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We compared on red cell membrane proteins and hemoglobin (lib) the effects of (i) natural oxidant stress 
that has been suggested to occur in a variety of oxidative hemolytic anemias, and (ii) experimental stress 
induced by hydrogen peroxide. SDS-polyacrylamide gel electrophoresis was used for protein analysis. Under 
natural conditions (thalassemias, hemoglobinopathies with I-Ib unstability), a high molecular weight polymer 
(HMWP) and variable amounts of giobin mono- and dimers became apparent. Furthermore, a major 12 kDa 
polypeptide, its dimer, and conspicuous spectrin degradation products in the band 2.2-2.6 region occurred in 
a patient carrying the highly unstable l ib Hammersmith. Under experimental conditions, incubation of 
erythrocyte ghosts with H 202 in the presence of minimal concentration (25 It M) of I-lb generated a HMWP 
at the expense of membrane proteins, mainly spectrin. Incubation of a diluted (200 tt M) membrane-free 
hemolysate with H202 induced a HMWP, an array of giobin oligomers and a 12 kDa polypeptide similar to 
that mentionned above. Therefore, the damage to the red cell membrane present in various oxidative 
hemolytic anemias, including polypeptide polymerisation and breakdown, can be produced by experimental 
oxidant stress. These observations support the view that the alterations described in the patients result 
directly from oxidative reactions. However, we did not observe in the patient the sharp breakdown of 
polyunsaturated fatty acids that was triggered in vitro by H202 in the presence of Hb acting as a catalyst. In 
most cases, oligo- and polymers were resistant to j~-mercaptoethanol, and the chemical nature of the 
underlying cross-links is discussed. To our knowledge, the 12 kDa polypeptide, that we consider as arising 
from globin proteolysis, has never been reported under pathological conditions. 

Introduction 

Biological membranes are threatened by oxi- 
dant reactions. Due to the high intracellular oxygen 
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concentration [1], the red cell membrane is particu- 
larly exposed. Proteins may be oxidized through 
the formation of disulfide bonds. Polyunsaturated 
long chain fatty acids may undergo complex radi- 
cal reactions requiring catalytic activation of 
oxygen. Among other degradation products, they 
yield malonyldialdehyde [2], a bifunctional rea- 
gent. It has been suggested that malonyldialde- 
hyde, in turn, could generate fl-mercaptoethanol- 
resistant cross-links [3-5]. Still another type of 
covalent bond, generated in the presence of trans- 
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glutaminase [6,7], may appear. Nevertheless, the 
relationship, if any, of this type of linkage to 
oxidant reaction is not direct. 

Although the red cell is protected against oxi- 
dant stress by powerful reducing systems, these 
may be overwhelmed in such conditions as oxida- 
tive hemolytic anemias [8], that include thalas- 
semias and hemoglobinopathies with hemoglobin 
unstability [1]. Oxidant stress that results in vivo 
from these conditions will be referred to as natu- 
ral. Membrane lipid and protein alterations have 
been reported in/3-thalassemia major [4,9,10]. The 
purpose of this work was to further investigate the 
damage undergone by red cell membrane proteins 
and by hemoglobin (Hb) in a variety of oxidative 
hemolytic anemias. We also tried to elucidate the 
mechanism of their occurrence, using one type of 
experimental oxidant stress, e.g. incubation of 
erythrocyte ghosts, membrane-free hemolysates or 
intact red cells with H202. A general protein alter- 
ation pattern could be worked out that is valid 
under both in vivo and in vitro conditions. 

Materials and Methods 

Materials 
The origin of some particular compounds was 

as follows: acrylamide and bisacrylamide, Serva; 
TEMED, Baker; fl-mercaptoethan,ol, malonyldial- 
dehyde and thiobarbituric acid, Merck. Most of 
other organic and mineral compounds were ob- 
tained from Merck. 

