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Peroxide; Thiot: Erythrocyte; (Human)

is) human red cells were subj; d to mild idati

Normal and chrenically det

(315 sM hydrog
) K+

P ide (H,0,), 15 min) in the presence of azide. The subsequent expression of passive
activities was analyzed by measurement of **Rb* influx. Peroxidation of normal red

cells did not affect basal K* transport activity, but the increment in K* influx elicited by 0.5 mM N-ethylmaleimide
(NEM) was increased 3-fold. The enhanced K* influx was chloride-dependent, but only partially inhibited by 0.1 mM

activity declined progressi after NEM activation, bit could be restored by a second NEM
i ion of h lobin to the carb form abolished the response to peroxide, while 200

uM lmtyln!ed l\ydroxytnluene (BH'I') exerted only partial inhibition, suggesting that the effect of H,0, requires
of

species with the membrane, bul that lipid peroxidation is not sufficient.

F idation following NEM also enk d NEM acti ing that does not require
altered NEM reactions with stimulatory or inhibitory sites. Passive K* transport in heredi ytosis red cells was
not activated by NEM, with or wn!mus H,0, p The results that mod.sl peroxidative damage
to red cells can heighten the ion cf a

system that is thought to be capable of mediating net K* efflux

and volume reduction in cells that express it. Models are proposed in which the effects of NEM, H,0,, cell swelling
and other factors are mediated by conformational changes in a postulated subpopulation of anion channel (Band 3)

molecules that bind the K™ transporter.

Introduction

In its mdnspensable role as oxygen carrier, the red
blood cell is subj d to id: slress
The cell is equipped with ic detoxifi

mechanisms that provide significant protection against

idative insults, but oxidative damage and
contributes to the decline of cellular functions in vivo in
both normal and disease states {1-5}. Model systems in
which toxic oxygen species are delivered to red cells in
vitro have been used by many laboratories to ideatify

Abbreviations: BHT, bulylaled hydroxytoluene; DIDS, 4.4"-diiso-
thiocyanatostilbenc-2,2"-disulfonic acid; HX, hereditary xerocytosis;
NEM, N-ethylmaleimide: MCHC. mean corpuscular hemoglobin con-
centration.

Comspomience G. Fan'ba.nl(s Cell Biology Group, Worcester
for 1 Biology, y. MA 01545, US.A.

sites of oxidant injury. to delineate mechanisms in
damage and detoxification pathways, and to analyze
effects on cellular properties. In studies of the effects of
externally applied Hzoz. Snyder and associates have
observed an ids
duced spectrin-hemoglobin cross-linking in intact red
cells {€,7] and membrane functional deterioration repre-
sented by decreased membrane deformability and in-
creased recognition for phagocytosis by monocytes [8,9].
They have also observed that the susceptibility of red
cells to peroxide is greater in hereditary xerocytosis
(HX). a mild, chronic hemolytic anemia in which red
cells suffer dehydration due to accelerated leakage of
intracellular K* [10-14). Thus, peroxide-stressed HX
red cells undergo shape changes and generate mem-
brane protein aggregates at lower peroxide concentra-
tions, and, at high peroxide concentrations, they exhibit
exaggerated K* leakage [6.15].

There is considerable evidence that protein sulfhydryl
groups participate in both reversible and irreversible
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membrane protein cross-linking, as well as in olher
manifestations of membrane damage in oxid:

medmm under the same conditions, and washed once.

stressed red cells [6916 18]. Membrane thiols have
also been implicated in the of K*

with NaNO, have been shown to de-
plete the cells of chloride and eliminate the chloride-de-

activities, in that there are NEM-stimulated, chlonde-
dependent, ouabain-resistant K* transport pathways in
both sheep and human red cells [19-27]. The activities
disclosed by NEM are also stimulated by cell swelling.
Interestingly, dehydrated HX red cells, which appear
defective in volume regulation, do not exhibit this re-
sponse to NEM [27]. These observations led us to
explore the effect of mild peroxidation on the passive
cation-transport pathways of normal and hereditary
xerocytesis red cells. We report here that mild peroxide
damage to normal cells that does not itself alter trans-
port has the effect of heightening the stimulation in
chloride-d dent K* port activity produced by
NEM The dehyd b
red cells do not display this phenomenon Some of these

results have been p d earlier in preli y form
[28].
Methods and Materials

Cell preparation. Venous blood was ob d from

ds passive cation fluxes [31]. NEM activation of
K* transport was begun by adding portions of a fresh
concentrate of the reagent to the washed, equilibrated
cells to yield 10% cell suspensions with the desired final
NEM concentration, normally 0.5 mM. Treatment at
37°C was terminated by addition of dithiocerythritol to
1 mM followed by washing three times in chilled influx
assay medium. In earher expenmems, this NEM treat-
ment regi lation of chlo-
ride-dependent "K* influx in normal red cells [27]. In
five experiments examining the effects of changing the
order of treatments (Table III, Fig. 8), times of ex-
posure to NEM and H,0, were shortened to 15 and 10
min, respectively.

BHT treatment: in some experiments, washed cells
were preincubated for 30 min with the antioxidant,
BHT, at 200 uM before addition of H,0, [8].

Cot some cell preparations were
to carbon monoxide for 10 min before addition of
H,0,. Under these conditions, the hemoglobin was
converted to the stable carbonmonoxy form and met-

normal healthy volunteers and HX patients from a
Worcester-area family [11-13]. The heparinized blood
was centrifuged and the buffy coat and plasma re-
moved. The red cells were washed three times in saline

I lobin formation during H,0, pretreatment was
prevented [8].

