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In our previous paper we demonstrated
that a dietary supplementation of a high dose
of zinc to rats renders red blood cells more
resistant to osmotic hemolysis while an ad-
dition of Zn®* to washed erythrocytes does
not affect their osmotic fragility (1). On the
other hand, erythrocytes from zinc-deficient
rats which have low plasma zinc are more
fragile under osmotic stress than those of
controls (2). Bettger et al. (2) also showed that
erythrocyte membranes are stabilized by zinc,
while copper ions have a labilizing effect.
Avigad and Bernheimer (3) demonstrated
that hemolysis induced by bacterial toxin or
other lytic agents is inhibited by Zn**. Mont-
gomery et al. (4) showed similar zinc stabiliz-
ing effects using complement-mediated he-
molysis.

Zinc was found to stabilize the integrity of
lysosomes in in vitro experiments (5). As this
effect was also produced by zinc-8-hy-
droxyquinoline unsaturated complexes (1:1,
1:2) which are impermeable to the mem-
brane, we assumed that the effect of zinc is
confined to the surface of the membrane (6).
There are several possibilities to explain the
stabilizing effect of zinc. Supplemental zinc
may interact with intrinsic as well as extrinsic
macromolecules of the membrane structure,
thus contributing to their integrity (7). Ya-
mamoto and Takahashi (8) found that Zn®*
suppressed complement-induced lysis of
erythrocytes by acting directly on the eryth-
rocyte membrane. In fact, zinc, as well as
other inorganic ions, may be an integral part
of various membranes, performing the same
function as has been shown for calcium. As
far as the effect on mechanical properties of
membranes is concerned, a hardening effect
of Ca ions on cytoplasmic surfaces or model
membranes has been repeatedly demon-
strated. Recent evidence suggests that zinc
also increases the stability of various mem-
branes. Zinc has long been used by biologists
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in the isolation of intact cell plasma mem-
branes from animal cells (9). Zinc and cad-
mium contribute to the assembly and the
integrity of brain microtubules (10). Direct
evidence of the membrane stabilizing effect
of zinc and its presence in biomembranes is
still lacking. The only reference indicating
that zinc is tightly bound to cell membranes
refers to the leaves of Silene cucubatus (11),
the membranes of which contain about 10%
of the total zinc in the plant.

It is the aim of this study to present the
evidence of the presence of zinc in erythrocyte
ghosts and to demonstrate some implications
of the role of this metal in the structure of the
membrane.

Materials and methods. Isolation of red
blood cells. Whole blood from normal dogs
was collected in heparinized containers.
Fresh blood was centrifuged at 1000g and the
supernate and buffy coat were aspirated. The
packed cells were then washed three times
with 15 vol of phosphate buffer (pH 7.6, 210
mOsm) at 1000g.

Ghost preparation. Red cell membranes
were prepared by the procedure of Dodge et
al. (12) by washing three times with 30 vol of
ice-cold hypotonic (20 mOsm) 5 mM phos-
phate buffer, pH 7.4. In order to study a
possible sequestration of metals from the
ghost constituents by the complexing effect
of phosphate, in some experiments we substi-
tuted phosphate with hypotonic barbital (20
mOsm, 13.3 mM, pH 7.4) which does not
form a complex with zinc ions. Centrifugation
of the washed ghosts was done at 20,000¢ in
an angle head for 40 min. A thorough aspi-
ration of the supernate at the surface of the
pellet was done after each spin. This step was
repeated four to five times as needed until the
final pellet was white and the supernatant
visibly free of hemoglobins.

