobin

FerrylHb was prepared by incubating metHb (2 mg/ml)
MATERIALS AND METHODS with an equimolar amount of B,, in relation to the
quantity of Fe, in 0.1 M phosphate buffer (pH 7.4), at
Materials 25°C for 5 min (a sample containing metHb (2 mg/ml)
was always used in parallel).
Erythrocytes, erythrocyte membranes and hemoglobin
were obtained from blood of healthy donors. 4-
Maleimido-tempo spin label (MSL) and-#imethyl-  Incubation of erythrocytes and erythrocyte membranes
ammonio-1,6-diphenyl-1,3,5-hexatriene  (TMA-DPH) with ferrylhemoglobin
fluorescence probe were purchased from Sigma-Aldrich
Co. (St Louis, MO, USA). All other chemicals were of Erythrocytes (final hematocrit of 1%) or erythrocyte mem-
analytical grade and were purchased from POClHranes (final membrane protein concentration equal to 0.1
(Gliwice, Poland). All solution were made with water mg/ml) were added to the metHb and ferrylHb and placed in
purified by the Milli-Q system. a water bath (temperature of 25°C) for 10, 20, 30, 60, 120
and 180 min. After incubation, the erythrocytes or erythro-
cyte membranes, respectively, were centrifuged and washed

Preparation of erythrocyte suspension 3 times with 0.1M phosphate buffer, pH 7.4, to remove
ferrylHb or metHb and used for analyses.
Blood was centrifuged at 60§ for 10 min. After The results are expressed as percentages of the values

removal of the plasma and buffy coat, the erythrocytesbtained for intact erythrocytes or erythrocyte mem-
were washed three times in 0.1 M phosphate buffer, pranes incubated in 0.1 M phosphate buffer, pH 7.4 in
7.4, and suspended in the same medium. the absence of metHb and ferrylHb.

Membrane preparation Rate constant of ferrylHb reduction

Erythrocyte membranes were obtained by hypotonid@he decay of ferrylHb in the absence and in the presence
lysis in 20 mM Na-phosphate buffer, pH 7.4. The lysedof intact erythrocytes and erythrocyte membranes was
erythrocytes were washed successively by centrifugatiomonitored by the measurement of absorbance at 575 nm
at 13,000g with 20 mM, 10 mM, and 5 mM phosphate (maximum of the absorption band characteristic for
buffer. All solutions used were cooled to #2@rotein  ferrylHb), at 25°C for 20 min.
concentration was estimated by the method of Lastrry
al.2® using bovine serum albumin as the standard.

Measurement of the amount of membrane-bound Hb

derivatives
Hemoglobin and methemoglobin

Erythrocyte membranes, incubated with ferrylHb or
Hemoglobin was isolated according to DraBkiand metHb and washed with buffer (as described above)
purified by ion-exchange chromatography on car-were dissolved in 3% solution of sodium dodecyl sulfate
boxymethylcellulose CM-32 (Pharmacia) as describedSDS). After 10-min incubation at ambient temperature,
earlier?®> Methemoglobin was prepared by oxidizing Hb absorption spectra were taken and absorbance at 405 nm
with a 1.5-fold excess of Jke(CN), and purified on a was read from the spectra.
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Acetylcholinesterase activity immobilized spin label residues, respectively) gives
information about the environment of —SH groups of
Acetylcholinesterase activity was determined accordingroteins binding MSL Fig. 4A).
to the colorimetric procedure of Ellmahal.2 Erythrocyte membranes, incubated with ferrylHb or
metHb and washed with buffer (as described above) were
labelled by MSL (1 h, 4°C, with shaking), and washed
Lipid peroxidation three times with 0.1 M phosphate buffer, pH 7.4, to remove
unbound MSL. ESR spectra were measured at room tem-
Lipid peroxidation was estimated by measurement operature using a Bruker 300E ESR spectrometer. Typical
absorbance of thiobarbituric acid-reactive materials abperating conditions were: microwave frequency, 9.74
532 nm?” GHz; modulation amplitude, 2.0 G; gaix 20%, time con-
stant, 20.5 ms; and scan range 3733-3812 G.