Erythrocyte ghosts were prepared according to 
Dodge et al. [11], with some modifications [12]. 
After the last wash in hypotonic phosphate buffer, 
ghosts were washed with an isotonic buffer solu- 
tion containing 5mM Tris (pH 7.5), 150 mM 
NaCI. The ghosts were always prepared fresh prior 
to oxidant treatment. They were stored at -70°C 
for some control purposes (Control 1). 

Abnormal erythrocyte ghosts were obtained 
from (i) four patients with fl-thalassemia inter- 
media, (ii) four patients double heterozygous for 
the fl°-thalassemia and the HbE traits (genotype: 
flo/flE), (iii) one patient heterozygous for Hb 
Hammersmith (fl42 Phe --, Ser) and three patients 
heterozygous for Hb Krln (fl99 Val ~ Met). Hb 
Hammersmith and Hb Krln are unstable variants 
of hemoglobin. Patients with the flo/flE associa- 
tion and the patient with Hb Hammersmith dis- 
played a picture of severe hemolytic anemia that 
required frequent blood transfusions. In other pa- 
tients, the condition was less severe and blood 
transfusions were not usually necessary. All pa- 
tients had free diet and received no vitamin E 
supplementation. Serum iron ranged from normal 
values to 52 #M. Heinz bodies were present in the 
form of small inclusions in patients with B-thalas- 
semia intermedia or With the flo/flE association, 
and also in the splenectomized patient with Hb 
KOln. In the Hb Hammersmith patient, Heinz 
bodies were represented on the contrary by enor- 
mous particles occupying a large fraction of the 
cell volume. 

Preparation of hemolysates and erythrocyte ghosts 
Unless otherwise stated, all operations were car- 

fled out in ice. Blood was collected in citric acid- 
citrate-dextrose medium. In order to prepare he- 
molysates, red cells were washed three times in a 
buffer solution containing 5 mM Tris (pH 7.5), 
145 mM NaCI and 4mM NaN 3. White cells were 
removed by thorough aspiration of the buffy coat 
after the first centrifugation. Following further 
centrifugations, the top of the packed red cell 
fraction was carefully inspected and any remain- 
ing white spot was aspirated again. Hemolysis was 
generated by addition to packed erythrocytes of 10 
vol. of distilled water containing 4mM NaN 3. 
Stroma were separated by centrifugation at 15000 
rpm, for 20 min. 

Peroxidation incubation 
Erythrocyte ghosts were incubated at 37°C for 

2 h with H202 (concentration: 0.5 or 5 mM) in a 
medium containing 5 mM Tris (pH 7.4), 145 mM 
NaC1 and 2 mM NaN 3 (as a catalase inhibitor), at 
a final concentration of 1 mg membrane protein 
per ml. Hemolysate (25 #M Hb) was added in 
most experiments. Following immediately the in- 
cubation period, the reaction mixture was sub- 
mitted to centrifugation (15000 rpm, 10 rain, 4°C). 
Malonyldialdehyde was determined in the super- 
natant (see below). Pelleted ghosts were washed 
twice with 5 mM phosphate buffer (pH 8.0) in 
order to remove trace amounts of HzO 2 that possi- 
bly remained. They were stored at -70°C in the 
presence of glycerol (10%, w/v) before further 
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analysis. Handling and storage times were strictly 
the same for all experiments. 

In some experiments, intact red cells 
(hematocrit: 4%) were incubated with 0.5 mM or 
5 mM H 202 in a buffer solution containing 5 mM 
sodium phosphate (pH 7.4), 8 mM KC1, 140 mM 
NaC1 and 2 mM NaN 3. Although substantial he- 
molysis occurred at 5 mM H:O 2, malonyldialde- 
hyde was determined in the post-incubation super- 
natant and ghosts were purified according to the 
standard procedure. Control 4 will refer to intact 
red cells incubated alone. The use of intact red 
cells more closely reproduced in vivo conditions. 
On the other hand, heavy contamination of the 
ghosts by the bulk of Hb could mask some fea- 
tures pertaining to membrane proteins. 

