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Inhibition of erythrocyte Ca?*-ATPase by activated oxygen
through thiol- and lipid-dependent mechanisms
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We have studied erythrocyte Ca2*-ATPase as a model target for elucidating effects of activated oxygen on
the erythrocyte membrane. Either intracellular or extracellular generation of activated oxygen causes
parallel decrements in Ca?*-ATPase activity and cytoplasmic GSH, oxidation of membrane protein thiols,
and lipid peroxidation. Subsequent incubation with either dithiothreitol or glucose allows only partial
recovery of Ca?>*-ATPase, indicating both reversible and irreversible components which are modeled herein
using diamide and r-butyl hydroperoxide. The reversible component reflects thiol oxidation, and its recovery
depends upon GSH restoration. The irreversible component is largely due to lipid peroxidation, which
appears to act through mechanisms involving neither malondialdehyde nor secondary thiol oxidation.
However, some portion of the irreversible component could also reflect oxidation of thiols which are
inaccessible for reduction by GSH, since we demonstrate existence of different classes of thiols relevant to
Ca’*-ATPase activity. Activated oxygen has an exaggerated effect on Ca>*-ATPase of GSH-depleted cells.
Sickle erythrocytes treated with dithiothreitol show a heterogeneous response of Ca?*-ATPase activity.
These findings are potentially relevant to oxidant-induced hemolysis. They also may be pertinent to
oxidative alteration of functional or structural membrane components in general, since many components
share with Ca?*-ATPase both free thiols and close proximity to unsaturated lipid.

Introduction even for normal erythrocytes [1] due to the relent-

less autoxidation of hemoglobin [2]. Since erythro-

Exposure of cells to activated oxygen is an
inevitable consequence of aerobic existence. For
example, the spontaneous generation of super-
oxide, peroxide and hydroxyl radical is detected
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cytes are uniquely vulnerable to autoxidation, the
red cell membrane serves as a particularly useful
model for studying the pathobiology of autoxida-
tion [3]. For example, sickle erythrocytes sponta-
neously generate excessive amounts of activated
oxygen [1], and their membranes reveal evidence
of abnormal lipid peroxidation {4-6] and abnormal
oxidatton of cytoskeletal protein thiols [7]. The
possibility that such defects contribute to disease
pathophysiology (8] mandates an attempt to de-
fine apparent mechanisms of autoxidative damage
to specific red cell membrane components.

The studies reported here were prompted by
our earlier observation that the brisk murine he-
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molytic anemia induced by the oxidant drug phen-
ylhydrazine is accompanied by profound disrup-
tion of erythrocyte calcium homeostasis [9]. In
addition to an accumulation of calcium, we ob-
served a significant decrement in activity of the
erythrocyte membrane’s magnesium-dependent
calcium-ATPase (herein referred to as ‘Ca’*-
ATPase’). Unlike simple structural proteins,
Ca’*-ATPase serves an important homeostatic
function by actively removing calcium from the
cell interior. Moreover, it is particularly useful as a
model target since it is embedded within the mem-
brane (in close juxtaposition to lipid), and it has
free thiol groups [10].

We here describe the inhibition of erythrocyte
Ca’*-ATPase by activated oxygen generated either
inside or outside the cell. Also, we provide data
suggesting that this defect is due to combined
effects of thiol oxidation and lipid peroxidation,
either of which can itself inhibit Ca’*-ATPase.

Materials and Methods

Reagents

Except for saponin (Calbiochem-Behring Corp.,
La Jolla, CA) and [***Hg]PCMB (Amersham,
Arlington Heights, IL), reagents were obtained
from Sigma Chemical Co. (St. Louis, MO).

Erythrocyte manipulations

Activated oxygen. For exposure to extracellular
generation of activated oxygen, fresh normal
erythrocytes were washed three times with isotonic
NaCl and suspended to hematocrit 20% in Hanks’
balanced salt solution containing 1 g/l glucose,
136.9 mmol /1 NaCl, 5.4 mmol /1 KCl, 0.3 mmol /1
Na,HPO,, 0.3 mmol/1 KH,PO,, 0.4 mmol/]
MgSO,, 1.3 mmol /1 CaCl,, 0.5 mmol /1 MgCl,,
and 4.2 mmol/] NaHCO, (pH 7.4). They were
then incubated at 37°C for 30 or 45 min with
oxygen-radical-generating enzymes. Peroxide was
generated with glucose/ glucose oxidase, and su-
peroxide was generated with xanthine/ xanthine
oxidase (1 mmol /1 substrate, 1 unit/ml enzyme).
For exposure to hydroxyl radical, erythrocytes
were incubated with both enzymes and both sub-
strates in addition to 2 mmol/! FeCl,/EDTA.
Control red cells were incubated without the
enzymes. For exposure to intracellular generation

of superoxide, erythrocytes were incubated at
hematocrit 20% in Hanks’ solution for 60 min at
37°C with 0.1-1.0 mmol/1 phenazine methosul-
fate [11].