Erythrocyte membrane fluidity

Satistical analysis
Erythrocyte membrane fluidity was estimated using the
fluorescent probe TMA-DPH, which localizes near theData were analysed by the paired Studemtsst.
membrane surface. Fluorescence measurements wedgatistical significance was assumedReralues < 0.05.
performed in a Perkin-Elmer Luminescence
Spectrometer LS50B at, 358 nm and\ 428 nm.

RESULTS ANDDISCUSSION

Changes in membrane protein conformation Hemoprotein-mediated oxidative stress is thought to
play a major role in the pathophysiology of cerebral
Changes in the conformation of membrane proteins wereemorrhage, blast-pressure injury, myocardial ischemia-
examined by an ESR method using a maleimide spineperfusion injury and rhabdomyolysps!’ These condi-
label (MSL), which binds covalently to sulfhydryl tions are generally characterized by the release of Hb or
groups of erythrocyte membrane proteins. Théh.h myoglobin by red blood cell hemolysis or muscle
ratio (ratio of heights of signals of ESR spectra of thedestruction, respectively. Red blood cells themselves are
bound label, corresponding to weakly and stronglyimportant targets for vascular damage resulting from the
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Fig. 1. Absorption spectra of metHb and spectra of ferrylHb after different incubation times.
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Table 1. Rate constants for ferrylHb reduction in the absence and in the presence of whole erythrocytes or erythrocyte
membranes

Rate constant {§ P-value
Autoreduction (3) 242 +0.12x 16
Reduction in the presence of intact erythrocyte} (s 3.67 £0.21) x 1¢ <0.001
Reduction in the presence of erythrocyte membran®s (s 3.43+0.18x 16 <0.002

P, statistical significance of differences between the rate constant for autoreduction and of reduction in the presence of whole

erythrocytes or erythrocyte membranes.

Reaction rate constants for reduction in the presence of whole erythrocytes and erythrocyte membranes, respectively, are not

significantly different P > 0.05).

presence of hemoproteins inside erythrocytes and in the-5 min after the addition of J8,. At this point, about
extracellular environment. 95-97% metHb was oxidized to the *HbFe(IV)=0 form,
The ferryl derivative of hemoglobin is a product of and the majority of radicals localized on the protein moi-
reaction of methemoglobin with ,B,. Two-electron ety decayed. It has been estimated that the half-life of
oxidation of metHb results in a transition of the hemeprotein radicals formed by reaction of metHb witfOH
iron from the Il to IV oxidation state and formation of a is 50 s° Svistunenk& showed that, under similar condi-
radical within the heme group, most probably within thetions, a considerable fraction of these radicals is subject
system of conjugated bonds yielding a cation radical ofo rapid decay and only a small fraction of peroxyl radi-
the ferryl derivative of hemoglobinHbFe(IV)'=0). In  cals localized on Trp-37 of tl&subunit persists 5 min
the next step, a ferryl derivative with the free radicalafter initiation of the reaction. So, 5 min after the addi-
localized on the protein part of the moleculetion of H,O,to metHb, the main reactive products of the
(‘HbFe(IV)=0) is formed via intramolecular radical reaction are ferryl derivatives of hemoglobin, with mod-
transfer from the heme moiéty? The radical located on ified protein moiety (*HbFe(IV)=0), protein hydroper-
the protein moiety decays due to intra- and intermolecuexides and a small amount of the above-mentioned
lar transfer leaving a ‘longer-living’ ferrylnemoglobin peroxyl radicals. In the present study, we evaluated the
form with a modified protein moiety (*HbFe(IV)=0)° effect of these products on some properties of whole ery-
Treatment of metHb with an equimolar (with respectthrocytes and of isolated erythrocyte membranes.
to the quantity of Fe) amount of,@, is associated with  Erythrocytes or erythrocyte membranes were added to
spectral changes in the range of 490-650 nm (Fig. 1}he metHb + HO, system 5 min after initiation of the
The maximal concentration of ferrylHb was observedreaction. Such a procedure excluded the effect,af, H