Protein analysis 
Proteins were assayed by the procedure of 

Lowry et al. [13]. SDS-polyacrylamide gel electro- 
phoresis was carried out according to a technique 
derived from that of Fairbanks et al. [14]. Samples 
underwent only one freeze-thaw cycle in order to 
reduce or avoid artefactual proteolysis. They were 
pre-incubated (1 mg/ml) at 60°C for 15 min in 
the following medium: 1% SDS, 0.5 mM EDTA 
and 6, 100 or 500 mM fl-mercaptoethanol. 15-/~1 
aliquots were submitted to electrophoresis in a gel 
slab (5.6% acrylamide and 0.21% bisacrylamide 
monomers), in a medium (pH 7.4) containing 40 
mM Tris, 20 mM sodium acetate, 2 mM EDTA 
and 0.2% SDS. Staining with Coomassie blue and 
destaining were performed using standard proce- 
dures. 

Lipid analysis 
Malonyldialdehyde, reflecting oxidative break- 

down of polyunsaturated long chain fatty acids, 
was determined with the thiobarbituric acid proce- 
dure [15,16]. Erythrocyte ghost lipids were ex- 
tracted with chloroform-methanol [17]. Cholesterol 
was determined by gas-liquid chromatography 
(column: 2% OV 1; support: chromosorb WHP 
(Pierce)), after silylation of the lipid extract with 
bis( sialyl)acetamide/trimethylchlorosilane (BSA/ 
TMCS) (4:1, v/v) mixture. Phospholipids were 
assayed according to Bartlett [18]. PC, PE and PS 
were separated by thin-layer chromatography on 
Merck silica gel slabs with chloroform/meth- 

anol/water (65 : 25 : 4, v/v). Bands were revealed 
with Bromophenol blue, scratched out and des- 
sicated. After transesterification, the fatty acid 
methyl esters of each phospholipid class were sep- 
arated by gas-liquid chromatography in a column 
whose support (Chromosorb W 80, 120 mesh) was 
coated with 10% DEGS (Carlo Erba Fractovap, 
Model 320). Each fatty acid was expressed as % of 
the total, derived from the integration of the peaks 
of the chromatogram. 

Results  

Lipid oxidation 
In vivo, the spontaneous fatty acid distribution 

in PC and PE was found essentially unchanged in 
the patients examined (Fig. 1). In particular, no 
decrease of the 20:4 (n-6) and the 22:6 (n-3) fatty 
acids was recorded. Only was it, however, in PS 
from patients with fl-thalassemia intermedia that a 
reduction of these fatty acids was visible (Fig. 1). 

In vitro, lipid oxidation of erythrocyte ghosts 
was assayed chiefly on the basis of malonyldialde- 
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Fig. I. Fatty acid distribution ((20:4 (n-6) and 22:6 (n-3)) in 
PC (CPG), PE (EPG) and PS (SPG) from patients with various 
oxidative hemolytic anemias. (a) fl-Thalassemia intermedia, (b) 
fio/fiE association, (c) Hb K01n, (d) Hb Hammersmith. Con- 
trois (n = 11 for PC and PE; n =8  for PS) are indicated as the 
m-~ a interval with double rectangles. The percentage of the 
above polyunsaturated fatty acids failed to display any signifi- 
cant reduction, except for PS from patients with f-thalassemia 
intermedia. (Determination of fatty acids could not be made in 
PS in the fo/fE and the Hb Hammersmith patients.) 



hyde formation. No oxidation occurred in the 
absence of Hb. Maximal oxidation (30 nmol 
malonyldialdehyde formed/mg membrane protein 
per 2h) was obtained with 5mM H202 in the 
presence of 25 #M Hb, e.g. 100-times less than the 
physiological concentration of Hb (Fig. 2). As is 
suggested by Fig. 3, the limited amount of 
malonyldialdehyde produced when the concentra- 
tion of H202 or Hb increased results from the 
progressive exhaustion of the long chain polyun- 
saturated fatty acids serving as the major sub- 
strates of the reaction. When intact red cells were 
incubated with 5 mM H202 for 2 h, comparable 
malonyldialdehyde production occurred: 262 
nmol/g Hb per 2 h (approx. 17.5 nmol/mg mem- 
brane protein per 2 h), values in agreement with 
those of Kahane et al. [4]. 