Solubilization of ghost proteins. Ghost pro-
tein solubilization was achieved with sodium
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dodecyl sulfate (SDS), 1% in 0.01 M Tris
buffer, pH 8.5, containing 0.05 M NaCl. Ap-
proximately 1 mg of ghost protein was dis-
solved in 100 pl of the above solution and
incubated at room temperature in the pres-
ence of 0.05 mM sodium azide. The proteins
in the supernate were separated by spinning
at 45,000¢ and subjected to further analysis.
Protein separation. Protein separation was
performed at room temperature in a Sepha-
dex G-200 (Pharmacia) column 30 cm long
and 1.5 cm in diameter, eluted at 8 ml/hr
with 0.01 M Tris buffer (pH 8.5) and 0.1%
SDS. The proteins in the eluate were recorded
on a DB-Beckman spectrophotometer at 280
nm. For rechromatography the pooled sam-
ples were lyophilized without dialysis and run
under identical conditions (see Table I).
Extraction of ghost lipids. Total lipids of
the ghosts were extracted by the procedure of
Folch et al. (13) and determined by weighing
in aluminum weigh boats in a microbalance.
In order to obtain separation of major classes
of membrane lipids we used chromatography
on silicic acid columns as described by
Rouser et al. (14). Aliquots of ghost lipids
chromatographed on silicic acid columns
were eluted first with chloroform, then with

TABLE 1. CONTENT OF ZINC IN MACROMOLECULAR
COMPONENTS OF ERYTHROCYTE MEMBRANE.*

Protein® Zinc Zn/

(mg/frac- (pg/frac-  protein
Fraction tion) tion) (ug/mg)
11 0.35 0.29 0.83
2 11 0.64 1.00 1.56
3 11 0.41 0.17 0.41
4 1V 0.30 0.08 0.28
5 I-1 0.16 0.13 0.81
6 12 0.12 0.10 0.83
7 13 0.07 0.06 0.83
8 1I-1 0.30 0.47 1.70
9 II-2 0.19 0.30 1.58
10 11-3 0.15 0.23 1.53
11 -1 0.20 0.08 0.40
12 111-2 0.21 0.09 0.43

“ The table presents data of one representative exper-
iment from a total of five similar fractionation studies.

® Protein, 1.8 mg, was put on the column; 94% protein
was recovered. Proteins solubilized from the dog ghost
were fractionated on a Sephadex G-200 column. Four
fractions (I-1V) were obtained. Fractions I, II, and III
were rechromatographed and eight additional fractions
were obtained.
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methanol, and finally with acetone. In indi-
vidual fractions the content of cholesterol,
phosphorus, zinc, and copper was deter-
mined.

Assays. Protein was measured by the
method of Lowry ef al. (15). Phospholipids
were determined by means of phosphate
analysis according to Bartlett (16). The
amount of phospholipids was calculated from
total phosphorus content assuming a phos-
pholipid/phosphorus ratio of 25. Cholesterol
was measured by the procedure of Zak e al.
(17). Total lipids were determined gravimet-
rically following the procedure of Folch ef al.
(14).

The content of zinc was measured by
atomic absorption spectroscopy, using a Per-
kin-Elmer ASS, Model 305, with a Zn-selec-
tive lamp. The metal was determined either
directly in solubilized samples or after nitric
acid-hydrogen peroxide digestion of ghost
samples.

Lipid peroxidation of the ghost was ascer-
tained by measuring malondialdehyde and
fluorescent products as described elsewhere

1).

( Results. Zinc in the ghosts subjected to per-
oxidation. In our previous work we showed
that in the presence of zinc ions the lipid
peroxidation of biological structures was de-
creased (1). Although the mechanism of this
effect of zinc is unknown, we speculated that
one of the possible modes of Zn*" action may
be a direct interaction with either polyunsat-
urated fatty acids, mainly of phospholipid
moiety, or reactive groups of membrane pro-
teins, thus protecting these membrane com-
ponents against peroxidative deterioration.
An experiment was designed to test the func-
tion of zinc in relation to membrane constit-
uents under the effect of peroxidative
changes.

