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Heziin binds to red cell membranes during hemin-induced hemolysis but the precise mechamsm of hemolysis has

not been ch i i ine (DFO), an iron hemin-ind DFO
parmlly prevenmd hemin binding to red cell and i i bound hemin. Glu-
llular sulfhydryl d, also inhibited hemi d k lysis but was only about one

tenth as pment as DFO. Decreas: of memhrane snllhydryl groups by lrentmml of ctlls wilh either N-ethylmalei-
acid b

mide (NEM) or diamid

PN

ment o{ hemm-nulm:ed nemnlysm by NEM and diamide and mmbilion of hemolysis by DFO were independent with

no of ori

between the two p Red cell were d with hemin
at approximately 75 nmol per mg protein. DFO d (he hemin level to 25 nmol per mg protein. In
the presence of DFQO, hemin was bound as the DFO-hemin since y

DFO-hemin from mi: of

d and free hemin while free DFO was not bound by the

membranes. Access to the inner surface of the membrane was requires for binding of the DFO-hemin complex since
DFO completely prevented hemin binding in intact cells but not in cells undergoing hemolysis or red cell ghosts,

d 50- 10¢
hemolysis.

Introduction

Hcmm, a polcm rcmolyilc agent, is a product of
(13 v d hemin binding is
observed in red cell h-moglobinopathies such as tha-
lessemia [2] and sickle cell disease [3). On binding to
red cell membranes it causes K* leak, osmotic fragility
and hemolysis [4]. Binding of hemin to red cell mem-
branes cccurs in the lipid and protein domains [2], but
the relevance of these findings to the hemolytic process
is not clear.
Hemin may induce an oxidative effect in red cell
membrancs, as hemin serves as a potent catalyst of
induced’ lipid idation [5). Thiol oxida-
tion in sickle cells has been correlated with excess
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of hemin were bourA to the membrane of one red cell following hemin-induced

hemin in their [3]. Excess non-heme iron is
found in sickle ccll membrancs and may contribute to
membrane damage in these cells [6). How and to what
extent the pemxldauve effects induced by hemm relate
to the k process ires further i

Gl i an flular sulfhydryl d
has been shown to be capable of binding to hemin and
inhibiting hemin-induced hemolysis {7). Desferrioxam-
ine (DFQ), an iren chelator, has been shown to bind to
hemin via the iron moiety and inhibit hemolysis with
greater potency than glutathione [8]. DFO was able to
partially prevent hemin binding to ghost membranes
and partially remove hemin previously bound to mem-
branes [8].

Membrane protein sulfhydryl groups might bind
hemiii similarly to glutathione. Such binding might
enhcr have a protectlve effect on the membrane or

is. To study the effects
of membrane sulfhydryl groups on hemin-induced
lysis, cells were d with either N-ethyl-




malelmlde (NEM) or diamide (azodicarboxylic acid

ide]). NEM oxidizes and binds cova-
lently to membrane sulfhydryl groups while diamide
crosslinks sulfhydryl groups. The effects of DFO on
hemolysis and binding of hemin to red cell membranes
were studied in normal, NEM-treated and diamide-
treated red cells.

Materials and Methods

Chemicals

DFO was purchased from Ciba-Geigy (Summit, NJ).
Hemin (Bovine, Type [ (ferriheme chloride)), glu-
tathione, diamide and NEM were purchased from
Sigma (St. Louis, MO).

Solutions of hemin were prepared as described in
Baysal et al. [8]. Solutions of hemm and DFO—hemm

were d in buffered saline

(139 mM Nadl, 10 mM Na,HPO,/ NaH ,PO,, pH 7.4).
The pH of hemin solutions was always brought to pH
7.4 and precise hemin concentrations were calculated
using the absorbance at 385 nm (E,, = 48) [9].

Red cell preparation

Freshly drawn human blood was centrifuged at 2500
X g for 5 min at 25°C. Afier the removal of plasma and
white buffy coat, the cells were washed three times
with 0.9% NaCl. Cell suspensions were prepared at
20% in phosphate-buffered salinc. Some cell suspen-
sions were then incubated in either NEM (1, 5 or 10
mM) or diamide (1, 5 or 10 mM) for 30 min at 37°C
after which they were washed three times with 0.9%
NaCl and resuspended in phosphate-buffered saline.

Hemoglobin-free red cell ghosts werc prepared by
hypotonic lysis (1:40) essentially according to Dodge et
al. [10] except using 5 mM Tris buffer (pH 7.4). After
the final wash, white ghosts were suspended in phos-
phate-buffered saline. Ghost membranes were kept on
ice and used within 24 h of preparation.