Influx measurements. K* influx was measured using
®Rb* as tracer by a modification [27] of the method of
Dunham and Ellory {32]. The cells were suspended at

10 mM phospt (pH 7.4) and 5 mM 3-5% h it in the Tri hloride or nitrate
glucose. In some cases, white cells were d by di ining 0.1 mM bain, 5 mM KCl and
filtration through cellulose [29] with elution in Hanks’ 8Rb*Cl. In some experiments, the flux media also
bal; d salt sol llowed by washing without d 0.1 mM fi ide and/or 0.5 mM DIDS.

aspiration from the top of the red cell pellet. In a few
experiments, red cell subpopulanons differing in

‘The samples were incubated at 37°C in 1.5 ml micro-
centrifuge tubes. After 30-45 min, uptake of ¥Rb* was

b density were obtained by fi on Per-

col/Hypaque gradients as described previously [30].
Pretreatments with H,0, were carried out in phos-
phate-buffered saline with washed red cells at 20%
hematocrit. Sodium azide was present at 1 mM to
inhibit catalase. Following addition of H,0, to the
desired final concentration, normally 315 M, the sus-
pensions were incubated at 37°C in a shakjng water
bath for 15 min. The color of the suspensions deepened
slightly i diately upon addition of H,0,,
with the rapid formation of small amounts of methemo-
globin that persisted through subsequent steps [8]. Con-
trol cells underwent the same regimen without added
peroxide. In preparation for subsequent NEM treat-
ment and K* influx measurements, the cells were washed

terminated by addition of ice-cold 0.106 M MgNO, /10
mM Tris-HNO, (pH 7.45), followed immediately by
centrifugation and four ings in the same termina-
tion buffer, Each pellet of washed cells was sampled for
measurement of **Rb* radioactivity in a planchet coun-
ter or liquid-scintillation Results were
lized to the h lobi of the corre-
sponding sample volume. Except where noted other-
wise, influx was measured in triplicate assays, values
shown are means + S.D., and two-tailed paired r-tests
were used to assess the significance of differences. When
influx was assayed in both nitrate and chloride media,
the chloride-depend P was calculated as
the difference in the means of the normalized values.
Other assays. Hemoglobin was measured using the

three times in phosphate-buffered saline and suspended

at 10% hematocrit in 150 mM NaCl/10 mM Tris-HCl/$§
mM glucose (pH 7.5) or in the same medium with
NaNO, substituted for NaCl. These suspensions were
incubated at 37°C for 30 min. The cells were then
sedimented, subjected to a second incubation in fresh

lobin method as described by Beutler
[29]. Hematocrits and hemoglobin concentration values
were used to calculate the mean corpuscular hemo-
globin concentrations (MCHCs) in g Hb /100 ml packed
cells. Levels of ATP and reduced glutathione (GSH) in
extracts of washed incubated red cells were measured as



described by Beutler [29] usmg 1he coupled hexo-
kinase/ gl reaction
and reaction wuh 5, 5 -dnlhlobls(Z-mtrobenwm acid)
(Ellman’s reagent), respectively. Cellular contents of
Na* and K* were determined using an Instrumentation
Laboratories S12 AA/AE spectrophotometer. The cells
were washed four times in chilled 0.11 M MgCl, and
sampled in triplicate with dilution and lysis in deionized
water.

Chemicals. ®*RbCl was obtained from NEN Research
Products (Du Pont Company, Boston, MA). Fur-
osemide was a gift from Hoechst-Roussel Pharmaceuti-
cals (Somerville, NJ). ATP-assay chemicals (hexokinase,

gl -6-phosph: dehyd NADP), hemo-
globm assay kn‘s Ellman’s reagent, Tris, ouabain, NEM,
dithioerythritol, DIDS and hydrogen peroxide were
purchased from Sigma (St. Louis, MO). Hanks' bal-
anced salt solution (Ca®*- and Mg?*-free) was obtained
from Gibco (Grand Island, NY*.

Results

Effects of peroxide and NEM

Cells were pretreated with H,0, with azide present to
inhibit catalatic decomposition of the oxidant. Fig. 1A
and Table I show the resulting enhancement of NEM
activation of ouabain-resistant K* influx in normal red
cells. Mild peroxidation (315 pM H,0,) did not signifi-
cantly alter the basal level of passive K* influx, but
produced a three-fold i inthei in activ-
ity elicited by NEM. K* influx activated by NEM is
only partially inhibited by furosemide at 0.1 mM
{22,24,25), so the proportion of furosemide-sensitive in-

flux was d by NEM Similarly, the
hanced NEM after H,0, pr was
flected in i in both f itive and

fi ide-i iti p (Table I).

TABLE 1
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PRETREATMENT CONDITION

Fig. L. Effect of peroxidation and NEM treatment on ouabain-re-
sistant K* influx. (A) Normal red cells. (B) HX red cells. Cells were
pretreated with 315 xM H,0, or incvbated in buffer without H,0,.
then treated with 0.5 mM NEM (shaded bars) or incubated in parallel
without NEM (oper: bars). K* influx values are means+S.E. of
measurements in chloride medium from ten expenments on normal
cells and four experiments on HX oells For normal cells, effects of
NEM and of by H,0, were
highly significant: P <0.00S for —H,0,. -NEM vs. —H,0,.
+NEM: P <00005 for +H,0.. —NEM vs. +H,0,. +NEM:
P <00005 for —H,0,. +NEM vs. +H,0,. +NEM in paired
-tests. Basal K™ influx was significantly elevated in HX cells: P <
0.0005 for normal — H,0,. —NEM vs. HX ~H,0,. -NEM: P <
0.001 for normal +H,0,, -NEM vs. HX +H —NEM in
unpaired 7-tests.