Hemoglobin-free ghosts, prepared from
dog erythrocytes by the procedure of Dodge
and co-workers (12), were incubated in the
presence of ferrous ions and ascorbate, in-
ducing lipid peroxidative changes in the
membrane constituents (Fig. 1). The magni-
tude of lipid peroxidation was evidenced by
measuring the formation of malondialdehyde
and fluorescent product (top, Fig. 1). Parallel
with the continuous increase in these param-
eters, both protein and phospholipids were
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F1G. 1. Hemoglobin-free ghosts isolated from dog
erythrocytes were incubated in 0.05 M Tris-0.15 M NaCl
(pH 7.4) at 37°C in the presence of 200 pM vL-ascorbic
acid and ferrous sulfate. The medium was aerated for 15
sec with oxygen and incubated for given time periods
under gentle shaking. Some biochemical indicators were
determined in the pellet or in the supernate. The data of
one representative experiment from a total of three sim-
ilar experiments are presented. The variability for either
parameter studied did not exceed 15% of the mean value.

released from the ghosts and leaked into the
medium. No release of zinc from the ghost
structure was observed during the 2 hr of
incubation (bottom, Fig. 1).

Zinc and protein components of ghosts.
Pure, hemoglobin-free ghosts were treated
with 1% SDS in 0.01 M Tris buffer, pH 7.4,
with the hope of solubilizing most of the
membrane proteins (18). Chromatography on
Sephadex G-200 column equilibrated with
0.1% SDS was further used to separate and
rechromatograph the proteins.

A total of 12 fractions were obtained and
analyzed for the content of protein and Zn
(Table I). The results showed that zinc was
present in every protein fraction obtained by
this separation procedure. Proteins constitut-
ing peak 2 of the original Sephadex G-200
eluant contained three to five times more zinc
per fraction than the other three original
fractions.

Under rechromatography of the original
four peaks of proteins (fractions 1-4, see Ta-
ble I), peak 2 separated into three more frac-
tions (8-10, see Table I), each of which con-
tained a higher amount of zinc than the other
proteins, irrespective of whether the data
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were expressed as zinc/fraction or zinc/mil-
ligram protein.

Effect of the method of ghost preparation on
zinc content. Phosphate is known to form
strong complexes with zinc, the logarithm of
the complexity constant being 10.4 (19). As
the most widely used method of preparing
ghosts (12) uses hemolysis and washing with
hypotonic phosphate buffer, we studied the
possible sequestration of zinc by phosphate
as compared to isomotic barbital buffer,
which does not form complexes with zinc.
The results (Table II) showed the erythrocyte
ghost content of zinc to be three times lower
in phosphate buffer. Another striking differ-
ence was that significantly less zinc linked to
proteins in specimens prepared with phos-
phate buffer. It is interesting that in the course
of extraction of erythrocyte ghosts by water,
no release of zinc from the membrane was
observed, w'iile at the same time distinct
amounts of calcium leaked out into the in-
cubation medium. Still, the values reported
here for the erythrocyte ghosts do not neces-
sarily reflect the status of zinc in the mem-
brane of intact erythrocytes.

Based on this experiment we learned that
the method of preparation of ghosts is essen-
tial for the total content of zinc in the sample
and that phosphate buffer displaced zinc
preferentially bound to protein and mini-
mally affected zinc bound to lipids.

Zinc content in lipid fractions of ghosts. We
already indicated that in barbital-purified
ghosts almost 69% of the zinc is linked to

TABLE II. EFFECT OF THE ISOLATION PROCEDURE ON
THE GHOST ZINC CONTENT IN PURIFIED
ERYTHROCYTES.?

Phos-
Barbital hate
buffer uffer
Protein (mg/mg dry substrance)®  0.33 0.38
Lipid (mg/mg dry substance)® 0.67 0.58
Zinc (ug/mg dry substance)* ¢ 0.22 0.062
+0.037  +0.022
Zinc bound to proteins
(% of total) 322 8.4
Chloroform-methanol (2:1) ex-  68.8 91.6

tractable (% of total)

“ Refers to dog erythrocytes.
® Dry subst ted for salts.
ry substance corrected for salts
¢ Variability for zinc content is given by SD, based on
determination of three to five independent ghost prepa-
rations.
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lipids (Table II). The consecutive extractions
of ghosts from rabbit erythrocytes by chlo-
roform, acetone, or methanol, as described
under Materials and Methods, were per-
formed and the content of cholesterol and
phospholipids was determined in each frac-
tion together with the content of zinc and
copper (Table III). As expected, most of the
cholesterol was extracted into chloroform and
most of the phospholipids were extracted into
methanol. The data show that phospholipid-
rich fractions contain more zinc per unit of
weight of lipid than the other two fractions.
Copper content in either fraction is similar to
zinc content.