Other treatments. Erythrocytes were incubated
at hematocrit 10% (30 min at 37°C) in Hanks’
solution containing one of the following reagents:
5 mmol/1 diamide (diazenedicarboxylic acid
bis( ¥, N-dimethylamide)); 0.05 mmol/1 PCMB,
0.05 mmol/1 PCMBS; 1 mmol/1 t-butyl hydro-
peroxide; 0.5 mmol/1 CDNB. Controls were
incubated with Hanks’ solution alone. For reac-
tion with malondialdehyde, erythrocytes were in-
cubated at hematocrit 5% (2 hours at 37°C) in
Hanks’ solution with up to 1 mmol /1 malondial-
dehyde, prepared immediately before use by acid
hydrolysis of malonaldehyde bis(dimethyl acetal)
[12].

Reversibility of Ca’ *-ATPase inhibition

When the above manipulations inhibited
Ca?*-ATPase activity, erythrocytes were further
examined to determine whether this effect could
be reversed with reducing agents. The treated e-
rythrocytes were washed four times with NaCl,
suspended to hematocrit 10% in Hanks’ balanced
salt solution with or without 10 mmol /1 dithio-
threitol, and incubated at 37°C. A parallel in-
cubation with glucose (1 g/1) but without di-
thiothreitol assessed the ability of erythrocytes to
restore Ca?*-ATPase activity spontaneously. When
inhibition of Ca®*-ATPase was in fact reversible.
in most cases restoration of activity was complete
by 40 min incubation. However, if activity was not
fully restored by this 40 min exposure to dithio-
threitol or glucose, incubation was carried out as
long as 240 min before we concluded that restora-
tion was not possible.

Ca’*-ATPase assay

Erythrocytes were washed five times with NaCl
and were immediately assayed for Ca’?*-ATPase
activity [9]. They were suspended to hematocrit
10% in Tris-HCl (0.172 mol/1 (pH 7.4)) and ad-
mixed with saponin [13] at a ratio of 10 pg saponin
per 10 pl erythrocytes. After 15 min incubation at
room temperature, any unlysed red cells were re-
moved by low-speed centrifugation (since they
would result in artifactual lowering of apparent
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Ca’*-ATPase activity). Red cell lysate (0.1 ml)
was admixed with 0.2 ml Tris-HCI buffer and 0.7
ml reaction mixture (30 mmol/1 imidazole, 100
mmol/1 KCl, 15 mmol/1 NaCl, 4.5 mmol/I
MgCl,, 300 pmol/1 ouabain, and 4.5 mmol/1
ATP before dilution). Finally, 0.02 ml of either
1.25 mmol/1 CaCl, or 5 mmol/l EGTA was
added, and duplicate samples were incubated for
60 min at 37°C. Following precipitation with 0.1
ml 50% trichloracetic acid, inorganic phosphate
(P;) was measured using the Fiske-SubbaRow
method [14). Ca®*-ATPase activity was calculated
by subtracting the P, content of the EGTA-con-
taining sample (i.e., the Mg?*-ATPase activity)
from that of the calcium-containing sample (i.e.,
the Mg?*-ATPase and Ca?*-ATPase activities).
Using this method, we find normal erythrocyte
Ca’*-ATPase activity to be 81.15 + 9.15 pmol P, /g
Hb per h (mean + S.D.; n=22), with duplicate
samples varying by no more than + 5%.

Since this Ca®*-ATPase assay utilizes the red
cell’s own cytoplasm as a calmodulin source, con-
trol experiments examined admixture of mem-
branes from untreated erythrocytes with cyto-
plasm from treated erythrocytes. None of the
agents used here affected the cytoplasm’s ability
to serve as a calmodulin source (data not shown).
Hence, the method is valid as used in these stud-
ies.

Glutathione (GSH) assay

After thorough washing with large volumes of
Na(l, erythrocyte GSH was determined by titra-
tion with 5,5’-dithiobis(2-nitrobenzoic acid) [15].
Using this method, we find GSH levels for normal
erythrocytes to be 6.79 + 1.05 umol GSH /g Hb
(mean + S.D.; n=17), with duplicate samples
varying by no more than + 5%.

Assay for thiol oxidation and lipid peroxidation
Thiol oxidation resulting from the various
treatments was detected using thiol-disulfide ex-
change chromatography of solubilized erythrocyte
membranes exactly as recently described [7], a
technique which detects even intramolecular thiol
oxidation. Lipid peroxidation due to various red
cell treatments was monitored by measuring the
thiobarbituric acid reactive peroxidation byprod-
ucts (‘malondialdehyde’) in aliquots of the eryth-

rocyte suspensions after trichloroacetic acid pre-
cipitation [16].