Assays of metabolic capacity and sulfhydryl content
Glucose consumption of 25% red cell suspensions in
Krebs-Ringer glycylglycine buffer (120 mM NaCl, 4.7
mM KCl, 2.5 mM CaCl,, 1.2 mM MgSO;, 50 mM
at pH 7.4) ining 5 mM glucose was
measured by comparing the glucose content before and
after incubation at 37°C for 4 h using the Glucose
Diagnostic Assay Kit from Sigma. Hexokinase activity,
glutathione content and ghost protein sulfhydryl con-
tent were measurced as described by Beutler [11). Pro-
tein was measured using the technique of Lowry et al.
121

Hemolysis of red blood cells by hemin
Red blood cell suspensions (0.5%) in phosphate
butfered saline were incubated with hemin or mixtures
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of hemin and either DFO cr glutathione for 30 min at
37°C. Hemolysates were centrifuged at 24000 X g for 3
min and hemoglobin in the supernatant was deter-
mined by the absorbance at 540 nm after subtracting
the small background absorbance due to hemin [8).
100% hemolysis values were obtained by lysing cells in
water.

Binding of hemin to ghosts

Binding of hemin to red cell membranes was mea-
sured as described by Baysal et al. [8] using the method
of Fish [13]. In some experiments red cell ghosts were
incubated with hemin followed by assay for hemin
binding. In other experiments suspensions of whole red
cells were incubated with hemin followed by harvesting
of red cell ghosts and assaying for hemin binding.

Results

The effect of membrane svlfhydryl groups on
hemin-induced hemolysis was studied by comparing
control red celis with cells preincubated with NEM or
diamide. Table 1 shows the characterization of the
three cell types with regard to glucose consumption,

i activity, ione conient and b
protein suifhydryl groups. Hexokmase an:uvny and total
glucose ion were eife 1y inhibited by incu-
bation of 20% suspensions of red cells with 1 mM
NEM and 1 mM diamide. Glutathione was
oxidized by 1 mM NEM and 5 mM diamide. Mem-
brane protein sulfhydryl groups were decreased by
39% by 1 mM NEM, 63% by 10 mM NEM and 19% by
1 mM diamide. Higher diamide concentrations re-
suited in binding of hemoglobin to membranes.

Hemin-induced hemolysis was studied in these three
cell types (Fig. 1). Preincubation with both NEM and
diamide increased the cell’s susceptibility to hemin-in-
duced hemolysis with NEM showing more potency at a
given preincubation concentration. DFO was able to
inhibit hemin-induced hemolysis in all three cell tym

studied. of hemin-i h

NEM and diamide was still app: i d

over lhe mlnbltory effect of DFO with no evidence of
or the two p

that is, the absolute increase or decrease in dcgree of
hemolysis caused by NEM dlamlde and DFO was
simply additive. Glutathi hemolysis with a
similar pattern to DFO with all three cell types but
with one tenth the potency of DFO. In control and
NEM-treated cells, similar levels of inhibition of
hemolysis were observed with 100 xM DFO and 1000
® glulathlone Glutalhmne was more efficient in
in ide-treated cells than in

NEM:-treated celis.
DFO was an ive inhibil of hemolysi
throughout the range of hemin concentrations lhnt
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TABLE |
Ch ization of red cells with NEM or diamide
Red cells were preincubated with NEM or diamide and assayed for glucose activity, content und
protein sulfhydryl content as described in Materials and Methods.
Cell Glucose it Gl i protein
i i (% of control) (mM) sulfhydryl groups
{pmol/h per ml RBC) (nmol /mg protein)

Control 0.76 100 1.87 596

1 mM NEM V.00 <2 0.00 365

5mM NEM 0.00 <2 0.00 225
10 mM NEM 0.00 <2 0.00 218

1 mM diamide 0.03 <2 0.12 480

5 mM diamide 007 <2 0.04 -
10 mM diamide 0.00 <2 0.00 -
* The membrane protein sulfhydryl assay could not be carried out at 5 mM or 10 mM diamide due to i by i i to

the membrane.

resulted in 0% to 100% hemolysis. For example, in a
0.5% suspension of red cellz, 100 xM DFO decreased
hemolysis with 25 uM hemin from 50% to 18%, while
200 M DFO decreased hemolysis with 50 zM hemin
from 100% to 50%.