During in vitro oxidation of erythrocyte ghosts, 
no change of fatty acid distribution occurred in 
PC, PE and PS when Hb was absent. In the 
presence of Hb, the 20:4 (n-6) and the 22:6 (n-3) 
fatty acid proportions decreased in those phos- 
pholipids where they exist in sufficient propor- 
tions, e.g. PE and PS (Fig. 2) [14]. In counterpart, 
the percentage of 16:0, 18:0 and 18:1 (n-9) fatty 
acids increased (not shown). This increase, for one 
part, is the arithmetical consequence of the de- 
crease of the polyunsaturated fatty acids. For 
another part, it probably results from the presence 
of unidentified degradation products that appear 
in this region of the chromatograrh and that may, 
in some cases, cochromatograph with the 16:0, 
18:0 and 18:1 (n-9) fatty acids. The percentages 

( * )  (b) 

3O 

m 

~ 20 
E 

~c 

3O 

2o 
/ 

[,~o21 = 5ram 

5 10 100 200  

[.202] r~. [ . b ]  ~. 

Fig. 2. Malonyldialdehyde (MDA) formation during incubation 
of erythroeyte ghosts with H202. Erythrocyte ghosts (1 mg 
protein/ml) were incubated at 37°C for 2 h in 5 mM Tris (pH 
7.4), 145 mM NaCI, 2 mM NaN 3. (a) H202 concentration 
curve: Hb=25  #M. No oxidation occurred in the absence of 
Hb. (b) Hemoglobin concentration curve: H202 = 5 mM. 
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Fig. 3. Fatty acid breakdown (20:4 (n-6) and 22:6 (n-3)) 
during incubation of erythrocyte ghosts with H202. Erythro- 
cyte ghosts were incubated as in Fig. 2, in the presence of 25 
#M Hb. Controls as in Fig. 1. Fatty acids breakdown increased 
with increasing H202 concentrations. No breakdown occurred 
in the absence of Hb. CPG, PC; EPG, PE; SPG, PS. 

of other fatty acids (18:2 (n-6), 20:3 (n-6), 22:4 
(n-6), 22:5 (n-6 and n-3)) displayed either slight 
reduction or no detectable change (not shown). 

In vivo protein alterations (Fig. 4) 
In controls, the cholesterol/protein and the 

phospholipid/protein ratios were 0.216---0.037 
mg/mg (n = 8) and 0.468 --- 0.036 rag/rag (n = 8), 
respectively. In many patients, contamination by 
hemoglobin degradation products colored the 
ghosts pellets and reduced the above ratios. For 
example, the cholesterol/protein and the phos- 
pholipid/protein katios were 0.131 and 0.259 
mg/mg, respectively, in the patient with fl-thalas- 
semia intermedia presented in Fig. 4. These figures 
indicate that, even though the membrane 
cholesterol and phospholipids may also be in- 
creased [9], globin contamination was even higher 
on a weight ratio. Therefore, in contaminated 
ghosts, cholesterol and/or  phospholipid de- 
termination represented a better (but still imper- 
fect) criteria than the Lowry determination in order 
to estimate the amount of membrane protein to 
submit to electrophoresis. 

Despite this restriction, the membrane protein 
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Fig. 4. Erythrocyte ghost proteins in a variety of oxidative hemolytic anemias, a, Control 1, freshly thawed ghosts; b, fl-thalassemia 
intermedia; c, fl°-thalassemia/Hb E association; d, Hb Krln (splenectomized patient); e, Hb Hammersmith. Prior to electrophoresis, 
samples were treated with 6 mM ( - )  or 100 mM (+) B-mercaptoethanol (unless otherwise stated). Protein bands were numbered 
after Fairbanks et al. [14]. HMWP=high molecular weight polymer remaining on top of the gels. 
• -- =Gb× 1, Gb×2: globin mono- and dimers. 
,-- = 12 K and 24 K: major 12 kDa polypeptide and its dimer, observed in Hb Hammersmith patient. 
J= spectrin degradation products in the band 2.2-2.6 region. 
<~ =duplication of band 4.2. 