Displacement of [***Hg]PCMB by GSH
Erythrocytes were treated with PCMB as above,
except that 0.05 mmol /1 [***Hg]PCMB (61 mCi/g)
was used, and they were washed with NaCl until
supernatant radioactivity returned to background.
Solubilized membranes were then prepared by ad-
mixing equal volumes of 2% sodium dodecyl
sulfate and red cell ghosts derived from washing
labeled erythrocytes four times with § mmol /1
sodium phosphate (pH 7.4). The ensure complete
precipitation of membranes upon subsequent
acidification, 5% albumin was added to aliquots of
labeled solubilized membranes, which were then
incubated for 30 min at 37°C with an equal
volume of buffer with or without 10 mmol /1 GSH.
After precipitation with one-fifth volume trichlo-
roacetic acid, radioactivity in supernatants was
determined. The number of acid-precipitable cpm
was determined from samples incubated with
buffer alone. The percentage of acid-precipitable
cpm released by exposure to reducing agent was
determined from samples incubated with GSH.

Statistical analysis
Statistical analysis employed Student’s -test.

Results

Activated oxygen and Ca’ *-ATPase

Exposure of fresh normal erythrocytes to
activated oxygen results in a significant inhibition
of Ca’*-ATPase activity (Table I). This is il-
lustrated for exposure to both extracellular oxi-
dant (generated enzymatically) and intracellular
oxidant (generated using PMS). The PMS stimu-
lates the generation of superoxide [11] and is thus
most analogous to physiologic or pathologic oxi-
dant stress. Results using extracellular generation
of superoxide (O; ) and/or peroxide (H,0,) sug-
gest that hydroxyl radical is a particularly potent
inhibitor. This is evident in that fact that Ca’*-
ATPase inhibition due to both O, and H,0, is
even greater if iron is additionally present.

Further data on perturbation by activated
oxygen are shown at the top of Table II. The
depicted data were derived using enzymatically-



TABLE I

INHIBITION OF ERYTHROCYTE Ca’*-ATPase BY
ACTIVATED OXYGEN

Normal erythrocytes were exposed to activated oxygen for 45
min at 37°C and then assayed immediately for Ca?*-ATPase
activity. Extracellular exposure utilized enzymatic generation
of superoxide (O, ) and /or peroxide (H,0,) with and without
iron/EDTA. Intracellular exposure was achieved using PMS.
Data represent mean+ S.D. for four experiments. Control=
100%.

Erythrocyte treatment Ca®*-ATPase activity

% of control P

Extracellular exposure

05 831+10.1 <0022

H,0, 920+ 85 ns.

05 +H,0, 7654100  <0.01°

0, +H,0,

+2 mmol /1 iron 54.7+11.0 <0.005°% <005°
Intraceilular exposure

PMS, 0.1 mmol/1 5594+ 26 <0.001°

PMS, 0.5 mmol /1 352+ 89 <0.001°

PMS, 1.0 mmol /1 246+ 24 <0.001°

a

Compared to control incubation.
® Compared to O; +H,0, without iron.

generated oxidant (for 30 min in Table II as
compared to 45 min for Table I). However, results
derived using PMS (not shown) were qualitatively
identical. The decrement in Ca®*-ATPase activity
induced by activated oxygen is accompanied by a
parallel decrement in cytoplasmic GSH level, an
increase in membrane protein thiol oxidation, and
a moderately brisk generation of the lipid per-
oxidation byproduct, malondialdehyde.

Subsequent incubation with either dithiothrei-
tol or glucose results in full restoration of GSH
levels. Despite this, neither glucose nor dithio-
threitol accomplishes full restoration of Ca’*-
ATPase activity, although both agents allow sig-
nificant improvement in its activity. Thus, Ca?*-
ATPase inhibition by activated oxygen has both a
reversible and an irreversible component.

The significance of these results was elucidated
by comparing the effect of activated oxygen to the
effect of various membrane perturbants. As dis-
cussed below, the resulting data suggest that the
reversible component of Ca2*-ATPase inhibition
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by activated oxygen is related to thiol oxidation
and is reversed as GSH recovers, while the irre-
versible component reflects the effect of lipid per-
oxidation.

Classical thiol reactants (Table 11)

Diamide. Diamide, a reversible thiol oxidant
[17], induces significant and parallel reduction in
Ca®*-ATPase activity and GSH levels. There is a
general increase in membrane thiol oxidation, but
no significant lipid peroxidation. Ca’*-ATPase
activity and GSH levels are both fully restored by
subsequent exposure to dithiothreitol or glucose.
However, while full recovery in response to di-
thiothreitol required only 40 min, full spontaneous
recovery (i.e., in response to glucose) required 240
min. This is consistent with the known slow re-
covery of GSH after exposure to such high con-
centrations of diamide [17]). The smaller decre-
ment in Ca’*-ATPase activity induced by lower
diamide concentrations is fully reversed during the
standard 40 min glucose incubation (these data
are included in Fig. 1, discussed below).