Discussion. As already indicated by Rey-
nolds (18) there is an increasing body of
experimental data, which suggests that in at
least the erythrocyte membrane system inor-
ganic cations are an important structural
component. The same author showed that
virtually all of the protein from human ghosts
is soluble in aqueous media when inorganic
cations are removed by chelating agents. The
study by Burger ef al. (20) also indicates that
the differing stability of bovine vs human
erythrocytes correlates with the actual con-
centration of divalent cations in the mem-
brane. The results of this study show that zinc
is a component of the membrane of red blood
cells. The findings that zinc is not released
when erythrocyte ghosts undergo peroxida-
tive deterioration or partial solubilization
with water indicate that this metal possibly
stabilizes a certain framework of ghost struc-
ture by linking to a component of the mem-
brane. We speculate that this rather insoluble
structural component is not extractable be-
cause of its association with zinc. Based on
these speculations we suggest that zinc con-
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tributes to the integrity of the erythrocyte
membrane. More experimental evidence is
needed to support this view.

There is a relative increase in binding of
zinc to lipid phase. This linkage seems to be
even more stable than zinc—protein linkage as
phosphate buffer does not sequester the metal
from the lipid moiety and releases zinc only
from the protein. The finding that zinc re-
mains within the ghost structure while oxi-
dized lipids (measured as phospholipids) are
released during the peroxidation cleavage of
the fatty acids possibly indicates that those
lipid components linked to zinc are not af-
fected and disrupted by the oxidative process.

Recent findings on the correcting effect of
zinc on sickle cell anemia brought several
interesting observations, implicating zinc as
a calcium antagonist in the red cell membrane
(21, 22). Calcium incorporation into red
blood cell ghosts was reduced by 50 to 80%
in the presence of zinc in the medium (23).
These studies indicate that metals in the
ghosts exist in a state of dynamic equilibrium,
reflecting the actual content of these metals
in the whole blood. This would explain why
dietary supplementation of zinc or zinc defi-
ciency states affect the fragility of erythro-
cytes (1, 2). As shown by the study of Sastry
et al. (24), the content of zinc in erythrocyte
ghosts is negligible as compared to its content
in the whole cell, where it is linked mostly to
proteins. Our data show, however, that zinc
is an integral part of the erythrocyte mem-
brane.

Summary. Proteins and phospholipids but
not zinc were released into the medium con-
taining hemoglobin-free ghosts from dog
erythrocytes incubated in peroxidation-in-
ducing agents (ascorbic acid, Fe?*, Oy). The

TABLE III. METAL CONTENT IN L1PID FRACTIONS FROM RBC GHOSTS.®

Choles-  Phospholip-

Frac- terol con- ids® by

tion® tent weight Metal content (ug/g lipid)

con- (% of frac- (% of frac-

tent tion) tion) Zn Cu
Total lipid content (% of dry weight) 540 31+45 512+62 242 +45 64.0 +7.0
Chloroform fraction (% of total lipid) 440 60+85 32x04 72.0 + 10.6 720 £ 9.6
Acetone fraction (% of total lipid) 450 10+08 10917 827 £11.2 1103 = 12.1
Methanol fraction (% of total lipid) 50.3 302 78596 1150 £ 9.7 128.0

“ Refers to rabbit erythrocytes, variability given as X + SE.
® Refers to prercentage of total dry weight of RBC ghost.

¢ Phospholipid content calculated as P; X 25.
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content of zinc in the pure ghost depends on
the purification procedure; using phosphate
buffer it amounted to 62 + 22 ug/g protein,
and using barbital buffer-extracted ghost it
was three times higher.

Although most of the zinc was linked to
the lipid phase of the membrane, there is a
certain protein moiety of membrane proteins
binding more zinc than the other protein
fractions. Among various fractions of lipids,
zinc is linked mainly to phospholipids and
this linkage is not broken by phosphate
buffer.

It is concluded that zinc is part of the
erythrocyte ghost, linked to protein as well as
lipid phase.
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