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Red blood cell lysis is a common s#aptom following severe or prolonged oxidative stress. Oxidative 
processes occur commoul!,' in sickle cells, probably mediated through denatured hemogLob_in and the 
accumulation of ferric heroes in the membranes. Cahnedtdin-stimulated (Ca :t+ + Mg2+)-ATPase from sickle 
red cell membranes is partially inactivated 0Lederc et al. 0987) Biochim. BiGpbys. Acta 897, 33-40). In this 
study (Ca2++ MgZ+)-ATPase activity from normal adult erythrocyte nmmbranas was measured in the 
pr~c~,ence of heroin. We report a time- and concentration-dependent inhibition of the activity of the enzyme 
by heroin due to a decret~ in the maximum velocity. Only a mild inhibitory effect was observed in the 
presence of iron-free protolmq~yrin IX, indicating the catalytic influence of the iron. Experiments carried 
out with bemin (fettle iron) Iigended with imidazole or with redcged protoheme (ferrous iron) liganded with 
carbon monoxide, demonstrated that the inhibition requires that bemin be capable of binding additional 
ligands. The inhibition was not influenced by the absence of oxygen but was prevented by addition of bovine 
serum albumin. Addition of butylated hydmxytoluene, a protective agent of lipid peroxidatiou, failed to 
prevent the inhibition of calmodulin.stimulated (Ca 2+ + Mg2÷)-ATPase. As dithiothreitol partially restores 
the enzyme activity, we postulated that heroin interacts with the thiol groups of the enzyme. 

Introduction 

Hemolytic anenfia is a common symptom in 
patients carrying an unstable hemoglobin (genetic 
variants or thalassemias) or a defect of the reduc- 
ing capacity of the red cells such as glucose-6- 
phosphate dehydrogenase or vitamin E deficien- 
cies. in these cells, by-products of oxidized hemo- 
globin bind to or accumulate in the cell membrane 
[1,2]. These may be oxidized tetramers, isolated 

Abbreviations: BSA, bovine serum albumin: SDS, sodium 
dodecyl sulfate; DTr, dithiothreitol; BHT, bmylated hydroxy- 
toluene. 
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subunits or ferric hemes [3]. The role of these 
ferric iron complexes in the membrane damage 
has been postulated but the mechanism(s) of their 
effects is still unknown [4-6]. Heroin, the oxidized 
form of the heme and a highly lipophific com- 
pound, has been found abnormally abundant in 
sickle red blood cell membranes [7,8] This power- 
ful oxidant interacts also with spectrin which re- 
sults in the destabilization of the red cell cyto- 
skeleton [9]. 

We have previously reported that calmodulin- 
stimulated (Ca2++ MgZ+)-ATPase (referred to 
hereafter as (Ca2++ Mg2+)-ATPase) from sickle 
red blood cells was inhibited by approx. 50~ 
compared to the value measured in normal red 
blood cell membranes [10,11]. We postulated that 
this partial inhibition observed in sickle cell dis- 
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ease was due to the susceptibility of the enzyme to 
oxidative damage caused by free radicals overpro- 
duced in sickle cells [12]. Actually, the (Ca2÷ + 
Mg2+)-ATPase from normal red blood cells is 
very sensitive to oxidative stress and is inhibited 
tO a varying extent by thiol reagents [10,13,14] or 
potent radiosensitizers [15] indicating the involve- 
ment of-SH groups in the inhibitory process. It 
was also shown that malondialdehyde, a by-prod- 
uct of phospholipid peroxidation, could inactivate 
the (Ca 2 + + Mg 2+)-ATPase indicating that cross- 
link products in the protein were another mecha- 
nism for the inhibition [10]. 

In the present report, we describe the effect of 
heroin on the a,:tivity of the (CaZ++Mg2+) - 
ATPase from pormal red cell membranes in vitro. 
A profound and rapid inhibition is observed in the 
prc~nce ~f hem~r., ".vhere~ protoporphyfin IX 
has only a mild effect. This points to the role of 
the ferric iron moiety in the inhibitory process. 
The oxidative and peroxidative properties of heroin 
were investigated as well as its protein-binding 
propensity. These results lead us to postulate that 
the initial step of the inhibitory process is p~ob- 
ably due to the interaction between the ferr.~c iron 
moiety and the -SH groups of the (Ca 2+ + MgZ')- 
ATPase. 