PCMBS. PCMBS, which reacts only with exter-
nal membrane thiols under the conditions em-
ployed here [18], affects neither Ca’*-ATPase nor
GSH of intact erythrocytes. However, not shown
in the table is the fact that this same concentration
of PCMBS does profoundly reduce the Ca’’-
ATPase activity of open red cell ghosts to 15 + 21%
(n = 4) of control values.

PCMB. PCMB, which is similar to PCMBS but
which penetrates erythrocytes under the condi-
tions employed here [18], significantly inhibits
Ca?*-ATPase without altering GSH levels. De-
spite full restoration of Ca?*-ATPase by subse-
quent incubation with dithiothreitol, PCMB-
treated erythrocytes fail to show any spontaneous
(i.e., GSH-mediated) Ca?*-ATPase recovery what-
soever. This failure of GSH to restore the Ca’*-
ATPase of PCMB-treated erythrocytes is not due
to a chemical inability of GSH to disrupt the
PCMB metallo-thiol bond, since GSH displaces
88 +11% (n =4) of the radioactivity from SDS-
solubilized membranes prepared from erythro-
cytes treated with [***Hg]PCMB (as described in
Materials and Methods). Thus, PCMB inhibits
Ca?*-ATPase by affecting membrane thiols which
are sterically inaccessible for reduction by GSH.
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TABLE 11
EFFECT OF VARIOUS MEMBRANE PERTURBANTS ON ERYTHROCYTE Ca’*-ATPase

Normal erythrocytes were incubated for 30 min at 37°C with the indicated agent. The first four columns show the effect of the initial
treatment on cytoplasmic GSH level, Ca?'-ATPase activity, formation of malondialdehyde (MDA), and percent of membrane
proteins having oxidized thiols. The last three columns show effect on GSH and Ca®*-ATPase of a subsequent incubation with cither
10 mmol/1 dithiothreitol (DTT) or 10 mmol /1 glucose. This second incubation examines the ability of reducing agent to reverse the
Ca®'-ATPase defect induced by the initial incubation. Results arc shown as mean+S.D. for 3-5 experiments. n.d., not determined.

Treatment Effect of initial treatment Reversibility
GSH Ca’'-ATPase Lipid Thiol GSH Ca’"-ATPasec
(% of (% of peroxidation oxidation®  using DTT : -
o 4 using using
control) control) (nmol MDA/ (%) of glucose DTT glucose
ml RBC)
Control
incubation =100 =100 0.98+0.76 141+14 =100 =100 =100
Activated
oxygen 62.6+10.1° 76.3+86° 75041.25%  229+13% 10444120 86.9+4.7° 86.0+ 37°
Diamide 162+ 5.7° 488+ 73° 1.60+1.21 27.8+1.0*" 985+ 48 103.5+8.6 994+ 7.5
PCMBS 994+ 33 1029+ 42 0.36 +0.62 n.d. n.d. n.d. n.d.
PCMB 98.8+ 5.0 558+ 19° 0.10+0.09 183+£1.1%  nd. 101.3+5.7 596+ 25°
t-Butyl
hydroperoxide  83.0+ 3.6 ° 46.6+23.0°% 16.79+839* 14° 102.0+14.9 395465 426+17.0°

* Values so indicated differ from controls by at least P < 0.01.

Percent of membrane protein having oxidized thiols as measured by thiol-disulfide exchange chromatography [7].

This value is a best estimate for actual membrane proteins, taking into account the required correction for the great amount of
membrane-associated hemoglobin having oxidized thiols in this preparation. This problem with -butyl hvdroperoxide is discussed
in detail clsewhere [31]. The normality of membrane proteins from ¢-butyl hydroperoxide treated cells was proven in these studies
using polyacrvlamide gel electrophoresis as previously described [7].

Values for glucose and dithiothreitol (DTT) were nearly identical in each case: specific numbers shown are those derived from the

T

”

glucose incubation.

Effect of lipid peroxidation (Table I1)

The effect of lipid peroxidation upon Ca?*-
ATPase was assessed by exposing erythrocytes to
a concentration of r-butyl hydroperoxide which
induces brisk generation of malondialdehyde but
which leaves GSH levels and membrane thiols
relatively intact. In response to peroxidation
induced by this agent, Ca?*-ATPase activity is
markedly diminished. In striking contrast to the
demonstrated reversibility of thiol-dependent
Ca’*-ATPase inhibition, there is no recovery
whatsoever upon subsequent incubation with di-
thiothreitol or glucose. Indeed, despite full
restoration of GSH, continued incubation with
glucose results only in continued malondialdehyde
formation and further deterioration of Ca’*-
ATPase activity (data not shown).