profiles appeared  obviously altered, somet imes  
dramatical ly .  An H M W P  developped  on top of 
the gel. I t  was most ly  resistant  to 100 m M  /3- 
mercap toe thano l  (in the H b  H a m m e r s m i t h  pa- 
tient, however,  the H M W P  was reducible). Glob in  
m o n o m e r s  were also visible in m a n y  patients ,  
especially in the H b  H a m m e r s m i t h  patient,  fl- 
Mercaptoe thanol - res i s tan t  dimers  were more  rarely 
present ,  bu t  they were clearly visible again in the 
H b  H a m m e r s m i t h  patient.  

Spectrin degradat ion  products  were of ten ob- 
served in the b a n d  2.2-2.6 region. Band 4.2 was 
dupl ica ted  in one pat ient  with f i - thalassemia inter'- 
media  and in two pat ients  with the rio~fiE associa- 
tion. The  abnormal i ty  may  cor respond  to in- 
creased band  4.3 described by  K a h a n e  et al. [4]. In  

the H b  Harnmersmi th  patient,  spectrin bands,  and 
mos t  of the other  major  bands,  had nearly com- 
pletely disappeared '  at the benefi t  of mult iple  minor  
bands  spanning the gel. In addition, a very intense 
12 k D a  polypept ide  occurred in this pat ient  (its 
r i -mercaptoethanol- res is tant  24 k D a  dimer  was also 
discernable).  We consider  that  these al terat ions are 
the consequence of enhanced proteolysis,  that  ap- 
pears,  therefore, together  with polymer iza t ion  re- 
actions. In  part icular ,  we consider that  the 12 k D a  
polypept ide  arises f rom globin proteolysis  (see be- 
low). 

In vitro protein alterations (Fig. 5) 
Incuba t ion  of ghosts with H202 in the presence 

of  25 /~M H b  (Fig. 5b) induced the fo rmat ion  of 
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Fig. 5. Erythrocyte ghost proteins after in vitro H:O 2 treatment. Conditions of experiment, control 1 and symbols are the same as in 
Fig. 4. a, Controls 2 and 3, ghosts incubated in the absence or in the presence of 25 /xM Hb respectively (they yielded identical 
patterns), b, Ghosts+5 mM H202 +25 #M Hb (globin monomer appeared in the form of a very faint band), c, Membrane-free 
hemolysate (200 #M Hb)+5  mM H202 . d, Control 4, intact red cells incubated without H202. e, Intact red cells incubated with 0.5 
(left) or 5 mM (right) H202 (substantial hemolysis occurred at 5 mM); in these experiments, samples were treated with 500 mM 
fl-mercaptoethanol (instead of 100 mM) prior to electrophoresis. Since ghosts were incubated in isotonic conditions in (a) and (b), 

they lack band 6 [14]. 

an HMWP and a marked reduction of the mem- 
brane protein profile at the expense, mainly, of 
spectrin bands 1 and 2. The HMWP was essen- 
tially resistant to/~'mercapto-ethanol.-Globin con- 
tamination was minimal, appearing in the form of 
a faint band (monomer). Incubation of diluted 
membrane-free hemolysate (200 #M Hb) with 
5 mM H202 yielded a fl-mercaptoethanol-sensitive 
HMWP necessarily formed from globin and an 
array of globin oligomers that were more and 
more sensitive to fl-mercaptoethanol in proportion 
as they were larger (Fig. 5c). In addition, the same 
12 kDa polypeptide and its fl-mercaptoethanol- 
resistant dimers as those encountered in the Hb 
Hammersmi th  pat ient  were visible (fl- 
mercaptoethanol-resistant, 36 kDa trimers were 
also present). Incubation of intact red cells with 
0.5 mM H202 roughly cumulated the above (Figs. 
5b and 5c) effects on membrane proteins and 

hemoglobin (Fig. 5e). With 5 mM H202, mem- 
brane proteins became entirely cross-linked and 
the same profile as in Fig. 5c was observed, al- 
though the H M W P  was resistant to fl- 
mercaptoethanol, and the 12 kDa polypeptide and 
its oligomers appeared more pronounced (Fig. 5e). 

