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Summary. Treatment with N-ethylmaleimide (NEM) is known 
to stimulate ouabain-insensitive, CV-dependent K + transport 
in low K + (LK) but not in high K + (HK) sheep red cells 
(Lauf, P.K., and Theg, B.E., 1980, Biophys. Biochem. Res. 
Commun. 92:1422 1428). The dependence of this effect on the 
pH of pretreatment with NEM and/or iodoacetamide (IAA) 
was studied. Maximum stimulation of Cl--dependent K + 
transport in LK red ceils was produced by prior treatment 
with I-5 m~  NEM at pH 6 at which only about 3 0 4 0 %  of 
the  10 7 SH groups present per membrane reacted. At pH 6 no 
NEM effect was seen on N a + + K  + fluxes in HK red cells. 
Treatment with NEM below pH 6 enhanced C1--independent 
K + transport in both LK and HK red cells. At higher pH 
values or higher concentrations the NEM-stimulation of K + 
transport was reduced and absent at pH 8.7. Exposure of LK 
cells to 5 mM IAA prior to NEM abolished the stimulatory 
effect of NEM on K + transport. Hence at least two different 
chemical groups were reacting with N E M :  acidic SH groups 
responsible for the stimulatory action of NEM, and more alka- 
line SH or NH 2 groups whose reaction with NEM leads to 
an inhibition of the NEM effect brought about at pH 6. 

Key Words sheep erythrocytes �9 passive K+/C1 - cotrans- 
por t .  sulfhydryl (SH) groups 

Introduction 

In ruminant erythrocytes N-ethylmaleimide 
(NEM) is known to affect passive Na + and K + 
permeabilites in different ways: Ouabain-resistant 
Na + - N a  + exchange is inhibited in beef and sheep 
red cells by NEM (and organomercurials [19]) only 
when Na + ions are present [2]. In genetically low 
K + (LK) but not high K + (HK) sheep and goat 
red cells, 1-2 mM NEM selectively stimulates C1-- 
dependent K + transport [13-17]. In the preceding 
paper [15] it was shown that at physiologic pH 
NEM altered Vma x of furosemide and C1--sensitive 
K + transport and that, common to both LK and 
HK sheep red cells, there was a basal K + flux 
in C1- or NO~- media not affected by NEM at 
physiologic pH values. The specific effect of NEM 
in LK sheep and goat red cells raises the possibility 

that particular SH groups are involved in the 
cation permeability changes of  the LK cell. The 
present study aims at a further characterization 
of the chemical groups reacting with NEM in LK 
red cell membranes. Preliminary reports have ap- 
peared elsewhere [1, 14]. 

Materials and Methods 

Buffers 
Tris(hydroxymethyl)aminomethane buffered isosmotic solu- 
tions contained either 155 mM NaNO 3 (TBN) or 155 mM NaC1 
(TBS), respectively. The pH was adjusted to the desired value 
either with HNO 3 (TBN) or with HCI (TBS). The temperature 
coefficients of Tris were always considered for TBN or TBS 
used at 0 ~ or 37 ~ Isosmotic nitrate solutions of pH values 
ranging from 5.5-7.0 contained 140 mM NaNO3 buffered with 
25 mM citric acid/phosphate mixtures (CPBN). At pH values 
below 7.0, 30 mM sucrose was added to prevent cell tysis [11]. 
Sucrose was present only during NEM treatment to offset 
colloid osmotic swelling at low pH. Prior to the flux experiment, 
the ceils were re-equilibrated in isosmotic media (see below). 
All buffers contained 10 - 4  M ouabain. 

Red Cells 

Blood was obtained by jugular venipuncture into heparinized 
vials from healthy Dorset sheep with red cells of known cation 
and antigenic genotypes. The cells were washed three times 
in TBN to remove plasma and buffy coat. 

Adjustment of pH and Treatment 
with Thiol Reagents 

About 1.2 ml packed cells were resuspended and washed twice 
in 35 ml of either TBN or hyperosmotic CPBN, followed by 
incubation for 15 rain at 37 ~ to allow complete H + equilibra- 
tion. After two additional washes in the equilibration media, 
the ceils were resuspended in 15 ml of their respective nitrate 
solutions, and 30 ~tl dimethylsulfoxide (DMSO, Sigma Chemi- 
cals, St. Louis, Mo.) • 1 M N-ethylmaleimide (NEM, Sigma 
Chemicals), or 30 gl buffer _• 1 M iodoacetamide (IAA, Sigma 
Chemicals) were added. The samples were mixed and incubated 
for 15 (NEM) or 30 min (IAA), respectively, at 37 ~ After 
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NEM or IAA treatment, the cells of all samples were washed 
three times with 35 ml TBN, pH 7.4, and incubated for 15 min 
at 37 ~ to readjust the pH to 7.4. 