The binding of hemin to red cell membranes was
studied using ghosts prepaved from control red cells
and cells pretreated with either NEM or diamide (Ta-
ble I1). Hemin binding to ccll membranes was similar
in ghosts prepared from all three cell types. In each
cell type, DFO dccreased the binding of hemin to
ghosts. If hemin was allowed to bind to ghosts before

ddition of DFO, sub ddition of DFO re-
moved hemin with the remaining hemin bound only
slightly higher than ghosts in which DFO had blocked
hemin binding. Glutathione at the same concentration
as DFO did not prevent binding of hemin or remove
hemin when added after binding.
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Fig. 2 shows the dependence of hemin binding to
membranes on hemin concentration. Saturation of
membranes occurred at approx. 75 to 100 nmol hemin
per mg protein. DFO had little effect on hemin binding
up to 25 nmol hemin per mg protein, above which
DFO prevented further hemin binding.

Table 111 shows the effect of DFO in decreasine the
saturation point of hemin binding to ghosts from con-
trol cells and cells pretreated with NEM or diamide.
NEM slightly increased the hemin bound at saturation,
Regardless of cell type and saturation binding in the
absence of DFO, in the presence of DFO saturation
binding was decreased to about 25 nmol hemin per mg
protein.

The binding of hemin to ghosts was coinpared to the
binding of hemin to membranes during whole cell
hemolysis experiments. In hemolysis experiments re-
sulting in 65% hemolysis (0.5% red cell suspensions, 50
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Fig. 1. Effects of DFO and ghn..vhmnc on hemin-induced hemolysis in normal and NEM- and diamide-treated red cells. Hemolysis of 0.5%

f red cells was ds

d aficr 2 30 min incub2tion a1 37°C in the presence of 25 M hemin (D, 1), hemin plus ‘00 xM DFO (m,

2), hemin plus 100 uM glutathione (o, 3), ar hemin plus 1000 M glutathione (o, 4). (A) Control cells and cells pretreated with 1, 5 or 10 mM

NEM. (B) Control cells and cells pretreated wirh 1, 5 or 10 mM diamide. The results of

are shown, of

red cells and measurement of hemolysis are described in Materials and Methods.



TABLE I
Effects of DFO and glutathione on hemin binding to red celt ghosts

4

Ghosts wer:: prepared from untreated red cells or cells preincubated with 10 mM NEM or 19 mM diamide. Suspensions of ghosts (0.5 mg.
protein/ml or 1 mg protein/mi) were incubated with 50 M hemin for 30 min at 37°C and hemin binding was determined as described in
Materials and Methods. DFO or glutathione was added to suspensions of ghosts either befare (15 min at 37°C) of after (30 min at 37°C after
washing out excess hemin) incubation with hemin. Results of representative experiments are shown.

Cell Additions Addition of DFO Addition of glutathione  Addition of DFO Addition of glutathione

preparations before hemin binding *  before hemin binding * after hemin binding ®  after hemin binding ™
nmol Percent amol Percent nmol Percent nmol P=vcem
hemin inhibi- hemin inhibi- hemin inhibi- hemin
permg tion of per mg tion of per mg. tion of per mg.
protein  binding  protein  binding  protein  binding  protein  binding

Control None 232 145 390 400

Control 1 mM DFO 155 33 290 26

Control 1 mM glutathione 175 0 370 8

10 mM NEM None 259 16.0 500 519

10 MM NEM 1 mM DFO 187 28 324 36

10 mM VEM | mM gluiathione 16.0 0 491 5

10 mM diamide None 255 200 474 509

10 mM diamide I mM DFO 214 16 302 36

10 mM diamide 1 mM glutathione 200 o 483 5

» Expenmems carried out with ghost suspensions at 1.0 mg protein /ml.

b Experiments carried out with ghost suspensions ai 0.5 mg protein/ml. Note that hemin binding at 0.& mg protein/mi is approximately twice

that of ghost suspensions at 1.0 mg protein/ml.

1M hemin}, hemin bound to cell membrane totaled 35
nmol hemin per mg protein. When hemolysis experi-
ments were carried out in the presence of 2 mM DFO,
was d and h
contained only 3 nmol hemin per mg protein. DFO was
relatively cfficient in preveating binding of hemin to
membranes of whole cells (3 nmol hemin per mg
protein) when compared to levels of hemin binding in
the presence of DFO in experiments with ghosts (12 to

30 pmol hemin per mg protein) (Table 1i, Table 111,
Fig. 1.