Discussion 

Unlike previous works on thalassemia major 
[9,20], we failed to detect a clear-cut change of the 
membrane fatty acids in the various cases of 
oxidative hemolytic anemias that we examined, 
except in PS from patients with fl-thalassemia 
intermedia. This discrepancy cannot be accounted 
for by the fact that we did not analyse 
sphingomyelins. The latter are little represented in 
the cytoplasmic leaflet of the membrane [21 ], which 
is the most exposed to in vivo oxidant stress, and 
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contains low amounts of polyunsaturated fatty 
acids [22-24]. The above discrepancy, however, 
may be related to variations of the oxidant stress 
and of the vitamin E status of the different pa- 
tients examined. 

We confirmed [4] the existence of an HMWP in 
fl-thalassemia intermedia, and extended this find- 
ing to other oxidative hemolytic anemias. The 
fl-mercaptoethanol-irreducible nature of the poly- 
mer (except in the Hb Hammersmith patient) con- 
trasts with the fl-mercaptoethanol-sensitivity of the 
aggregate observed in glucose-6-phosphate dehy- 
drogenase deficiency, another example of oxida- 
tive hemolytic anemia [25]. This suggests a 
markedly different contribution of disulfide bond- 
ing in the formation of polymers. 

Nevertheless, the in vivo changes displayed sub- 
stantial variability. Normal protein profiles were 
observed in patients with milder oxidative hemo- 
lytic anemias such as: fl-thalassemic trait, Hb H 
disease, Hb E trait or disease, heterozygosity for 
Hb Hope (not shown). Even in a given category of 
patients, some variability was also possible due to 
factors other than the altered hemoglobin itself. 
For example, in one unsplenectomized patient with 
Hb Krln, a virtually normal profile was associated 
with white erythrocyte ghosts and the nearly com- 
plete absence of Heinz bodies, whereas his 
splenectomized mother (Fig. 4d) presented the 
HMWP, brown ghosts and numerous Heinz bod- 
ies: these facts emphasize the efficiency of the 
spleen in the removal of altered red cells. 

Because we could create in vitro maximal oxi- 
dant conditions (as judged by malonyldialdehyde 
formation) in the presence of minimal hemoglobin 
concentration (1/100 of the physiological con- 
centration), it was possible to better separate alter- 
ations pertaining to membrane proteins and others 
concerning hemoglobin. Nevertheless, we could 
miss some direct effects of (degraded) hemoglobin 
on membrane proteins when large amounts of Hb 
are present. The HMWP developped either from 
membrane proteins (Fig. 5b) or from hemoglobin 
(Fig. 5c). Apparently, globin HMWP were more 
sensitive than membrane protein HMWP to fl- 
mercaptoethanol, indicating a larger contribution 
of disulfide bonding in the former. In the Hb 
Hammersmith patient, we suggest that membrane 
protein proteolytic degradation (see below) over- 

took polymerisation, thus preventing the forma- 
tion of a fl-mercaptoethanol-resistant HMWP. 
Neither in vivo nor in vitro did we observe the 180 
kDa fragment (band 3 dimer) reported by Haest et 
al. [26], although under different oxidative experi- 
mental conditions. 