Material and Methods 

Chemicals 
Henun (Fe(III)-protoporphyrin IX-chloride) 

and bovine serum albumin were purchased from 
Serva (F.R.G.), protopo~hyfin IX and butylated 
hydroxytoluene (BHT) from Sigma (U.S.A.), 
vanadium-free ATP, hog brain ealmodulin (CAM) 
and dithiothreitol (DTT) from Boehringer (Man- 
nheim, F.R.G.). All other chemicals were high 
purity grade. Electrophoresis of membrane pro- 
reins was performed on $DS-polyacrylamide gels. 

Fresh blood was obtained from healthy volun- 
teers and collected ca hepaxin. Erythrocyte mem- 
branes were prepared ,an the same day as de- 
scdbed previously [10]. After three washes in a 10 
mM Hopes buffer (pH 7.4) containing 150 mM 
KC! and 11 mM gluc~se, red blood cells were 
hemolyzed in an isosmotic imidazole buffer (pH 
7.4) (1:14, v/v) and the membranes spun down 
for 10 rain at 20000 rpm. The pellet was washed 

twice with a 20 mM imidazole buffer and finally 
with a 40 mM histidine-imidazole buffer (pH 7,1). 
The resealed vesicles were stored at -80  ° C. 

Membrane preparations were incubated with 
heroin at varying concentrations from 10 to 100 
~M and for different periods of time from 10 to 
120 rain. Saponine (1 mg per rag membrane pro- 
tein) was added to membrane suspensions in order 
to insure full accessibility of the various reagents 
to the enzyme. Before treatment, membranes were 
rinsed with 50 mM Bistris buffer to eliminate the 
histidine and imidazole of the storage buffer for 
reasons explained bdow. Heroin was first dis- 
solved in 0.1 M NaOH and brought to 1 mM in 50 
mM Bistris buffer (pH 7.1). A fresh solution was 
prepared daily and the final concentration was 
obtained by direct dilution in the membrane sus- 
pension. In some experiments protoporphytin IX 
was used without further purification. It was pre- 
pared and added to the incubation medium as 
indicated for heroin. 

Typical membrane treatment with hemin was 
performed by incubating the red cell membranes 
at 37 ° C for 60 mln in 50 mM Bistris buffer (pH 
7.1) in the presence of 40/~M heroin and various 
reagents as indicated below. At the end of the 
treatment p e r i l ,  the membranes were rinsed with 
the buffer and resuspended in the assay mixture. 
For all experimental procedures a control experi- 
ment was run in the absence of hemin. 

The amount of hemin associated with the mem- 
branes at the end of the treatment period was 
measured by spectrophotometry (Cary 219 spec- 
trophotometer, Varian, U.S.A.) after centrifuga- 
tion and solubilization of the membrane pellet in 
1% SDS Bistds buffer. Absorbances were read at 
605 nm (ferric heine) or at 535 nm (imidazole- 
heroin complex). Concentrations were estimated 
from a calibration curve for pure hemin solutions 
added to the same SDS-buffer mixture. Recording 
of the Sorer band revealed that SDS shifts the 
spectrum to higher wavelengths and increases the 
absorbance value likely due to a deaggtegation of 
hernin dimers. Membrane.associated heroin is ex- 
pressed as/~mol hemin per mg membrane protein. 

(Ca z+ + MgZ+)-ATPase activity was measured 
in a 50 mM Bistris-HCl buffer (pH 7.1) at 37 ° C. 
The typical assay mixture contained 2 mM 
vanadium-free ATP/3 mM MgC12/0.1 mM 



ouabain and 0.1 pM caimodulin (CAM)/0.1 mM 
EGTA and 0.15 mM calciv~ chloride giving a 
calculated free Ca 2+ concentration of 0.03 raM. 
Inorganic phosphate (Pi) released by the hydroly- 
sis of ATP was measured according to Kallner 
[I6]. (Ca 2+ + Mg2+)-ATPase activity is expressed 
in nmol P~/min per mg membrane protein. The 
concentration of membrane protein was estimated 
by the Coomassie blue dye method described by 
Bradford [!7]. In the conditions of our assay the 
activity of the (Ca 2+ + Mg2+)-ATPase is 114 + 20 
(1 S.D.) nmol Pl/mg protein per rain (n--20). 
Due to the small variations in the activity of the 
enzyme between the different preparations, the 
results were expressed in % activity of the control 
values. 