Visible spectra of solutions containing mixtures of
hemin and DFO were observed with or without expo-
sure to ghost membrane suspensions (Fig. 3). Under
conditions of the il in Fig. 3, to

TABLE It
Effect of DFO on saturation binding of hemin to red cell ghosts

100 Ghosts were prepared from »ntreated red cells or cells preincubated
e o with 10 mM NEM or 10 mM diamide. Suspensions of ghosts at 0.5
. mg protein/ml were incubated with 75 M hemin for 30 min at 37°C
3 v o and hemin binding was determined as described in Materials and
e © P Methods. These conditions were found to result in maximum of
2 4/8 saturation binding of hemin to red cell ghosts. DFO was added 10
e the hemin stock solution at a 40: 1 ratio of DFO: hemin and brought
E 9 to pH 7.4 before addition to ghost suspensions. The results of three
2w independent experiments are shown.
H bt — ——
s w0 Cell Additions Hemin binuing
g e —e—s preparations (nmol hemin,/mg protein)
€ Expt.1 Expt.2 Expt.3
2 so 18 100 12 130 Control TSuMbemin 798 702 760
Hemin (microM) Control 75 uM hemin
. PO . +3mMDFO 135 125 7.3
Fig. 2, Dl_:pend:ncg xtf hemin binding to membranes on hemin 10 mM NEM 75 uM hemin 1000 846 933
concentration. Suspensions of red cell ghosts (0.5 mg protein per ml) 10 mM NEM 75 uM hemin
in phosphate-buffered saline were incubated with hemin (o), three +3mMDFO 177 192 21
experiments, or mixtures of hemin plus DFO at a ratio of 1:40 (e), 10 mM diamide 75 M hemin - ns 90
two experiments, for 30 min at 37°C followed by cent:ifugation and 10 mM diamide 75 M hemin
wo washes. Hemin bound per mg membrane protein was deter- +3mMDFO - 218 202
mincd as described in Materials and Methods.
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Fig. 3. Visible spectra of mlnlmm containi in and DFO with
and without exposure (o ghost membran; jons. Hemin solu-
tions with o1 without DFO or n.d cell ghosts were incubated for 30
min at 37°C followed by ion and of the

was completely oxidized by NEM and diamide. Mem-
brane protein sulfhydryl groups were significantly
blocked by NEM and crosslinked by diamide. After
. P was e
NEM or diamide, i d of NEM or
diamide resulted in further decreases in membrane
protein sulfhydryl groups and increased susceptibility
to hemolysis. These findings imply that intracellular
glutathione and membrane protein sulfhydry! groups
protect againsi hemin-induced hemolysis,

Sulfhydryl ds might inhibit hemin-induced
hemolysis by direct binding of hemin thereby prevent-
ing hemin from binding to sites where it initiates
hemolytic damage or by protecting against hemin-in-
duced oxidative damage. Chiu and Lubin [14] have
suggested that the initial step éin hemin-induced mem-
brane damage involves the oxidation of membrane
protein sulfhydryl groups and lipids. Solar et al. {15]
have provided evidence that hemin can promote per-

id: and linki

visible spectra of the supernatant, Curv

hemin plus 25 pM DFO: 3. 50 M hemin plus 50 ,.M D

#M hemin plus 2000 oM DFO. Curves 5, 6, 7 and 8: These spectra

represent mixtures 1 through 4. respectively, with the addition of red

cell ghost suspensions (1 mg protein per mi). Note the 5-fold differ-

ence in the Absorbance scale between the left and right panel of the
figure.

membranes removed about 80% of the hemin in sofu-
tion but did not affect the spectra of remaining hemin
(spectra 1 and 5). The spectra of a mixture of
hemin: DFO with a ratio of 2: 1 showed the presence
of a percentage of the DFO-hemin complex by the
shift of the peak at 385 nm to 370 nm (spectrum 2) (sec
Ref. 8). Exposuic of this mixture to membranes re-
sulted in removal of this DFO-hemin complex leaving
only pure hemin in solution (spectrum 6). A mixture of
hemin:DFO at 1:40 showed the spectra of the DFO-
hemin complex with shift of the absort-ance i

of red cell cy I pro-

lems in the of hyd idl l-butyl

i

and No

or crosslinking was obscrved in the abscnce of hydro-
gen peroxide or olher oxndauve agents [15]. In the
mode! of hemin-ind d here, an
oxidative process was not obscrved since sub-hemolytic
concentrations of hemin did not increase the flux of
glucose through glycolysis or the hexose monophos-
phate shunt or induce the formation of methemoglobin
(data not shown). Glucose metabolism is unlikely to be
of importance since hemolysis occurs very quickly after
cxposure to hemin (80% after 15 min, data not shown,
see also Ref. 16).