The NEM concentration-dependence of K* influx
with and without H,0, pretreatment is illustrated in
Fig. 2. Pretreated normal cells exhibited enhanced

Effects of NEM and H,0, on ouabain-resistant K * influxes in normul red cells

Results are from a representative experiment with 315 uM H,0, pretreatment followed by 0.5 mM NEM treatment (or control incubations) as
described in Methods and Materials. K* influx was assayed in triplicate in chloride and nitrate media+0.5 mM DIDS and +0.1 mM furosemide

(*Fur’), as indicated.

NEM and
assay conditions

K* influx (mmol-h~"-kg Hb~')

pretreatment controls H,0,-pretreatment
DIDS NEM Fur +C” -CI- <. +CI™ -C~ a--
(NO; ) dependent (NO7) dependent
- - - 18 +01 0.33+0.15 14 £0.2 18 +04 0.29+0.02 15 +04
- + 0.82+0.08 0234001 0.59+0.08 054+0.14 0.25+0.03 0.29+0.14
- + - 48 308 0.40+0.03 44 +08 83 £29 0.59+0.13 7.7 +30
- + + 3.3 206 0.40+0.16 29 +06 4.2 05 0.5140.02 37 +05
+ - - 1.7 101 0.59+0.06 11 +0.1 22 303 0.63+0.13 16 +04
+ - + 0821013 0341005 0.48+0.14 1.02+018 0.41:+£0.02 0.60+0.18
+ + - 18 £02 0.55+0.06 12 +02 21 +03 0.76 +0.09 13 04
+ + + 20 02 0.37+0.04 17 0.2 20 +0.2 0.62+0.07 14 +£02
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Fig. 2. NEM of ouabai K* in

flux. Normal (0.@) and HX (O) red cells were treated with NEM a(

the concentrations indicated after pretreatment with 315 uM H,0,
(®.m) or after control preincubation in the absence of H;0; (0,0).

K INFLUX (mmo! h™"kgHb™')

PEROXIDE CONCENTRATION {mM)

Fig. 3. Dependence of basal and NEM-activated, chloride-dependent
K™ influx on peroxide concentration during pretreatmeni. Normal
red cells were exposed to H,0;, at the concentrations indicated, then
treated with 0.5 mM NEM (@.8) or incubated without NEM (0.0).
Individual values from duplicate assays in two experiments are plotted.

activation at NEM concentrations of 250 uM and above.
At 0.5 mM, NEM stimulates mainly the chloride-depen-
dent of total bai K* influx

TABLE I1
Effects of NEM and H,0, on red cell MCHC, cations and metabolites

[21,24-27] (Tabies I and III), but, above 0.5 mM NEM,
the chloride-independent ‘leak’ flux rises and contrib-
utes to the progressive increase in total passive K™
influx {27].

Fig. 3 shows the d
influx on the H,0, during p
In these experiments, enhanced NEM stimulation was
d ble at H,0, below 200 M. The
effect was maximal at 315 pM, the standard condition
adopted for our studies. The lcak permeahllny assayed
in nitrate medium was ffected at this H,0,
concentration (increments rangmg from —0.03 to +0.25
mmot-h~'-kg Hb '—see Tables 1 and 11I). Exposure
to 2 mM H,0, d chloride-i dent influx
by 0.45 mmol h~'.kg Hb~.

of K*

Mech 1 ok

[
f
Table II summarizes results of measurements of red
cell MCHC, cations and metabolites made during this
study Aside from the high MCHC and low K* content
istic of heredi ytosis red cells [10~-13],

the most conspicuous observation is the virtual absence
of GSH in NEM-treated cells. Destruction of GSH is
consistent with the early finding of Jacob and Jandl [33]
that NEM reacts nearly stoichiometrically with red cell
‘GSH and that 2.5 pmol NEM suffices to block GSH in
1 ml of cells (our condition being 0.5 pr- + NEM/ml
10% suspension). In most experiments, Nk treatment
also reduced ATP levels. The average decrement was
only 15-20%, but significant statistically (P < 0.05 for
pooled pair data in Table II (N =8) — not including
data for fater times plotted in Fig. 7). Jacob and Jandl
[33] have noted impaired glycolysis when NEM was
applied at levels that completely blocked GSH. NEM
treatment did not affect K* levels significantly under
typical experimental conditions (<1.5 h after NEM
treatment, see Table 1I), but loss of K* from normal
cells was noted at later times (Fig. 6 and data not

Cells were incubated +315 M H,0;, then 0.5 mM NEM, under standard conditions. Values tabulated are means + S.D. for pooled data from
cells in chloride and nitrate media. The number of preparations represented in each mean is indicated in parenthesis.

Cells Parameter Pretreatment controls H;0,-pretreated
assayed “NEM FNEM NEM +NEM

Normal MCHC (g Hb/dl RBC) 3 x3 (2 3 +2 (23) 34 +3 (12) 33 +3 (12
{K* ] (mmol/I RBC) 94 £13 (19) 9% 14 (20) 84 +18 (9) 8 *17 (9
[Na* Kmmol/1 RBC) 64t 12 (4 7220 (@) 9.4 ) 86 [0
AT? (umol/g Hb) 27+ 05 (@) 22 + 04 (4 20 m 25 [0
GSH (pmol /g Hb) 54% 13 (5) 011x 015 (5) 49:07  (6) 003+ 004 (5)

HX MCHC (g Hb/dl RBC) 40 2 (D 9 +4 U] a2 [¢) 44 m
(K™ }(mmol/1 RBC) 6 11 (D 67 114 U] 43 (U] 47 m
{Na* ] (mmol,/1 RBC) 135+ 33 (5) 16.3 1) nd. nd.
ATP (umol/g Hb) 21 03 (2) 14000 18 [ 14 %)