In order to gain understanding of the mecha- 
nisms of the inhibitory effect of heroin on the 
activity of the red cell (Ca2++ Mg2+)-ATPase 
several experimental procedures have been fol- 
lowed: 

Conditions of the assay. We tested the condi- 
tions of the assay for membranes pretreated with 

TABLE l 

THE AMOUNT OF HEMIN ASSOCIATED WITH THE 
RED CELL MEMBRANES UNDER VARIOUS SOLUTION 
CONDITIONS 

Membran¢-associated heroin was measured after a 60 rain 
period of incubation with heroin by dissolving the ¢in~ed 
membrane pellet in 1~ SDS 9istris buffer as described in 
Materials and Methods. 

Additions Hemin Absorbance peaks 
(/~M/m8 (nm) 
protein) ~ visible Sorer 

Heroin 100 aM 65 605 401.5 
Heroin 40 pM 26 605 401.5 
Heroin 40 ~M + 

40 mM imidazole 23 535 411 
Heroin + albumin" 5 605 403 
Heroin 40 pM + 25 605 401.5 

0.4 mM albumin b 11 605 401.5 

" 0.4 mM BSA was added to the 40 ttM ~emin treatment 
medium at the onset of the incubation period. 

b Membranes were incubated first with 40 ~tM heroin for 30 
rain, then rinsed and incubated with 0.4 mM albumin buffer 
solution for 30 rain. 

c Mean of three determinations. Percent error was less than 
10~. 

40 ~M heroin. This was performed by varying the 
concentrations of ATP from 0.1 to 4 raM, of CaM 
from 1 nM to 10/~M and of calcium from 0.015 to 
0.3 mM. 

Modifications of the state of iigution of the iron. 
This was obtained in two ways: ([) Hemin was 
added in membranes suspended in an 18 mM 
imidazole histidine buffer (pH 7.1) at 37°C and 
the (Ca~+ + Mg2+)-ATPase assay was performed 
in the same buffer. Control experiments had dem- 
onstrated that the (Ca 2+ + Mg 2+)-ATPase activity 
from native membranes was similar when mea- 
sured in Bistris or histidine imidazole buffers. In 
the presence of irnidazo|e, the ferric iron is trans- 
formed into a liganded complex, as indicated by 
the change in the visible spectrum of the solution 
(Table I). (ii) The ferric iron was reduced to its 
ferrous state upon addition of 2 molar excess 
sodium dithionite in the absence of oxygen. The 
solution was then equilibrated under 1 atm carbon 
monoxide. Full transformation into carbon- 
monoxy heine was checked by spectrophotometric 
criteria. Excess dithionite was removed by passing 
the solution on a Sephadex ® G-25 resin column. 
The treatment period of the membranes in the 
presence of CO-heine was performed in sealed 
vessels under 1 atm CO. 

Incubation in the presence of bovine serum al- 
bumin. Albumin binds heroin with a high affinity 
[18]. Membranes were treated with heroin in the 
presence of 0.4 mM albumin which was added 
either at the beginning of the 60 min membrane 
treatment with heroin or during the time-course of 
the treatment period. 

Effects of reducing agents. Butylated hydroxy- 
toluene was used as a phospholipid peroxidation 
protective agent and DTT as a disulphide bond 
reducing agent. N~tive membranes treated for 60 
rnin with either compound resulted in enzyme 
activities similar to control membranes (control = 
108,9 + 7.4, DTI" = 105.9 + 4.6, BHT --- 102.6 :i: 
4.7). BHT (1 mM) was added at the onset of a 30 
min treatment period in the presence of heroin. To 
test the effect of DTT, membranes were treated 
with heroin for various periods of time then rinsed 
and reincubated for 60 rain in the presence of 10 
mM DTT. 

Effect of oxygen. Experiments similar to those 
described above were performed under strict 
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anaerobic  condit ions.  For  these exper iments  the 

membrane suspensions and the heroin solution 
were degassed and equilibrated under high purity 
grade nitrogen (N60, CFPO France, 02 < 0.1 ppm) 
in sealed vessels. The treatment and incubation 
per iods  were also made  under  1 a tm N 2. 

Results 

Membranes treated with hemin in Bistris buffer 
exhibited an inhibition of the (Ca2++ Mg2+) - 
A T P a s e  activity. The  inhibition is concentration- 
and  t ime-dependent  (Fig. 1). The  results indicate 

that incubating red cell membranes for 60 min at 
37°C in the presence of 40/zM heroin induces a 
50% inhibition of the enzyme. In these conditions 
the inhibition of the enzyme is linearly related to 
the duration of the incubation period. SDS-poly- 
acrylamide gel electrophoresis of the membrane 
proteins treated with 100 pM hemin for 60 min 
did not show high-molecular-weight complexes, 
indicating that no aggregation of the membrane 
proteins had occurred under these conditions (not 
shown), Values given in Table I show that a iat-ge 
fraction of hemin was associated with the mem- 
branes at the end of the 60-min treatment period. 