K + Efflux Measurements 

K + efflux measurements were performed as described before 
[15]. Calculation of the rate constant of passive K + efflux was 
done by regression analysis of the fractional K + release at 45, 
60, 70, and 90 rain as described in the preceding paper [15]. 

SH Group Determination 

Hemoglobin-free membranes were prepared from NEM-treated 
or untreated cells by one step osmotic hemolysis [7] in 10 mM 
Tris/HNO 3, pH 7.6. Membrane proteins were quantitated by 
the Lowry method [18]. The SH groups were determined photo- 
metrically with 5,5-dithiobis(2-nitrobenzoate) (DTNB, Sigma 
Chemical Co., St. Louis, Mo., cf. ref. 12). From the difference 
between the DTNB bound/rag of protein of untreated and 
NEM-treated cells, the percentage of SH groups blocked by 
NEM was calculated. Correction for nonmembranous  SH 
groups (mainly hemoglobin) was done by subtraction of hemo- 
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Fig. l .  Effect of treatment with N E M  at various pH values 
on K + effiux rate constants measured in C1- or NO 3 media 
at pH 7.4. (A): LK (LL) cells; (B): HK (MM) ceils. Open 
symbols: Controls not treated with NEM. Closed symbols: 
treatment with 2 mM N E M  for 15 rain at 37 ~ K + fluxes mea- 
sured in C1- (o, o) or NO s (zx, A) 

globin-SH groups from the basal SH groups detected per 
sample. 

Results 

Figure 1A shows the K + efflux rate constants (~ 
of  LK sheep red cells, measured at pH 7.4 in either 
C1- or NO~- media after pretreatment for 15 rain 
at 37 ~ with 2 mM N E M  at different pH values. 
The ~ values, measured in C1- media revealed 
a bell shape dependence on the pH values of  N EM 
pretreatment. At pH 6 maximum stimulation was 
observed, decreasing at lower or higher pH values. 
Cells incubated without NE M showed little change 
in the basal K + fluxes with the exception of 
pH 5.5. After pretreatment at this pH, the basic 
K + flux was-also increased 1.7-fold as compared 
to that at pH 7.4. In NO2 media, only cells pre- 
treated with N E M  below pH 6.0 exhibited a small 
stimulation of ~ 

High K + cells in either C1- or NO~ behaved 
very much like LK cells in NO2.  Figure 1B shows 
that over a wide pH range, the rate of  K + efflux 
from control H K  cells in C1- medium was lower 
than that from LK cells in NO~ (note the ex- 
panded y axis). Furthermore, no effect of C1- re- 
placement by NO 3 was observed on the efflux rate 
constants of H K  cells. However, after N E M  treat- 
ment of  H K  cells at pH 5.0 or 5.5 K + effiux was 
enhanced in both C1- and NO~- media. Hence, 
NO~-supported K + flux was stimulated by N E M  
in both LK and H K  red cells at low pH values 
although the absolute values of  ~ where about  
1/20 of  those seen in C1- media. 

From earlier work it was known that N E M  
treatment at physiologic pH stimulated C1- -depen- 
dent K + transport without affecting the ouabain- 
insensitive Na + permeability [13, 14, 17]. Table 1 
shows an experiment in which Na + efflux was mea- 
sured in choline C1 or choline iodide (recrystallized, 
Aldrich Chemicals, Milwaukee, Wisc.) media 
(pH 7.4) after LK red cells had been treated with 
or without N E M  at pH 6.0. The data indicate that 
under these conditions N E M  did not significantly 

Table 1. Na + efflux rate constants of LK and HK sheep red cells pretreated with NEM at pH 6 

Cells n = 4 Choline-chloride a Choline-iodide a 

None pH 6 pH 6 + NEM None pH 6 pH 6 + N E M  

LK )~ 0.021 0.015 0.019 0.025 0.027 0.028 
_+ SD 0.002 0,001 0.001 0.002 0.002 0.003 

HK 2 0.014 0,010 0.022 0.018 0.020 0.024 
+SD 0.001 0.00l 0.004 0.001 0.003 0.001 

" Flux media. 
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Fig. 2. Fraction of membrane SH groups reacted with NEM 
at various pH values in LK and HK red cells. Bars indicate 
_+SD for n = 4  

Table 2. Effect of pretreatment with iodoacetamide and N-eth- 
ylmaleimide on the K + efflux rate constant of LK sheep red 
cells in C1- media 

First treatment Second treatment 

pH 6 pH 6 + 2 mM N EM 

Controls 0.055 0.193 
5 m ~  IAA 0.095 0.119 

After the first t reatment at pH 7.4 with and without IAA (left 
column) each sample was divided into two parts and treated 
a second time at pH 6 with or without NEM. 

alter Na + fuxes  at the pH where maximum stimu- 
lation of C1--dependent K + stimulation was seen. 