69
TABLE 1l
Effects of changes in the sequence of peroxide and NEM ireatments

In five experiments with different normal domors, cells were incubated first+ NEi, thentH,0,. In three of these experiments. a third
incubation + NEM was carried out. Incubatios times were 15 min with NEM. 10 min with H,0,. Ouabain-resistant K* influxes were measured
with 30 min incubations in chloride medium. Mean values are tabulated, with ranges (values from individual experiments based on triplicate assays)
shown in parentheses. NEM treatment before peroxidation or control incubation increased activity significantly above basal levels ( P = 0.02 and
0.03, respectively; N = 5). Stimulation by NEM treatment at the third step did not differ significantly from that observed with NEM treatment at
the fiest step (P = 0.5 for cells exposed to H,0,, P = 0.4 for oxidation controls; N = 3). Hencement of NEM increments by exposure to peroxide
was sigaficiant (P = 0.003 for pooled data on both orders of N =8). Si greater were produced by two NEM
treatments than by the single treatments (P = 0.01 for pooled data on cells incubmedt H,0,. N = 6). Diffusional leak fluxes were measured in
nitrate medium in two experiments. These averaged: 0,29 mmoi-h~'-kg Hb ™" (0.28-0.30) for untreated controls or cells treated once with NEM
(N =6); 0.32 mmol-h~"-kg Hb~" (0.30~0.33) for H,O,-treated cells with and without a single NEM treatment (N = 6); and 0.36 mmol-h~'-kg
Hb™ " (0.33-0.39) for cells treated 1wice with NEM (N = 4). The d:(ferem:es in the leak fluxes were significant statistically (P < 0.05 in unpaired
t-tests) but too small to diminish the signi: of the increased observed with two NEM treatments.

Treatment schedule N K* influx (mmol-h™'-kg Hb~ 1)

NEM at H,0, at NEM at Total NEM Increment due to
first step second step third step stimulation * peroxidation”
- - 5

+ - - 5 34{13- 7.

- + - 5 0.2(0.0-0.6)
+ + - 5 5.3(2.6-10.5) 2.1(12-37)
- - + 3 30(20- 38)

+ - + 3 4224- 62)

- + + 3 14(56-106) 5.3(33- 85) 24(1.1-49)
+ + + 3 9.2(7.8-11.8) 11(54- 9.6) 30(25-35)

* Mean (range) of increments above values for cells not exposed to NEM.
® Mean (range) of increments above values for the same NEM schedule without H,0,

shown), pr&cumably refleclmg passive movement down
the K* d by NEM
activation of the latent chlonde-dependent K™ trans- increase in the MCHC of H,0,-treated cells (P < 0.05
port activity (Fig. 1, Table I; Refs. 19—’7) for 24 normal , 1irs). The limited data for Na* suggest
Red cells subjected to the i that i d Na* may have partially compensated for
regimen suffered small losses of K*, averaging 10-15% the K* loss from normal cells. The average GSH con-
(P < 0.05 for 18 paired normal preparations; P < 0.002 tent of peroxide-treated normal cells was lower than
that of untreated controls, but the effect is not signifi-
cant statistically for this data set.
The nature of the leading to enh
of NEM activation in H,O,-treated cells was explored
by analyzing the effects of selective inhibitors (Fig. 4).
When the cells were saturated with carbon monoxide
prior to pretreatment with H,0,, enhancement of
NEM-activated, chloride-dependent passive K* trans-
port was abolished (left panels, Figs. 4A and B). The
enhancement was also reduced by including 200 pM
BHT with H,0, in the pretreatment step, but the
reduction by BHT was only about 50% relative to the
heightened response to NEM in controls (right panels,
% -+ C0 -+ -+ S¥ ~+BHT -+ -+ Figs. 4C and D). Earlier work established that carbon
T TheOe b 4 S —M0 4+ 4 ide loading of h lobi does not inhibit lipid
PRETREATMENT CONDITION id but p lobir. formation

Fig. 4. Selective inhibition of H,0, of NEM-activated other forms of membranc damage that
K* influx in normal red cells. (A, B) Carbon monoxide. (C, D) 200

including two HX pairs). This reduction in K* was
associated with a small. but statistically significant,

N oW s o

Bmm ITI] mﬂ]
2 Lol

(mmol-h="kg Hb™")

CHLORIDE-DEPENDENT K INFLUX
N e >

and

#M BHT. Ceils were treated with carbon monoxide or BHT before

addition of H,0,. Chloride-dependent K* influxes were measured

after subsequent NEM activation (shaded bars) or control incubation

(open bars). Results in (A) and (C) are comparable to those in (B) and

(D), respectively, but show inhibitor effects on cells from different
donors studied in separate experiments.

are thought to involve reactions of the activated hemo-
globin in H,0,-treated cells. The effect of the antioxi-
dant, BHT, in this system differs, in that it partially
inhibits lipid peroxidation but has no known effect on
the other oxidative reactions in H,Oy-stressed cells
[8,15).
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TABLE IV
Reactivtion by NEM after decay of stimulated K * transport activity

Cells were subjected to three treatments under standard incubation conditions: (1) £+ NEM; (2) £ H,0,: (3) £ NEM. K* influx in chloride
medium was measured for samples taken after the H,0, incubation step (2 h) and for cells subjected to the second NEM incubation (3.3 and 6 h).
Values are means+S.D. of triplicate (2 h) or duplicate (3.3 and 6 h) measurements from one experiment.