The chemical nature of the protein cross-links is 
a critical question. Although sensitivity to fl- 
mercaptoethanol (or other reducing agents [27]) 
indicates disulfide bonding, resistance to fl- 
mercaptoethanol must be interpreted with caution. 
Activated oxygen may cause some disulfide groups 
to undergo further oxidation in the form of sulfo- 
xide or sulfone groups [28]. When generated, 
malonylaldehyde can cross-link proteins [3-5] or 
lipids [29,30], presumably through Schiff base for- 
mation. Still another possibility is the formation of 
amide linkages between the T-carboxyl group of 
glutamic acid residues and the e-amino group of 
lysine residues in the presence of the enzyme 
transglutaminase [6,7,31,32]. Since transglu- 
taminase is activated by calcium, one may rise the 
possibility that an increase of red cell calcium, as 
can be generated by red cell peroxidation [33], 
mediates the effects of oxidant stress on erythro- 
cyte proteins in vivo. It should be pointed out, 
however, that elevated erythrocyte calcium (ap- 
prox. 100 ~tM) in sickle cell disease [34] results in 
no apparent membrane protein polymerization 
[31,35]. In addition, Coetzer et al. [36] have pointed 
out that considerable increase of erythrocyte 
calcium (above 300/~M) was required to activate 
transglutaminase. In vitro, even though we did not 
use chelating agents, we can rule out the possibil- 
ity that calcium, either due to the release of mem- 
brane-bound calcium or to contamination of com- 
mercial salts, would'reach such high values. 

To our knowledge, the 12 kDa polypeptide 
observed in the patient with Hb Hammersmith 
(Fig. 4e), or generated in vitro (Figs. 5c and 5e), 
has never been described before. Only did 
Pontremoli et al. [37] mention, but under very 
different conditions, the existence of globin pro- 
teolytic fragments with molecular weights of 13 000 
and 11000. The generation of the 12 kDa poly- 
peptide from hemoglobin is the most likely possi- 
bility. The lack of the 4kDa piece may be 
accounted for by the fact that it remains soluble in 
the cytosol. Further research will be needed to 



locate accurately the peptide bond involved in the 
proteolytic cleavage. The lower intensity of the 12 
kDa polypeptide in diluted membrane-free hemo- 
lysate (Fig. 5c) may depend on the lower hemo- 
globin concentration, but may also indicate that 
protease activity(ies) is (are) preferentially located 
in the membrane. This location would facilitate 
membrane protein degradation: spectrin break- 
down, band 4.2 duplication, or such dramatic 
damages as those observed in the Hb Hammers- 
mith patient. It is intriguing, however, that little or 
no membrane protein breakdown was observed in 
vitro. One may conceive that protease(s) is (are) 
specifically stimulated by oxidant stress. This 
property would represent an adaptive mechanism 
in a cell where a strong protection against oxida- 
tion and oxidative degradation products is needed. 
Although speculative, this hypothesis fits with the 
observation that red cell protease activities are 
inhibited by dithiothreitol [37]. Alternatively, the 
increase of Ca 2+ influx, that can be generated by 
red cell peroxidation [33], would also stimulate 
some erythrocyte protease(s) [38,39] in vivo, at the 
same time as it would stimulate transglutaminase. 
For the reasons mentioned concerning the latter 
enzyme, however, Ca2+-triggered proteolysis ap- 
pears unlikely in vitro. Either in vivo or in vitro, it 
was not possible to ascertain whether globin mono- 
and polymers, as well as the 12 kDa fragment and 
its oligomers, were covalently linked to membrane 
proteins, or whether they merely cosedimented 
with erythrocyte ghosts in the form of inclusions 
of variable sizes. 

Damages undergone by hemoglobin and mem- 
brane proteins turned out to exhibit striking simi- 
larities under both natural and experimental oxi- 
dant stress. This fact supports the view that patho- 
logical alterations directly result from oxidative 
reactions. The most salient features were protein 
polymerization and proteolysis. Since a particular 
class of erythrocyte membrane proteins, referred 
to as cytoskeletal proteins, controls red cell defor- 
mability [40], any change involving these proteins, 
especially cross-linking, is likely to reduce 
erythrocyte deformability [41] and, ultimately, re- 
duce its life span. From a different viewpoint, 
limited globin proteolysis may provide some in- 
sight into endoerythrocytic protein digestion, an 
important physiological process involved, among 
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other examples, in the clearing of ribosomes dur- 
ing the reticulocyte-erythrocyte transition. 
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