0.30

0.25 - -~ - -

absorption of membrane-bound
Hb derivatives A=405 nm

OCD T T T T T T 1
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Fig. 2. Dependence of the amount of membrane-bound hemoglobin derivatives on the time of incubation of erythrocyte membranestéininmg p
with metHb or ferrylHb for 10-120 min. Filled circles, metHb; filled triangles ferrylHb.
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Fig. 3. Dependence of acetylcholinesterase activity of erythrocytes (hematocrit of 1%) on the time of incubation with hemogthesidRi@sults
represent the mean value + SD from 5—7 separate measurements. Statistical significance was analysed by the paiteteStadentisterisks indicate
differences significant & < 0.05. For each time point: left, control; centre, metHb; and right, ferrylHb.

on the erythrocyte membranes (hydrogen peroxide was
completely decomposed in the reaction with metHb after

A :
5 min).
The ferryl derivatives of Hb are subject to sponta-
neous autoreduction to metHb, which is reflected in the
hy absorption spectra (Fig. 1). Addition of either intact ery-
I's throcytes or erythrocyte membranes to ferrylHb led to an
increase of the decay rate of ferrylHb. The rate of
ferrylHb reduction in the presence of whole erythrocytes
and erythrocyte membranes was 1.5 times greater than in
B 110
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2
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Fig. 4 (A) Typical ESP spectrum of maleimide-labelled erthyrocyte membranedsefindence of the fin, ratio of MSL on the time of incubation of
erythrocyte membranes (0.1 mg protein/ml) with hemoglobin derivatives. Statistical analysis performed as in caption td-BigeaelBtime point: left,
control; center, metHb; and right, ferrylHb.
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the absence of these additives (Table 1). This resutb be membrane-bound, this must be due to increased
demonstrates interactions between ferrylHb and the erpinding of the derivative to the membrane, rather than
throcyte membrane. trapping.

In order to check whether this interaction results in bind- Acetylcholinesterase is a protein localized at the outer
ing of the ferrylHb to the membrane, the amount of Hbsurface of the erythrocyte and is, therefore, especially
bound to the membranes after the incubation was esfprone to the action of exogenous oxidizing agents, and
mated. The amount of ferrylHb bound to the membranemay be a sensitive index of changes in membrane prop-
increased with the incubation time and, after 2 h, was 2rties. A slight increase in acetylcholinesterase activity
times higher compared to the met-derivatives (Fig. 2). Avas found in erythrocytes treated with both metHb and
fraction of hemoglobin might have been trappedési-  ferrylHb (Fig. 3). After 60- and 120-min incubations, a
cles resealing during the incubation; however, in such alightly higher activity increment was observed for
case, the amounts of ferryl[Hb and metHb trapped shoulpreparations treated with ferrylHb (as compared with
not differ. Since significantly more ferrylHb was found metHb).This increase in acetylcholinesterase activity might
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Fig. 5. Dependence of lipid peroxidation on the time of incubation of (A) erythrocytes (hematocrit of 1%) and (B) erythrocyte meMbramgof

protein/ml) with hemoglobin derivatives. Statistical analysis performed as in caption to Figure 3. For each time pantré&fcenter, metHb; and right,
ferrylHb.
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Fig. 6. Dependence of fluorescence anisotropy of TMA-DPH on the time of incubation of erythrocytes (hematocrit of 1%) with hedesiylatives.
Statistical analysis performed as in caption to Figure 3. For each time point: left, control; center, metHb; and right, ferrylH