Since peroxidation of lipid can secondarily af-
fect thiols [19], additional experiments examined

the possibility that reversible thiol blockage might
protect erythrocytes from peroxidation-induced
Ca’*-ATPase inhibition. Since the effect of PCMB
on Ca’*-ATPase is fully reversible (Table II),
erythrocytes were treated with this agent prior to
exposure to f-butyl hydroperoxide. After exposure
to the hydroperoxide, the PCMB was removed
(and its effect reversed) with dithiothreitol. The
Ca’*-ATPase of such cells was no less deficient
than that of cells exposed to ¢-butyl hydroperoxide
without benefit of reversible thiol blockage (data
not shown), suggesting that lipid peroxidation does
not inhibit Ca?*-ATPase through the PCMB-sen-
sitive thiol. Likewise, similar experiments using
diamide to protect thiols yielded the same result.
Thus, the data suggest that lipid peroxidation
inhibits Ca’*-ATPase through a non-thiol mecha-
nism.

Exposure of erythrocytes to as much as 1
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Fig. 1. Ca?*-ATPase of diamide-treated erythrocytes recovers
only coincident with GSH. Red cells were incubated for 30
min with diamide (@, 1 mmol/I; a, 2.5 mmol/l; v, 3.5 mol/L;
4. 4 mmol/l; @ 5 mmol/1). They were then incubated with 1
g/1 glucose for 40-240 min (open symbols, coded to diamide
concentrations as above). Ca2*-ATPase activity and GSH level
are expressed as percent of those of control cells incubated in
parallel but without diamide exposure.

mmol /1 reagent malondialdehyde had no effect
on Ca?*-ATPase activity (data not shown), so
peroxidation effects apparently are not due to

TABLE III
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modification by this peroxidation byproduct per
se.

Relationship between Ca”*-ATPase and GSH

As discussed above, the Ca’*-ATPase inhibi-
tion induced by classical, penetrating thiol-reac-
tive agents is promptly and fully reversed with the
reducing agent dithiothreitol (Table II). Yet, the
spontaneous (GSH-mediated) Ca’*-ATPase re-
covery of erythrocytes treated with diamide is
delayed, providing an opportunity to examine the
relationship between GSH levels and Ca?*-ATPase
activity. Indeed, after diamide exposure, Ca’*-
ATPase activity only recovers coincident with
spontaneous GSH regeneration (Fig. 1).

In this regard, Ca’*-ATPase inhibition is not
simply an effect of lowered GSH concentration
per se, as evidenced by experiments using CDNB,
which non-oxidatively but irreversibly depletes
erythrocyte GSH [20]. Despite profound GSH de-
pletion, Ca’*-ATPase remains near-normal in
CDNB-treated erythrocytes (line 3 in Table III).

The important restorative role of GSH in terms
of reversing thiol-dependent Ca’*-ATPase inhibi-
tion is further illustrated by comparison of the
effect of activated oxygen upon GSH-replete and
GSH-depleted cells (Table III). As compared to
GSH-replete erythrocytes exposed to activated
oxygen, GSH-depleted (CDNB-treated) red cells
which are subsequently exposed to activated
oxygen manifest a greater decrement in Ca?”-

ENHANCED SUSCEPTIBILITY OF GSH-DEPLETED ERYTHROCYTES TO INHIBITION OF Ca? '-ATPase BY ACTIVATED

OXYGEN

Erythrocytes were prepared without (GSH-replete) or with (GSH-depleted) CDNB preincubation (0.5 mmol /1 at 37°C for 30 min).
Each type was then incubated without or with exposure to enzymatically generated activated oxygen. Data shown as mean + S.D. for

four experiments.

Ca?*-ATPase
(% of control)

Malondialdehyde
(nmol/ml RBC)

Erythrocyte type GSH
(% of control)
GSH-replete control
erythrocytes incubation =100
activated
oxygen 62.6+10.1
GSH-depleted control
erythrocytes incubation 157+ 1.5
activated
oxygen 108+ 7.4

=100 1.02+0.73
76.3+8.6 7.50+1.25
944+34 0.47+0.90
53.8+85 16.23+9.34
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TABLE IV

EFFECT OF DITHIOTHREITOL ON NORMAL AND
SICKLE ERYTHROCYTE Ca?*-ATPase ACTIVITY

Erythrocytes were incubated for 30 min at 37°C in Hanks’
balanced salt solution with or without 10 mmol /1 dithiothreitol
before determination of Ca®"-ATPase activity.