DFO [8] and glutathione [7] both protect against
hemin-induced hemolysis althougt DFO is about 10-
times more potent. Both DFO and glutathione were
able to inhibit hemin-induced hemolysis in control,
NEM- and diamidc-treated cells. Glutathione was more

to 364 nm (spectrum 4). Exposure to membranes re-
moved about 70% of the complex lcaving behind re-
maining complex without qualitative change in the
spectrum (spectrum 8). When a solution of DFO with-
out hemin was exposed tc membranes and later hemin
was added to the solution, it was observed that mem-
branes removed no DFO from .ue solution (data not
shown).

Discussion

Treatment of red cells with NEM or diamide in-

as an inhibitor in diamide-treated cells since
glutathione probably partially reduced crosslinked
membrane eulf‘hydryl groups, Enhancement of hcmm-
induced h by NEM and diamide and i
of lysis by DFO and glutathione are independent with
no cvidence of synergism or interference between these
two processes.

Since DFO binds to hemin, the question arises
whether DFO prevents hemolysis by preventing bind-
ing of hemin to membranes or whether the DFO-hemin
complex itself binds to membranes but has no intrinsic
hemolytic activity. Inhibition of hemin binding to mem-
branes by DFO was similar in control, NEM-treated
and diamide-treated cells, consistent with the indepen-
dence of the mcchamsm of DFO inhibition and NEM
and diamid, of | lysis. DFO similarly

creased ibility to hemin-ind is. The
concentrations of NEM and diamide used were suffi-
cient to letely inhibit activity (a
sulfhydryl protein) thereby letely inhibiting giu-
cose i Intracellular reduced glutathi

d binding of hemin or removed bound hemin

in b from all three types of cells.



Although DFO prevented hemolysis at hemin con-
centrations causing variovs of |
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cell membranes occurred at about 75 nmol hemin per

DFO had little effect on binding of hemin to mem-
branes up to 25 nmol per mg protein. Above this level,
DFO was able to prevent further hemin binding in all
three cell types. In the presence of DFO, hemin was
bound as the hemin-DFO complex s shown by ability
of membranes to remove the DFO-hemir

mg b protein (sce also Ref. 16). This concen-
tration repi i 50 10° molecules of
hemin per red cell. To put this number i perspective,
the number of molecules per cell of ATP is 55 - 10%;
glutathione, 120 10% 23-diphosphoglycerate, 180 -

10%; a'ld ldcme 130- 10" [21]. Red celi hemoglobin

from a mixture of the complex and free hemin. Un-
complexed DFO is not -emoved from solution by mem-
branes. The site of binding of the DFO-hemin complex
might be on the inside of the membrane since in the
absence of hemolysis, DFO prevented nearly 100% of
the binding of hemin to membranes, whereas 35 nmol
per mg protein were bound when the complex had
access to the inside of the membrane during hemolysis.
Alternatively, the process of hemolysis might itself
enhance the binding in red cells or some other aspect
of ghost structure might enable greater binding in the
presence of DFO.
Although membrane pmtem sulfhydryl groups offer
i against hemin-i these
groups do not appear to be involved in the i

ly 800 - 10° hemin molecules per
red cell. If hemolysis occurs at 50 10° moiccules of
hemin per cell, the mechanism of hemin-induced
hemolysis must account for this number. Theories of
hemin-induced hemolysis have invoked binding of
hemin to actin {22), spectrin {23} and cytoskeletal pro-
tein 4.1 [24-26). The number of polypeptide chains per
cell of actin, spectrin and cytoskeletal protein 4.1 is
about 0.4 10* cach [27]_ Considering the high number
of hemin mol q for is, the interac-
tion of hemin with membrane iipids [2,28,29] might be
more significant to the mechanism of hemin-induced
hemolysis than the binding of hemin to specific cyto-
skeletal or lipid bilayer proteins.

of hemolysis since neither blocking with NEM nor
crosslinking with diamide has a2 major effect on binding
of hemin, binding of the DFO-hemin complex or inhi-
bition of hemolysis by DFO. Chronic binding of hemin
to membrane sulfhydryl groups may provide a focus for
membrane damage in vivo.

‘The experiments presented in this paper all demon-
strate the acute effect of hemin on whole cells and
isolated membranes. The process of hemolysis by hemin
in vivo may involve both acute and chronic effects of
hemin. Acute effects of hiemin on red cells include
potassium loss and inability of the membrane to main-
tain ion gradients [4] and inhibition of the (Ca?*+
Mg?*)-ATPase [17]. Chronic effects of hemin binding
to membranes may be important in damage to sickle
ceils [3] and in B ia [2). Oxidatit

‘This work was supported by a grant from the Na-
tional Institute of Health, ES03425. Thc authors grate-
fully ack ledge the 11 of
Ariel Herrera.
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