The influence of heroin on the kinetic proper- 
ties of the enzyme was investigated. Assays of the 
enzyme activity were performed at varying con- 

centrations of ATP (0.1-4 mM), Ca 2÷ (0.015-0.3 
raM) and calmc~ulln (~0 -9 M and 10 -s .~) fvr 
membrane suspensions t~'eated with 40/~M heroin 
for 60 rain. Under all conditions the inhu'btion of 
the enzyme activity was approximately 50%, indi- 
caring a decrease in the maximum velocity with an 
unmodified K m for Ca 2+ (control -- 0.8.10 -6 M, 
plus hemin -~ 0.7- 10 -6 M) and for Mg ATP (con- 
trol = 50.10 -6 M, plus hemin = 55.10 -6 M). 
Treatment of the membrane with hemin in the 
dark led to the same level of inhibition. When 
membranes were incubated in the presence of 100 
pM protoporphyrin IX for up to 60 rain, in the 
dark, only a mild inhibition was noticed (Fig. 1). 
Thus, iron seems to play a major role in the hemin 
inhibitory process. 

Results shown in Table II demonstrate that the 
inhibition of the enzyme requires that hemin be 
capable of binding additional figands. When heroin 
was reacted with imidazole, or reduced to its 
ferrous state and liganded with carbon monoxide, 
no inhibition was observed. It is noticeable from 
Table I that the amount of hemin-imidazole com- 
plex associated with the membranes at the end of 
the treatment period was comparable to that of 
heroin. A similar conclusion was made after treat- 
ment with CO protoheme as the membranes were 
cl ",~rly pink. 

Hen'fin is known to bind to many proteins 
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Fig. 1. Inhibition of the (Ca 2+ +Mg 2+ )-ATPase activity by heroin. (A) Red cell membranes (1 mg protein/ml) from normal 
individuals were incubated for 60 rain, at various concentrations of heroin. Then the membranes were rinsed and assayed for 
(Ca 2+ + Mg 2+ )-ATPase activity as de~ribed in Materials and Methods. (B) Red ceil membranes were treated with the concentration 
of heroin indicated for various periods of time. Open triangles illustrate the effect of treating the membranes with 100 /tM 
protoporphyrin IX (Porph.) in the dark. CondJti0ns for the treatment period were 0.1 M KCI, 50 mM Bistris buffer (pH 7.1), 37 o C. 



TABLE II 

THE EFFECT OF HEMIN ON THE ACTIVITY OF THE 
(Ca t+ +Mg 2+ }-ATPase FROM HUMAN RED CELLS UN- 
DER VARIOUS CONE!TIONS 

Experimental conditions are described in Materials and Meth- 
ods. 

Incubation % activity ¢ 
condition 

Heroin" 42 
Hemin + 18 mM imidazole 93 
Heroin" 48 
Hemin + 10/tM calmodulin 90 
Hemin" 52 
Heme (Fe(Ii))+CO 86 
Hemin (air) b 28 
Heroin (~Tz) 20 
1 mM BHT 94 
Heroin 100 ~tM 25 
Hemin+ BHT 19 

" Isolated RBC membranes were incubated for 60 min in 0.1 
M KCi, 50 mM Bistds buffer (pH 7.1) at 37°C in the 
presence of 40 ~tM heroin. 

b Incubation with heroin lasted 70 rain. 
c Mean of at least three different preparations. 

either through covalent linkage between the iron 
atom and amino-acid side chains and/or hydro- 
phobic interactions between the porphyrin moiety 
and the polypeptide chains. When bovine serum 
albumin was added to the incubation mixture 
containing heroin, no inhibition of the enzyme was 
observed. The binding of hemin to albumin was 
demonstrated by recordin 8 the visible spectrum of 
the incubation .~!ution showing the presence of 
hemie~'omes. Table I shows that only a small 
amount of the albumin-hemin complex was asso- 
ciated with the membranes, indicating that hemin 
was trapped by albumin thus preventing its inter- 
action with the enzyme. In the experiment de- 
picted in Fig. 2 the membranes were first in- 
cubated with 40/~M heroin for 60 mitt. Albumin 
was then added to the reaction mixture. The re- 
sults show that the presence of albumin did not 
restore the activity of the enzyme, despite a lower 
amount of heroin associated with the membranes 
(Table I). 