Ca?*-ATPase activity
(ng P, /g Hb per h)

Erythrocyte type

without with

dithiothreitol dithiothreitol
Normal 1 85.64 85.23
Normal 2 83.54 84.19
Normal 3 81.36 81.50
Sickle 1 86.09 86.62
Sickle 2 85.67 92.06
Sickle 3 77.13 83.45
Sickle 4 75.35 75.63
Sickle § 53.92 79.01
Sickle 6 52.45 49.62

ATPase activity and much greater malondialde-
hyde formation. In addition, since the GSH de-
ficiency of CDNB-treated erythrocytes is irreversi-
ble [20], subsequent incubation of these cells with
glucose produces no Ca’*-ATPase recovery
whatsoever (data not shown).

Sickle erythrocytes

Since sickle erythrocytes undergo excessive
autoxidation [1] and their membranes reveal evi-
dence of both abnormal thiol oxidation [7] and
lipid peroxidation [4-6], we determined Ca**-
ATPase activity of sickle and normal red cells
before and after treatment with dithiothreitol. As
shown in Table 1V, dithiothreitol does not change
the Ca?*-ATPase activity of normal erythrocytes.
However, for some of the sickle patients, Ca’"-
ATPase activity improved noticeably upon ex-
posure to dithiothreitol.

Discussion

We have demonstrated the inhibition of eryth-
rocyte membrane Ca?*-ATPase by activated
oxygen. This occurs with both extracellular and
intracellular generation of activated oxygen (Table
I), and it is accompanied by peroxidation of lipid

and oxidation of membrane thiols (Table II).

Whether or not this perturbation of calcium
homeostasis is physiologically relevant is discussed
below. However, Ca’*-ATPase was investigated
due to its suitability as a model target for studying
the adverse effects of oxidative phenomena on
erythrocyte membranes. That is, erythrocyte
Ca’*-ATPase is potentially vulnerable to auto-
xidative modification because it has free thiol
groups and resides in close proximity to un-
saturated membrane lipids [10]. Consequently, the
general conclusions supported by these studies
may be pertinent to a variety of membrane pro-
teins having this environment in common with
Ca’*-ATPase. Examples include the (Na* + K *)-
ATPase, the transmembrane protein band 3, and
the cytoskeletal protein ankyrin.

When erythrocytes with Ca2*-ATPase inhibited
by exposure to activated oxygen are subsequently
incubated with either dithiothreitol or glucose,
Ca’*-ATPase activity improves significantly; but
in either case restoration is only partial. Thus, the
inhibition of Ca?*-ATPase by activated oxygen
appears to have both reversible and irreversible
components (Table II). The significance of these
findings is elucidated by the studies examining the
effect of various thiol and lipid perturbants on
Ca’*-ATPase activity. These suggest that the
reversible component of Ca?*-ATPase inhibition
reflects thiol oxidation and recovers as cyto-
plasmic GSH recovers. In contrast, the irreversible
component appears to reflect lipid peroxidation.

Thiol oxidation

Inhibitton of erythrocyte Ca?*-ATPase by
thiol-reactive agents is a well-known phenomenon
[21-24], but the present data illustrate several
important aspects of the thiol-dependence of
Ca’*-ATPase activity.

First, these studies establish a close linkage
between maintenance of cytoplasmic GSH levels
and preservation of Ca’*-ATPase activity. For
example, after diamide exposure erythrocyte
Ca’*"-ATPase recovers only coincident with GSH
recovery (Fig. 1). Experiments utilizing CDNB
(Table III) reveal that GSH concentration per se
does not affect Ca?*-ATPase. Rather, GSH pro-
tects the Ca?*-ATPase from oxidative inhibition.
Thus, exposure of GSH-depleted (CDNB-treated)



erythrocyte to activated oxygen results in greater
Ca?*-ATPase inhibition than does exposure of
GSH-replete erythrocytes to activated oxygen.
Furthermore, the diminished Ca’*-ATPase activ-
ity of CDNB/oxidant treated erythrocytes shows
no spontaneous recovery whatsoever, since the
GSH within these cells cannot be restored meta-
bolically [20].

Thus, these studies are consistent with the hy-
pothesis that maintenance of optimal Ca’*-
ATPase activity depends, at least in part, upon
preservation of membrane thiols in their reduced
state. Indeed, the erythrocyte Ca’*-ATPase is a
reasonably thiol-rich protein [10]. Hence, one
mechanism by which activated oxygen inhibits
Ca?*-ATPase appears to be formation of disulfide
bond(s), since reducing agents significantly (albeit
only partially) improve Ca’*-ATPase after oxi-
dant exposure. In this regard, our data indicate
that there are different classes of membrane thiols
relevant to Ca?*-ATPase activity, something pre-
viously noted regarding the (Na™ + K*)-ATPase
[18]. For example, blockage/oxidation of both
PCMB-sensitive and diamide-sensitive thiols is
fully reversed with dithiothreitol. However, the
latter thiol is also reduced by cytoplasmic GSH
while the former is not.