The higher stimulation of  Cl--mediated K § 
efflux by N E M  at pH 6.0 was surprising, because 
a more alkaline pH favors the NEM reaction with 
SH groups [8]. Therefore, we measured the frac- 
tion of  membrane SH groups which had reacted 
with N E M  (2 mM) during 15 rain incubation at 
37 ~ There were 9.40 (_+0.99) x l0 -6 (n=12)  
and 9.06 (_+1.27) x l0 -6 (n=12)  SH groups per 
LK and H K  membrane, respectively. On a protein 
basis this amount was comparable to that reported 
for human red cells [20]. Figure 2 shows that in 
both LK and H K  cell membranes about  40% of 
all SH groups were alkylated by N E M  at pH 6.0, 
while 55-60% reacted at pH 7.1 and 5.0, respec- 
tively. The data suggest that maximum stimulation 
of  C1--dependent K + transport by N E M  corre- 
lates with minimum reactivity of  membrane SH 
groups with NEM. 
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Fig. 3. Effect of increasing N E M  concentrations at three differ- 
ent pH values on the K § efflux rate constant of LK sheep 
red cells. Cells were pretreated with the NEM concentration 
and at the pH values indicated and then analyzed for K + efflux 
at pH 7.4 as described in Materials and Methods 

We investigated whether IAA, which also 
reacts with SH groups, would alter the N E M  
effect. Cells were exposed to iodoacetamide prior 
to NEM,  and then the C1--dependent K § efflux 
was measured. Table 2 shows that 5 mM iodoaceta- 
mide reduced the N E M  effect, but also affected 
somewhat the basal C1--dependent K § efflux. A 
concentration of  5 mM and a reaction time of  
30 min were required to obtain significant inhibi- 
tion of  the NE M effect by IAA. The results suggest 
that N E M  binds to SH groups and that the stimu- 
lation of  C1--mediated K § efflux appears to be 
dependent on specific properties of  the bound 
N E M  molecule. 

The dependence of  K + flux stimulation on the 
N E M  concentration during pretreatment is shown 
in Fig. 3. At pH 7.1, the C1--dependent K + efflux 
was maximally stimulated in cells treated with 1 
to 2 mM NEM. Only 20% of the maximal effect 
was observed, and none was found in LK cells 
treated with 0.5 mM and 0.25 mM NEM, respective- 
ly. After treatment with either 5 or 10 mM NEM, 
only 40 and 10% of  the maximal stimulatory effect 
was observed, respectively. At pH 6, however, 
N E M  stimulated maximally at all concentrations 
above 1 mM. At pH 8.7 no N E M  stimulation was 
observed. Figure 4 shows that the N E M  effect was 
identical after exposure to 2 and 5 mM N E M  at 
pH 6.0. However, when below or above pH 6.0 the 
cells were treated with 5 mM N E M  the effect was 
reduced as compared to treatment with 2 mM 
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Fig. 4. Effect of two different N E M concentrations during pre- 
treatment of  LK sheep red cells at different pH values on the 
K + efflux rate constants. Fluxes were measured at pH 7.4 in 
isosmotic C1- media 

Table 3. Effect of successive treatments with N-ethylmaleimide 
and varying pH on the K + efflux rate constants of LK sheep 
red cells in CI-  media 

First Second treatment 
treatment 

pH 6.0 pH 6.0 pH 8.7 pH 8.7 
+ 2 mM + 2 mM 
N E M N E M  

Controls 0.070 0.238 0.070 0.112 
2 mM NEM 0.370 0.352 0.241 0.082 

After the first treatment of  pH 6.0 in the presence or absence 
of NEM (left-hand column) each sample was divided into 4 
aliquots and treated a second time, as shown above. Each treat- 
ment was performed during 15 rain at 37 ~ 

NEM. The C1--dependent K § fluxes of cells pre- 
treated with 5 mM NEM at pH 8.7 were lower than 
those of controls. 

To test for the possible presence of two kinds 
of membrane SH groups differing in their reactivi- 
ty to NEM, LK cells were treated successively with 
2 mM NEM at two different pH values as shown 
in Table 3. K + efflux of  LK cells treated twice 
with NEM at pH 6.0 was fully stimulated. How- 
ever, if after the first NEM treatment at pH 6.0 
a second was performed at pH 8.7, the stimulation 
was lost. In contrast, incubation at pH 8.7 without 
NEM did not reduce the NEM effect already pro- 
duced at pH 6.0. Hence, there are two population 
of NEM target groups in the membrane of LK 
red cells. The first population, responsible for stim- 
ulation of Cl--mediated K § transport, consists of  
probably acidic SH groups readily reacting with 
NEM at pH 6.0. The second population may be 
either SH or NH2 groups, binding NEM mainly 

at pH 8.7. Once these latter groups were blocked 
by NEM, reaction of NEM with the more acidic 
SH groups and hence stimulation of C1--depen- 
dent K § flux were prevented. 