We checked whether the inhibition of the en- 
zyme was related to the interaction of heroin with 
calmodulin, a 17 kDa calcium-binding protein. 
This interaction was demonstrated as a shift in the 

maximum absorbance peak of heroin, upon ad- 
dition of calmodulin, similar to that observed in 
the presence of albumin. Further: when ealmodu- 
lin was added at the onset of the incubation 
period with heroin, no inhibition of the enzyme 
was detected (Table If). It is unlikely that the 
inhibition by hernin described in Fig. 1 is due to 
an interaction of heroin with calmodulin during 
the assay as (i) the activity of the enzyme was 
measured in membrane suspensions which were 
thoroughly washed to remove the unbound hernin 
present in the solution and (ii) preliminary experi- 
ments have demonstrated that heroin inhibits to 
the same extent the activity of the Ca2+-ATPase 
from the sarcoplasmic reticulum isolated from 
rabbit muscles which is not stimulated by 
calmodnlin (results not shown). 

(Ca2++ MgZ+)-ATPase from the erythrocyte 
membranes is an integr~ protein embedded in the 
phospholipid bilaycr. This suggested that the in- 
hibition of the e~zyme might be induced indixeedy 
through the peroxidadon of surrounding phos- 
pholipids [18]. BHT was added to the membrane 
suspension containing heroin at the onset of the 
treatment period. As shown in Table 11, the high 
concentration of the reducing agent failed to pre- 
vent the inhibition of enzyme activity. 

+BSA 

=" \ +9SA 3 50" %~~  

0 3o' ~ 9o ~i0 
Time { min) 

Fig. 2. The effect of bovine ~mm albumin (BSA) on the 
inhibition of (Ca2+ + Mg 2+ )-ATPase induced by hernin. (]) 
Controls: 0.4 raM BSA was added to the buffer at the onset of 
the treatment period, in the absence of heroin. (2) Membrane 
treatment with ,~0 /~M hernin in the absence of BSA. (3) 
Membranes were treated for 60 rain with 40 taM heroin, then 
0.4 mM BSA was added to the incubation mixture for a further 
60-mitt period. Activities were assayed in the suspensions of 

the rinsed membranes, as described in the text. 
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Fig. 3. The effect of DTT on the inhibition of (Ca: ÷ + Mg ~+ )- 
ATPase activity induced by heroin. D, Control membranes 
incubated in the absence of hem.in. 0, Control membranes 
incubated with hernia. ×, Membranes incubated with 40 pM 
heroin for various periods of time; then the membrane suspen- 
sions were rinsed with the heroin-free buffer and incubated for 

60 rain in the presence of I0 raM DTI" before the assay, 

Ferric iron may indu~ oxidation of -SH groups 
of cysteine residues through different mechanisms 
[!9]. One of these is the formation of disulfide 
bends which are reversible by DTT. It was shown 
in a previous study that the inhibition of the 
(Ca2++ Mg2+).ATPag6 activity induczd by di- 
amide was entirely reversible by this agent [10]. 
We tested the effect of DTT in membranes in- 
cubated with 4;' p,~,~r hernin for periods of 15-120 
rain. After each incubation period, hemin was 
washed out of the suspensions and 10 ram DTT 
were added to the incubation media for a further 
60-min period. Fig. 3 shows that in these condi- 
tions a partial restoration of the activity of the 
enzyme was obtained at the longer herein incuba- 
tion periods. 

When membranes were treated with hemin in 
the absence of oxygen the inhibition of the en- 
zyme was similar to that observed under normal 
atmospheric conditions (Table I), indicating that 
oxygen-activated species are probably not at the 
origin of the inhibitory process. 

Discussion 

Heroin is a lipophilic compound with oxidative 
properties, It may interact with the phospholipids 
of the membrane generating activated oxygen 
species [20] or with the -SH group residues leading 
to various derivatives such as disulfide bond for- 
mation [19,21]. The porphyrin moiety has also 

oxidative effects mostly under fight activation [22], 
Another important property of heroin is its pro- 
pensity to bind to proteins via the formation of 
metal complexes or hydrophobic interactions 
through the porphyrin ring at hydrophobic clus= 
tcrs of the polypeptide chains. This was char- 
acterized years ago for globin chains whose ter- 
tiary structures are stabilized by hen-tin [23]. Bind- 
ing of heroin to albumin has also been dem- 
onstrated [18]. More recently, heroin binding to 
spectrin has been reported, resulting in a less 
stable ofigomer possibly at the origin of the mem- 
brane instability in certain blood diseases [9]. We 
report in the present study that heroin binds also 
to calmodufin; detailed studies on this binding 
will be published elsewhere (Marden et al., in 
preparation). 