One way to explain inaccessibility to GSH is
for the thiol to be buried within the lipid bilayer.
This, in fact, is probably the case for some of the
enzyme thiols of sarcoplasmic reticulum Ca?*-
ATPase [25]. If this is also true for erythrocyte
Ca?*-ATPase thiols, the thiol-dependent compo-
nent of oxidant-induced Ca®*-ATPase inhibition
might be irreversible to the extent that it involves
thiols which do not protrude into the cytoplasm.
That this may, in fact, be the case is suggested by
studies on sickle erythrocytes. These cells sponta-
neously generate abnormal amounts of activated
oxygen [1] and their membranes have undergone
abnormal oxidation of protein thiols [7] despite
the fact that their GSH levels are only minimally
depressed [26]. Treatment of sickle erythrocytes
with dithiothreitol increases Ca2*-ATPase activity
for some patients (Table IV).

Lipid peroxidation
Unlike classical thiol reactants, activated
oxygen induces moderately brisk generation of
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malondialdehyde. Hence, the failure of reducing
agents to restore Ca’*-ATPase after oxidant ex-
posure suggests that lipid peroxidation may also
be an important inhibitor. Indeed, f-butyl hydro-
peroxide induces marked malondialdehyde forma-
tion and inhibits Ca?*-ATPase, while affecting
GSH minimally (Table II). Notably, this effect is
not even partially reversed with either dithiothrei-
tol or spontaneous recovery of GSH.

The specific mechanism of peroxidation-in-
duced Ca’*-ATPase deficiency does not appear to
involve cross-linking of membrane amino groups
by malondialdehyde, since deliberate exposure of
erythrocytes to reagent malondialdehyde has no
effect on Ca?*-ATPase. We cannot exclude the
possibility that lipid peroxidation secondarily in-
duces some type of thiol oxidation [19] which is
unaffected by reducing agents such as GSH or
dithiothreitol. However, the failure of (reversible)
thiol blockage using PCMB or diamide to protect
the Ca**-ATPase from inhibition due to organic
hydroperoxide-induced peroxidation at least sug-
gests that it is not the PCMB- or diamide-sensitive
thiols which are secondarily modified.

Physiologic significance

Although it is impossible to state with absolute
certainty that the present findings are physiologi-
cally relevant, certain data suggest that they are. It
i1s true that amounts of oxidant generated ex-
tracellularly in these in vitro studies exceed those
spontaneously generated by erythrocytes over the
same time period [1]. However, the amount of
resulting malondialdehyde formation and thiol
oxidation (per Table II) is exactly comparable to
that found in unmanipulated sickle erythrocytes
[6,7]. Moreover, the amounts of PMS used here to
inhibit Ca’*-ATPase activity result in the same
amount of intracellular superoxide [11] we previ-
ously found to be spontaneously generated from
sickle erythrocytes [1].

At the least, therefore, the present findings are
potentially relevant to the harmful effect of oxi-
dant drugs. For example, murine hemolytic anemia
induced by administration of phenylhydrazine is
accompanied by a profound decrement in erythro-
cyte Ca*-ATPase activity [9]. Likewise, although
thiol-perturbants have a great variety of effects
upon the membrane, interference with thiols cru-
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cial to Ca®*-ATPase activity could be one contrib-
uting factor in the attenuated red cell survival
induced by N-ethylmaleimide [27], PCMB [27]
and diamide [28].

Likewise, these data may be relevant to the
preferential destruction of glucose-6-phosphate-
dehydrogenase-deficient human erythrocytes by
oxidant drugs. Our earlier studies demonstrated
that diamide induces a markedly greater decre-
ment in Ca?*-ATPase activity in glucose-6-phos-
phate-dehydrogenase-deficient than in normal
erythrocytes, despite the fact that the Ca’*-ATPase
activity of glucose-6-phosphate-dehydrogenase-de-
ficient red cells is normal in the absence of oxi-
dant challenge [29]. The explanation for this is
evident in the present studies which graphically
illustrate the enhanced risk to erythrocyte Ca?*-
ATPase when ability to utilize GSH is impaired
(Table III).