Treatment conditions

K* influx (mmol-h~'-kg Hb~ ')

NEM 1,0, NEM before third after third incubation

i first at second at third :;c:)balion FET) ©h

- - : 20401 ey 22s01

: - : 29504 texod 16303

- + : 22502 45305 16503

: . . ey
If peroxide were to exert its effect by modifying the Decay of NEM activation

reactivity of protein thiol groups (for example, by mak-
ing stimulatory sites more accessible to NEM or by
causing inhibitory sites to be masked), we would expect
peroxidation to be effective only when it precedes NEM

In most experiments, the magnitude of NEM activa-
tion of ouabain-resistant K* influx in normal cells was
lower than that observed in earlier studies in our labora-
tories [27] and elsewhere [21,25,26]. In addition, there

treatment. Findings directly d to this predicti
emerged from experiments in which the sequence of
treatments was varied systematically. Thus, results dis-
played in Table III and Fig. 8 demonstrate that per-
oxide also enhanced NEM activation when it was ap-
plied last. In order to address this issue effectively, it
was necessary to reduce the durations of ceil treatments
and influx assays (Table III). During multiple treatment
regimens with longer intervals, decay in the stimulated
K~ influx activity of cells treated first with NEM (see
below) often virtually obscured the enhancement pro-
duced by later exposure to H,0, (e.g., Table IV). In all
of these experiments, K* influx via the chloride-inde-
pendent leak pathway constituted <20% of the total
influx in chloride medium and was not significantly
affected by reversing the order of incubations. These
results imply that the peroxide effeci involves mem-
brane perturbations that alter expression of the NEM-
activated, chloride-dependent system, as opposed to
modification of protein thiol target activity in cells
undergoing NEM treatment.

We observed repeatedly that mett forma-
tion during exposure to H,0, was reduced in cells first
treated with NEM (visual observations, data not shown).
In a separate study, NEM pretreatment also markedly
reduced subsequent lipid peroxidation under compara-
ble conditions [9]). Thus, the observation that H,0,
enhanced activation even when it followed NEM treat-
ment adds weight to the evidence from the BHT study
(Figs. 4C and D) indicating that lipid peroxidation is
not involved.

was ively high variability in the response to NEM,
even among repeated studies on red cells from the same
normal donors. The results illustrated in Fig. 5 suggest
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Fig. 5. Decay of NEM-activated ouabain-resistant K* transport
activity under various conditions. (A) 1 mM dithioerythritol (DTE),
normal cells. (B) £5 mM glucose, normal cells. (C) +5 mM glucose,
HX cells. K* influx in NEM-treated cells (@) and pretreatment
incubation controls (0,C1) was measured in chloride medium at inter-
vals during incubation at room temperature in the presence (W) or
absence (O.@) of the indicated supplements. Results in pancls A and
B are from separate experiments on normal cells from different
donors.
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Fig. 6. Loss of intracellular K* after NEM treatment. Measurements

‘were made at intervals after NEM treatment (@) or control incuba-

tion (©.0) of normal red cells. The cells were held at room tempera-

ture in the presence (O.M) or absence (0.8) of 0.5 mM DIDS. For

values at 2 and 4 h, N=4; values a1 1 h are from duplicated
measurements.

that these features of the data can be attributed in part
to decay in the NEM-activated K" influx. This was a
significant factor because the interval between NEM

and of varied

n

z&”

K INFLUX tmmol

rzu, "o e

q i 7 3 ] 3 0
TIME (8)
Fig. 8. Develop and decay of passive K* transport
activity with NEM treatment before and /or after H,0, enhancement.
Conditions are outlined in the legend to Table I The cells were
treated in nitrate media: samples were washed in chloride or nitrate
influx assay medium before each set of assays. Labeled bars show the
treatment schedule. At the first step (*NEM,"), cells were incubated
with NEM (.8) or without NEM (0.0). The preparations were then
divided for treatment (*H,0,") with H,0, (O) or control incubation
(0.®). At the third step (*NEM,") portions were subjected either to
NEM treatment ( ) or control incubation (---). The cell

depending on the complexity of the expenmem The
decline in NEM activation was not affected by the
inclusion of DTE (Fig. 5A) or glucose (Fig. 5B) in the
incubation medium after NEM treatment. The basal
passive K™ transport activity of untreated normal cells
did not change significantly under these conditi

were then kept at room temperature. Values plotted are

meam-&-s D. of K* influx in chloride medium assayed at each stage.

(Values for leak fluxes measured in nitrate medium at 2.8 h are
included in the results summarized in the legend to Table I11.)

mmol/kg Hb. see Fig. 7A) At early umes. when passive

This decay is probably not attributable to reductions
in cellular levels of K* or ATP, which declined rela-
tively slowly after NEM treatment (Figs. 6 and 7) Lauf

and i [22] have described a i be-
tween red cell ATP content and responsiveness to Nh\'
they esti d that 50% activation of chloride-d

dent Rb™ influx was supported by 0.3 mM red cell
ATP. In our experiments, the minimum ATP level ob-
served with normal cells was 0.5 mM (approx. 1.5
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Fig, 7. Effects of NEM treatment and subsequent incubation on levels
of ATP. (A) Normal red cells. (B) HX red cells. Individual values are
plotted for duplicate assays on the cell preparations of Figs. SA and
C. The cells were treated with NEM (@) or without NEM (0,0) and
incubated with 5 mM glucose (C0.) or without glucose (0.®).

t activity was stimul; . the NEM-
treated cells had already suffered signiﬁcam ATP deple-
tion (Fig. 7A; Table 1I).