Discussion 

The following important findings were made: (i). 
Maximum stimulation of ouabain-insensitive and 
Cl--dependent  K + transport was seen after pre- 
treatment of LK sheep red cells with NEM concen- 
trations of I mM or higher at pH 6 (Fig. 1 A and 
B). No such effect was seen in HK sheep red cells, 
nor was there any significant change in Na § el- 
fluxes in either LK or HK cells (Table 1). (ii) Treat- 
ment of both LK and HK sheep red cells with 
NEM at pH values below 6 caused an increase of 
K § efflux which was C1--independent. (iii) The 
maximum stimulation for Cl--dependent  K + flux 
correlated with a 40% reduction of the total mem- 
brane SH-groups by NEM (Fig. 2). (iv) At pH 6, 
the effect of NEM was independent of its concen- 
tration above 1 mM. However, treatment of  LK 
cells with both higher pH and NEM concentra- 
tions caused less stimulation of C1--dependent K + 
transport (Figs. 3 and 4). (v) Pretreatment of LK 
red cells at pH 8.7 with 2 mN NEM or at pH 7.4 
with 5 mN IAA prior to NEM exposure at pH 6 
abolished the stimulation of Cl--mediated K § 
transport (Tables 2 and 3). 

N-ethylmaleimide is known to react at pH 6.0 
only with sulfhydryl groups of  proteins [3]. At 
higher pH values and NEM concentrations, how- 
ever, an increasing reactivity of  NEM with NH2 
groups was found [5]. Although the intramem- 
branous pH values are unknown, it can be assumed 
that NEM reacted at pH 6 specifically with mem- 
brane SH groups, causing a more than fourfold 
stimulation of Cl--dependent K + transport in LK 
red cells. The finding that at pH 6 NEM binding 
was lowest may be explained by the lower degree 
of SH dissociation. That after NEM treatment at 
pH 5.0 and 5.5 (Fig. 2) higher numbers of SH 
groups are blocked is difficult to understand, be- 
cause at pH 5.0 the rate constant of the NEM reac- 
tion with SH groups is about 10% of  that at pH 7.0 
[8]. Perhaps this result may be due to conforma- 
tional changes of certain membrane proteins [9]. 

The observation that NEM treatment at pH 
values above 6 caused less or no (pH 8.7) stimula- 
tion of Cl--dependent  K + transport suggests 
blocking of chemical groups different from those 
available for adduct formation at pH 6. Most 
likely these blocking groups are also SH residues 
since iodoacetamide, a specific SH reagent [3] also 
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diminished the NEM effect. Participation of some 
NH 2 groups in the modulation of  the NEM reac- 
tivity at pH values above 6 cannot be ruled out, 
as NH2 groups modifying passive Na + permeabili- 
ty via SH groups have been reported for dog red 
cells [6]. 

Iodoacetamide only slightly stimulated C1--de- 
pendent K + flux and inhibited NEM stimulation, 
suggesting that IAA bound to those SH groups 
which specifically participated in the NEM-me- 
diated stimulation of K + transport. Hence some 
properties of  the NEM-SH group adduct may 
augment K + flux more than that of  IAA alkylated 
SH groups. Interestingly, NEM-SH group adducts 
are known to form red complexes with alkali ions 
at pH values above 10 [4]. This phenomenon, how- 
ever, was independent of the type of anions pres- 
ent. Although it is known that NEM reacts mainly 
with SH groups of spectrin, ankyrin, band 3, and 
band 4.2 proteins of human red cell membranes 
[4a, 10, a2, 20], studies to show specific binding 
of NEM to the Na+/Li  + countertransport system 
have met with difficulties [2]. 

The present study adds further weight to the 
hypothesis that there is a C1--independent K + 
transport path common to both LK and HK sheep 
red cells [15] because in the presence of NO~- and 
at pH values below 6, NEM to some extent stimu- 
lated K + flux in both LK and HK sheep red cells. 
Hence, the C1--independent K + movements 
appear to be different from the C1--specific K + 
transport system. In HK cells no NEM effect was 
seen when the cells were treated above pH 6, but 
the K + efflux was significantly enhanced after 
NEM treatment below pH 6. The stimulation in 
the presence of C1- seemed to be higher than in 
NO~-. However, the K + efflux rate constants were 
so small that further work is required to clarify 
this point and to assess whether the protein in- 
volved in C1--dependent K + ion translocation dis- 
appears during maturation of reticulocytes to high 
K + sheep red cells [16]. 

We thank Steffani Webb for typing the manuscript. This work 
was supported by NIH grant AM 28236/HEM. 
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