This study demonstrates that heroin inhibits the 
activity of the (Ca z+ + MgZ+)-ATPas¢ of the red 
cell membranes and accumulates in the lipid hi- 
layer. The inhibitory effect appears to be a slow 
process compared to fast [.~corpor_~tio, of herein 
into membrar, e liposomes [24]. 

it has been suggested by Hebbel et al. [14] that 
the mechanism for the inhibition of the enzyme 
might not be unique and that different parts or 
domains in the protein may be susceptible to the 
oxidative stresses. Recent analyses by Davies et al. 
[5] indicate also that various oxygen-activated 
species m,~y ~z generated by the ferric hemes 
leading to varying protein damage. We postulated 
first that the inhibition of the (CaZ÷+ MgZ+)- 
ATPase by heroin was mediated by its peroxida- 
tive properties. This was supported by our finding 
that unliganded ferric iron was a requisite for the 
inhibition. When heroin was liganded with im- 
idazole or transformed into its ferrous state and 
liganded with carbon monoxide, no inhibition was 
observed despite the presence of heine in the 
membrane. But the finding that BHT does not 
protect the activity of the enzyme during the heroin 
treatment indicates that by-products of lipid per- 
oxidation are probably not responsible for the 
effect of hemin. The inhibition of the enzyme by 
hemin in the absence of oxygen renders also un- 
likely the possible role of oxygen-activated species 
at the origin of the inhibition. Several re.cent stud- 
ies have shown that ferric iron ought to be in 
equilibrium with its ferrous form in order to pro- 
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duce oxidifing activated species [6]. In our condi- 
tions, onl~ ferric iron appears to initiate the in- 
hibitory effect. 

When DTT was added, after incubating the 
membrane with heroin for short periods of time, 
the activity of the enzyme was not restored. How- 
ever, Fig, 3 shows that DTT partially restores the 
enzyme activity when the membranes were treated 
with hen-tin for one to two hours. This indicated 
the formation of disulfide bonds as a secondary 
process. We postulate, therefore, that there is a 
direct interaction of heroin with the enzyme at 
-SH groups through iron-sulfur binding which are 
favored in non-aqueous solvents, according to the 
following reaction [19]: 

2(heme Fe 3"~ )+ 2 RSH ~ 2(heme-FeZ+-SR) 

2(h~"m~-.r'c 2+ )+ RSSR 

in which ferric heme first b[.nds to the sulfur atom 
of a cysteine residue then i.,. reduced to its ferrous 

torm and the formation of disulfide derivatives. 
However, we did aot find spectral e,Adence for the 
appearance of ferrous hemes in the membrane, as 
predicted from the above reaction. This may not 
be contradictory with our hypothesis as the heroin 
(Ca 2+ + Mg2+)-ATPase complexes should repre- 

sent only a small fraction of all berne-membrane 
protein complexes present in the red cell mem- 

branes. 
We have postulated above a direct interaction 

of the ferric heine to the protein leading primxSly 
to its inactivation, possibly through the blockade 
of the conformational transition responsible for 
the normal function of the red cell calcium pump 
[25]. Ferric iron can also bind to the protein at 
various residues such as histidine, arginine or lysiae 
[26] and these interactions should be stabilized by 
the multiple hydrophobic  bonds with the 
porphyrin ring. Since the major functional do- 
mains of the enzyme contain such residues, they 
may be involved in the binding of hernin [25,271. 
Studies, similar to those described in *.he presen*. 
work and using the almost pure Ca2+.ATPase 
from the sarcoplasmic reticulum of rabbit muscles, 
should allow a better understanding of the mecha- 
nism of the inhibition and more detailed informa- 
tion of the heroin binding site to the enzyme. 

in conciusion, our results demonstrate that 
heroin inhibits the activity of the human red cell 
membrane (Ca2++ Mg2+)-ATPase possibly via 
the formation of ferric iron-sulfur complexes. 
These observations may be celevan~ to the patho- 
physiology of hemolytic anemia observed in sickle 
cell disease and in other hematological disorders 
where ferric heroes accumulate in the red cell 
membrane. It is interesting to note that the de- 
leterious effect of ferric hemes on the (Ca2++ 
Mg2+)-ATPase activity may be easily prever~ted 
when transformed in hemichrome-like complexes 
in the presence of imidazole. 
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