Decay in the stimulated ¥ * transport activity doss
not reflect loss of the capaci to respond to NEM. As
illustrated in Tables III and IV and Fig. 8, cells treated
with NEM were markedly stimulated by a second NEM
treatment more than 2 h later, regardless of the condi-
tions of treatment in the interim. In some cases, stimu-
lation by NEM treatment at the first step was demon-
strable after incubation with or without H,0, at the
second step, but activity declined to near basal levels
during a third incubation step unless the cells were
treated again with NEM (Table 1V). The hlghest levels
of K* influx were 3 with regi g
these dual NEM sti i I in the chlorid
independent fluxes were detectable (Table II1). but the
contributions of these leak fluxes to the large incre-
ments in chloride-dependent K* influx were negligible.
These results imply that the expression of the NEM-
activated transport activity was not limited by the con-
centrations of ATP or K* in the treated cells, because
the levels of these metabolites presumably stabilized or
declined further after the first incubation step. In all
cases, exposure to H,Ol dld not prevem the progressive
loss of NEM-acti dicating that
enhancement of the NEM affect i is not based on H,0,
stabilization of the activity against decay (Table IV, Fig.
8).
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Unresponsiveness of HX red cells

In HX red cells, basal passive K* influx is elevated
and the response to NEM is absent or obscured (Refs.
27 and 2§ and unpublished observations). In most
experiments, the nct cffect of NEM on these dehydrated
cells was inhibitory (Figs. 1B, 5C) and pretreatment
with H,O2 did nol yield the enhancement of NEM

KINFLUX (mmol-h '-kg Hb ")
IS
00 et

ol ® gorrom
GRADIENT FRACTION

Fig. 9. NEM-activated ouabain- “esistant K* transport activity in red
<cells from Percoll/Hypaque density gradient fractions. Cells were
fractionated after pretreatment with H,0, or control incubation
without oxidant. Most cells were recovered in fractions of inter-
mediate density, Fraction 3 and Fractions 4 and 5 (combined).
Results from two separate experiments (O and ©,@) are plotted. @8
represent NEM-stimulaied K* influx enhanced by H,0, pretreat-
ment; the bold solid line traces the average activity profile for the two
experiments. O/ represent NEM-stimulated activity without en-
hancement; the bold dashed line traces the corresponding average
profile. Fine dashed lines indicate activity profiles for samples not
exposed to NEM. NEM-stimulated K* influxes for unfractionated
cells (‘UF’) are shown on the left.

Effects on red cell subpopulations differing in density

Fig. 9 shows the results of two experiments demon-
strating that red cell fractions from Percoll-Hypaque
density gradients differ in their capacity to respond to
NEM and H,0,. As shown recently by Brugnara and
Tosteson [34], NEM responsiveness declines with in-
creasing cell density and is lowest in fractions from the
bottom of the gradients that are depleted in reticu-

ble with normal cells under
lhe same conditions (Fig. 1A). The passive transport
activity of the HX red cells did not exhibit any con-
sistent shifts as a function of time after exposure to
NEM (Fig. 5C). Although the ATP levels of these cells
in vitro tend to be depressed [11,12], in these experi-
ments they remained well within the range [22] that
would have supported expression of NEM-activated K*
transport activity (Fig. 7B).

Discussion
Relationship to previous studies

Several earlier studies have demonstrated that the
permeability of the human erythrocyte membrane to

Ktisi d by exp to agents that can
attack membrane proteins and llpldS du’ectly or damage
the 1 directly b the i Tl

generation of free radicals [18,36-40). Orringer [36] has
observed that treatment with 20 mM acetylphenyl-
d efflux of K* from hu-
man erythrocy vnaa,, d dent on chloride,
independent of Na*, and panlally inhibited by fur-
osemide. That activity is probably identical to the com-
ponent of K* transport considered here, but its re-
sponse to NEM treatment or cell swelling was not
studied. In another study [38], ftee radlcals generated by

locytes. After pretreatment with H,0,, significant NEM low levels of p d the per-

stimulation was demonstrable even in densc cells from meability of human er y y I

the bottom of the gradient. This pattern suggests that, the t id itive Na*/K* t activity
Ithough NEM responsi is supp d as cells was mhlblted by this oxidant damage and all of the

undergo aging and dehydration, the h d K | bility could be attributed to the

and response mechanism persists in lmm form Alter- diuretic-i i ble electrodiffusional leak.

natively, the results could reflect density shifts in a
subpopulation of responsive cells due to K* loss during
the H,O, treatment (Table II), which preceded the
gradient fractionation.

DIDS inhibition

Both activation by NEM and enh of activa-
tion by H,O, pretreatment were inhibited by 0.5 mM
DIDS (Table I). DIDS is an anion-channel blocker that
binds to the predominant membrane protein, Band 3
[35]. It exerted its maximal effect only when present
during the K* influx assay (results for other conditions
not shown). The results shown in Fig. 6 suggest that
DIDS also inhibits progressive loss of i liular K+
after NEM (reatment Similar effects of DIDS have
been noted by Orringer [36].

Similarly, K* leakage was produced by treatment with
the lipid hydroperoxide analogue, t-butyl-hydro-
peroxide [18,39,40], but the oxldam-mduced leak path-
way medijated DIDS-i per ion of chloride
and had other properties of a continuous aqueous chan-
nel [39].

Our study differs from most of the previous work in
that relatively low levels of peroxide have been used and
the increased transport activity was latent until activated
by treatment with the thlol alkylaung agent, NEM. In

its il to d on NEM activa-
tion and requu-emem for chlonde, that acuvnty resem-
bles the Na*-ind dent K* b that

has recently been distinguished from bolh Na*/K*
cotransport and basal Na*-independent, chloride-de-
pendent transport [41] on the basis of several of its
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its relative i ity to the loop
dxureucs, its independence from Na*, its affinity for
K*, and its activation by NEM and c:ll swelling
[21,22,24,25,34, 42-44] NEM actwallon of K* transport

+
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oxidation products under these conditions [9). Overall,
our results strongly suggest that the latent effect of mild
peroxidation involves the cascade of activated, unstable
hemoglobin species leading from methemoglobin to
hem|chromes [1,2), but that the concomitant lipid per-

is ized hy a sel in the ¥, of the
Na* hioride-depend com-
ponent [21 26] In ntrast to chloride-d d

are not responsible for the aitered

Na*/K* cotransport, which is highly sensitive to loop
diuretics [24,41,45], Na*-independent, NEM-activated
K* transport is relatively insensitive to bumetanide and
furosemide [21,24,25,43]. Thus, it is not surprising that
the heightened recponse to NEM we observed followi

to NEM.