be due to a change in membrane surface charge, causeddA-DPH fluorescent probe. This probe intercalates
binding of the hemoglobin derivatives to the membfane. membrane phospholipids and changes in its fluorescence
In order to examine changes in the structure of memanisotropy reflect modifications of the fluidity of mem-
brane proteins, a maleimide spin label binding covabrane lipid bilayer. Incubation of erythrocytes with
lently to —SH groups of membrane proteins wasferrylHb resulted in a slight increase of TMA-DPH
employed. Changes in the/h, ratio of ESR spectra of anisotropy, which indicated a decrease of membrane flu-
the protein-bound spin label (corresponding to the ratiadity (Fig. 6). The highest value of the anisotropy was
of weakly and strongly immobilized, respectively, spinobserved after 30 min of incubation. Membranes treated
label residues) reflect alterations in the micro-environwith metHb showed a somewhat lower increase in
ment of the label. anisotropy. Longer incubation times (120 min) restored
The h/h, ratio decreased in the course of incubationthe control value of fluorescence anisotropy. The same
of ferrylHb with erythrocyte membranes by up to 20%studies performed with isolated erythrocyte membranes
after 120-min incubation (Fig. 4B). This observation isshowed that both ferrylHb and metHb caused a similar
consistent with our previous finding that thératiois  rise of anisotropy factor which was not reversed during
an index of oxidative modification of proteiffisThe  prolonged incubation (Fig. 7). Changes in membrane
decrease of the th,_ ratio was much lower in prepara- fluidity may be due to association of ferrylHb and
tions incubated with metHb under identical experimentametHb molecules with membrane. Antioxidants present
conditions, and did not change during incubation. in whole erythrocytese(g. ascorbate, glutathione-
Many studies document that both ferrylHb andtocopherol) could reduce the oxidized hemoglobin
ferryIMb may initiate lipid peroxidation in model mem- derivatives studied and thus cause their dissociation
branes and lipid emulsiofi$§-*? Our previous study from membranes; this phenomenon could be responsible
showed that ferrylmyoglobin initiates lipid peroxidation for the reversal of changes in fluorescence anisotropy of
in isolated erythrocyte membranes but not in whole eryTMA-DPH upon prolonged incubation.
throcytes® The present results indicate that ferrylHb Incubation of erythrocytes with ferrylHb and metHb
and metHb do not cause any peroxidation of membraneid not affect their osmotic fragility (not shown).
lipids in intact erythrocytes as well as in isolated ery- FerrylMb have been shown to oxidize various sub-
throcyte membranes (Fig. 5). This indicates thafstratese.g. linoleate, low-density lipoproteins, styrene,
ferryIMb is a stronger pro-oxidant species than ferrylHbglutathione and isolated erythrocytes membraHies
with respect to erythrocyte membrane lipids. and inactivate several enzymes. The latter effect has
We studied also the effect of oxidized hemoglobinbeen attributed to oxidation of —SH groups of enzymatic
derivatives on the membrane lipid fluidity using the proteins!®®
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Fig. 7. Dependence of fluorescence anisotropy of TMA-DPH on the time of incubation of erythrocyte membranes (0.1 mg of protaihenfpgiobin
derivatives. Statistical analysis performed as in caption to Figure 3. For each time point: left, control; center, mattib; feng/iHb.

CONCLUSIONS 3.

Results presented in this paper demonstrate that oxidize
forms of hemoglobin induce small, but detectable, -
changes in the structure and property of the membrane
of erythrocytes and of isolated erythrocyte membraness.
The ferryl derivative of hemoglobin is more active in
initiation of these changes than metHb. This difference
can be attributed, at least partly, to the stronger associg;
tion of ferrylHb, than metHb, with the erythrocyte mem-
brane.

Our study shows, moreover, that with respect to the’:
erythrocyte membrane, ferrylHb is a weaker pro-oxidant
species than ferrylMb, which can initiate high lipid per- g
oxidation in isolated erythrocyte membranes. These dif-
ferences in the reactivity of the ferryl forms of both 9.
proteins result apparently from the different size and the
quaternary structure of hemoglobin.
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