In summary, these studies suggest that erythro-
cyte Ca’*-ATPase activity is modulated by cellu-
lar ‘redox’ status (degree of thiol oxidation and
lipid peroxidation). It is questionable, however,
whether inhibition of Ca’*-ATPase by oxidant
would by itself be of physiologic relevance. Due to
the extraordinary efficiency of erythrocyte Ca’*-
ATPase, it would require a profound inhibition of
enzyme activity for this, as an isolated defect, to
adversely affect erythrocytes. On the other hand,
oxidative damage due to either endogenous or
exogenous oxidant is likely to be indiscriminate,
resulting 1in a multitude of defects. This is sup-
ported by observation of widespread oxidation of
membrane thiols in fresh sickle [7] or glucose-6-
phosphate-dehydrogenase-deficient [30] erythro-
cyte membranes. Consequently, further studies are
warranted to ascertain whether the present results
are, in fact, relevant to the great variety of red
blood cell membrane components having free
thiols and close proximity to membrane lipid in
common with Ca”>*-ATPase.

Acknowledgement

This work was supported by the National In-
stitutes of Health (HL 30160 and HL 01130).

References

—

~N N W bW

xR

10

11

12

13

14

15

16

17

18

19
20

21

22

23

24

25
26

27

28

29

30

31

Hebbel, R.P., Eaton, J.W., Balasingam, M. and Steinberg,
M.H. (1982) J. Clin. Invest. 70, 1253-1259

Carrell, R.W., Winterbourn, C.C. and Rachmilewitz, E.A.
(1975) Br. J. Haematol. 30, 259-264

Hebbel, R.P. (1986) J. Lab. Clin. Med. 107, 401-404

Das, S.K. and Nair, R.C. (1980) Br. J. Haematol. 44, 87-92
Jain, S.K. and Shohet, S.B. (1984) Blood 63, 362-367
Hebbel, R.P. and Miller, W.J. (1984) Blood 64, 733-741
Rank, B.H., Carlsson, J. and Hebbel, R.P. (1985) J. Clin.
Invest. 75, 1531--1537

Hebbel, R.P. (1985) Clin. Haematol. 14, 129-140

Shalev, O., Leida, M.N., Hebbel, R.P., Jacob, H.S. and
Eaton, J.W. (1981) Blood 58, 1232-1235

Graf, E., Verma, A K., Gorski, J.P., Lipaschuk, G., Niggli,
V., Zunina, M., Carafoli, E. and Penniston, J.T. (1982)
Biochemistry 21, 4511-4516

Maridonneau, I., Braquet, P. and Garay, R.P. (1983) J.
Biol. Chem. 258, 3107-3113

Jain, S.K. and Hochstein, P. (1980) Biochem. Biophys. Res.
Commun. 92, 247-254

Hanahan, D.J. and Ekholm, E.J. (1978) Arch. Biochem.
Biophys. 187, 170-179

Fiske, C.H. and SubbaRow, J. (1925) J. Biol. Chem. 66,
375-400

Prins, H.K. and Loos, J.A. (1969) in Biochemical Methods
in Red Cell Genetics (Yunis, J.J., ed), pp. 115-137,
Academic Press, New York

Gilbert, H.S., Stump, D.D. and Roth, E.F. (1984) Anal.
Biochem. 137, 282-286

Kosower, N.S., Kosower, E M., Wetheim, B. and Correa,
W.S. (1969) Biochem. Biophys. Res. Commun. 37, 593-596
Shapiro, B., Kollman, G. and Martin, D. (1970) J. Cell
Physiol. 75, 281-292

Gardner, HW. (1979) J. Agric. Food Chem. 27, 220-229
Awasthi, Y.C., Garg, H.S., Dao, D.D., Partridge, C.A. and
Srivastava, S.K. (1981) Blood 58, 733738

Richards, D.E., Rega, A.'F. and Garrahan, PJ. (1977) L
Membrane Biol. 35, 113-124

Schatzmann, H.J. and Burgin, H. (1978) Ann. N.Y. Acad.
Sci. 307, 125-147

Scutari, G., Ballestrin, G. and Covaz, A.L. (1980) Supra-
mol. Struct. 14, 1-11

Sarkadi, B., Enyedi, A. and Gardos, G. (1980) Cell Calcium
1, 287-297

Ikemoto, N. (1982) Annu. Rev. Physiol. 44, 297-317
Wetterstroem, N., Brewer, G.J.,, Warth, J.A., Mitchinson,
A. and Near, K. (1984) J. Lab. Clin. Med. 103, 589-596
Jacob, H.S. and Jandl, J.H. (1962) J. Clin. Invest. 41,
779792

Johnson, G.J., Allen, D.W., Flynn, T.P., Finkel, B. and
White, J.G. (1980) J. Clin. Invest. 66, 955-961

Shalev, O., Lavi, V., Hebbel, R.P. and Eaton, J.W. (1985)
Am. J. Hematol. 19, 131-136

Kosower, N.S., Zipser, Y. and Faltin, Z. (1982) Biochim.
Biophys. Acta 691, 345-352

Deuticke, B., Heller, K.B. and Haest, C.W.M. (1986) Bio-
chim. Biophys. Acta 854, 169-183