This proposition is consistent with the observation
that membranes isolated from red cells subjected to
mild peroxidation retain much higher levels of hemo-
globin [9]. Binding of partially denatured hemoglobin

5
mild peroxidation appeared to have both furosemide-
sensitive and -insensitive components. However, ad-
ditional work, encompassing analysis of kinetic parame-

lecules to the cytopl: ic domain of Band 3 {54,55]
might induce conformational changes that p ex-
pression of K* transport activated by NEM. Alterna-
tively, enhancement by H,0, could be modiated by

ters, diuretic sensitivity and dependence on Na*, pH thiol oxid: lyzed by the acti d
and cell volume, will be required to blish defini- intermedi derived from melhemoglobm {48]. The
tively the relationship of the K* influx p pp of reducible high ight com-
augmented by H,0, to NEM-activated transport in.  plexes of b proteins in cells d 1 to H,0,
unmodified cells. [15] is direct evidence that thiol oxidation occurs under

these diti The thiol oxidation and alkylation
Mechanism

Oxidation of thiols can yield disulfides where steric
factors favor cross-linking, but peroxide and other strong
oxidizing agents tend to generate sulfenic, sulfinic and
sulfonic acids, successively [46-49]. Red cells exposed
to high levels of H,0, (6.7 mM {15}, 30 mM [18))
exhibit excessive K* leakage. Van der Zee et al. [18]
have found that the magnitude of the induced leak
could be inhibited by diamide but not by pretreatment
with carbon monoxide, suggesting that direct oxidation
of membrane thiols could contribute to the formation of
leak pathways under severe conditions of peroxidative
stress. However, these reactions probably do not make a
major contribution to the modification in transport
properties that we observe at much lower levels of
oxidant. Thc observation that carbon monoxide pre-

the heightened NEM responsive-
ness of the lreﬂled oel]s instead implicates hemoglobin
or h i Catalytic
of heme p in both thiol oxidation [48] and lipid

peroxidation [50-52] have been demonstrated. Trotta et
al. [53] have observed that carbonmonoxyhemoglobin
was an effective initiator of lipid peroxidation in red

reactions proceed in the face of a large exvess of reac-
tive intracellular thiol groups presented by GSH and
bem-oglobin [33], and the critical reactions probably
take place in a zone of depletion at the membrane-cyto-
sol mterface where the diffusible reactants meet and are
Ity d. In this mi lhe ef-
fective of b b d h bi
(54,55) may favor selective attack on membrane protein
thiols over reaction with GSH during exposure to H,0,.
Red cell membrane protein thiol groups are known to
vary markedly i m thenr rcacnvny with NEM {56], bu! the
pattern of cor di to
stimulation of the chloride-dependent K* transport
pathway has not yet been described biochemically.
Despite the sequestration of thiol groups that results
from disulfide formation and other oxidative reactions,
overall labeling of membrane proteins by ['*CJNEM
applied to intact cells is markedly increased by pretreat-
ment with 315 pM H,O0, [9]. Considering that intra-
cellular GSH levels are maintained in the face of mild
oxidative stress during pretreatment (Table 11 and Ref.
9), these labelmg results imply that the enhancement of
NEM-acti port is d with a global
change in membrane proteins. There is evidence for

cells exposed to b ide, and Snyder zt al.
8] have found that carhon ide inhibition of inhibi
lobi linking in cells exposed to

low levels of H,0, was not associated with inhibition of

y [23,25] as well as stimulatory [19-27] sites of
NEM action on the Na*-independent, chloride-depen-
dent K* transport system. However, our observation

lipid peroxidation. Conversely, BHT is an effecnve in- that NEM acti is by a

hibitor of lipid p id but is P to H,0, (Tables III and 1V, Fig. 8) demon-
inp ing spectrin-h lobi g (8] and strates that H,0, enhancement does not result from a
heightened NEM of K* t in shift in the balance of inhibitory and stimulatory NEM

peroxide-stressed cells (Fig. 4). Furthermore, we have
also observed enhancement when H,0, was applied
after NEM treatment, despite the fact that NEM-pre-
treated cells generate much lower levels of lipid per-

reactions.

To our knowledge, the decay of NEM activation has
not been studied previously. Since reaction of NEM
with thiols yields mainly stable thiocethers [57], it is
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unlikely that the decline represents restoration of
themodified thiols. (The possibility that other reactions
of NEM (58] are facilitated in the microenvironment of

response to of iated by NEM
or cell swelling. The concept of Band 3 centered com-
p]exes. m which transport systems interact with proteins

the site of activation is remote, but cannot be excluded
entirely.) Our observation that a second treatment with
NEM can elicit a second increment in activity (Table
111, Fig. 8). even while the stimulated activity is decay-
ing (Table 1V), implies, in general, that dissipative
processes — such as leakage of K* and depletion of ATP
- cannot be responsible for the short-term attenuation
of NEM activated K™ influx.

Lauf [59] has schematized the regulation of
NEM-activated K* transport m red cells in terms of

d with the cytopl domains has been de-
veloped by Fossel and Solomon {60} and is based on
studies of transport-inhibitor effects on states of meta-
bolic intermediates assessed by *'P nuclear magnetic
resonance.

The p of H,0, can be ra-
nonaluzed in either scheme by considering the hy-
pothesis that mild p idation is not sufficient in itself
to induce the putanve changes in Band 3 conformation
that regulate transport activity, but that it amplifies the

closely coupled but fi ily distinct d re-
sponsive to NEM, metal ions and changes in cell volume.
At this stage, these entities are abstractions and do not
necessarily correspond to physical domains of the trans-
porter molecule itself. On the basis of our observations,
we propose, as a working hypothesis, that the locus of

action of NEM, H,0,, cell sweiling and other factors 1s

to NEM modificatior:. For example, tight
binding of h to the cytoplasmic domain
{54,55] might alter the equilibria in Reactions 1 and 2.
DIDS inhibition can be understood if the conforma-
tional changes produced by its tight binding to Band 3
[62] prevent dissociation (Reaction 1) or binding (Reac-
tion 2) of the transporter. This general line of thinking

asub 1 ofBand3 lecules that are

also provi ward expl for the phe-

through their cytop with
skeletal proteins, glycolytic enzymes and/or hemo-
globin [54,55,60], and to which the NEM ive K*

of decay and rep ivation. In R
1, decay of stimulated activity would occur as active
ter molecules, T*, diffuse in the plane of the

transporter is also bound. Reaction 1 outlines a scheme
in which membrane modification by NEM causes Band
3 (the anion channel, A) to adopt an altered conforma-
tion, A’, in which iis postulated affinity for the K*
transporter, T, is markedly reduced. In this scheme we
speculate that the transporter is inactive when bound,
but converted to an active form, T’, when dissociated.

A+T=(A-T) M (A" T) A"+ T* o))

In the case of activation induced by swelling, the effect
might be translated via the cytoplasmic domain of Band
3 in response to altered tension in the membrane skele-
ton. The effect of NEM might involve reaction with
Band 3 directly, modification of associated peripheral
proteins [9], or both. A of transport activity by
induced dissociation of a membrane protein complex, as
in Reaction 1, has been proposed by Farquharson and
Dunham [61] as the basis for anti-L stimulation of
Na*/K*-pump activity in sheep red cells.
An aiternative scheme outlined in Reaction 2

A+T= (AT EM Aoy = A7 4T @

envisions that the transporter is inactive when free, but
active in the putative complex, (A’ - T*} when the con-
formation of Band 3 is altered by NEM As

membrane and bind to unmodified Band 3 molecules.
In Reaction 2, decay would result from dissociation of
the active complex, (A’ - T*). In both schemes, reassort-
ment of peripheral proteins associated with A’ might
also be the basis for conversion to an inactive config-
uration of Band 3. (Similarly, assembly of complexes of
glycolyuc enzymes with Band 3 under conditions of
letion {60} might underlie the boli
requirement for NEM activation [22}.) In all cases, the
system would retain the capacity to undergo a second
cycle of activation after an episode of decay. Becausc of
this feature, in particular, these schemes merit consider-
ation in future studies of the biochemical basis for
NEM activation.

Passive K * transport in HX
The results p d here d ate that peroxid
pretreatment does not make HX erythrocytes respon-
sive to NEM. In these dehydrated cells, the K* trans-
port pathway activated by NEM and cell swelling is
suppressed [27]). (HX in this kindred is also charac-
tenzed by subnormal levels of 23-DPG [10-13} and
of \dehyde-3-
phosphate dehydrogenase [12], fmclmgs consistent with
our speculation that peripheral associations with Band 3
are involved in regulating the activity.) There is an
elevation in total K* influx (Fig. 1 and Ref. 27). but
this abnormality reflects high activity of the furosemide-

in Reactior 1, conversion of A to A’ need not require
direct modification of Band 3, but might be induced
indirectly through the cytoplasmic domain of Band 3 in

Na*/K* port system [41], which is
partially inhibited by NEM (unpublished observati
Interestingly, K* transport activation by NEM is slight
in the denser subpopulations of normal red cells, sug-




gesting that responsiveness to NEM is a property of the
younger, relatively hydrated cells (Fig. 9 and Ref. 34).
Reticulocytosis in these patients 1s usually about 4%
[63]. Cells that are chronologically young pred-minate
[10,11), and NEM activation cap he demonstrated in the
most reticulocyte-enriched, buoyant fractions (unpub-
lished observations). However, because of their rapid
dehydration in vivo and increased NEM-inhibited. fur-
osemide-sensitive K* transport activity, unfractionated
hereditary xerocytosis cells appear to be unresponsive.
We have found that the NEM-responsive component is
not destroyed or removed altogether, as it reappears in
HX red cells that have been rehydrated (unpublished
observations).

Significance in normal red cells

The physiological significance of the effect of mild
peroxidation on NEM activation depends on the func-
tion served by that component of passive K* transport
and on the extent to which the peroxxdatlon in vitro can
be idered to mimic ive stress in
vivo. Chloride-dependent K+ transport activated by
NEM or cell swelling appears to be capable of mediat-
ing net efflux of K* [34,42,64]. Its expression in young
red blood cells may bring about net K* loss and cell
shrinkage to surface/ volume ratios appropriate for ma-
ture cells [34,65]. Our results suggest that, under condi-
tions that elicit the activity, cells that have suffered
subacute oxidative damage might respond with hyper-
activation or activation at normal volume, leading to
excessive loss of K* and dehydration. Considering that
cell dehydration appears to make red cells more vulner-
able to some forms of oxidative damage 15}, the height-
ened activaiion of K* t following such damage
could be a link in a degenerative cycle shortening the
functional life of the cell.
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