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Summary. Treatment with 2 mM N-ethylmaleimide (NEM) 
caused a marked increase in K § permeability of low K + but 
not of high K + sheep red ceils suspended in isosmotic C1- 
media with ] 0  - 4  M ouabain. The Na + permeability was unal- 
tered. Kinetic analysis by K + effiux and K + or Rb + influx 
measurements suggests that  N E M  primarily increased the bidi- 
rectional fluxes of K + and Rb +, since (a) no significant change 
in the apparent  external affinities of these ions was found, and 
(b) below unity, the observed flux ratios were close to those 
calculated from the Ussing relationship. Replacement of CI-  
by NO3 abolished the NEM-stimulated and reduced the basal 
K + flux rates. Similarly, 10 -3 u furosemide inhibited C1 -de- 
pendent K + fluxes in both  control and NEM-treated LK red 
cells. Exposure of LK cells to hyposmotic but  not  to hyperos- 
motic salt solutions increased the basal C1- dependent K + flux 
twofold as reported by Dunham and Ellory (J. Physiol. 
(London) 318:511-530, 1981) but  did not affect its fractional 
stimulation by NEM. The action of N E M  is interpreted as 
a stimulation of a temperature-dependent and C1--requiring 
K + transport  pathway genetically preserved in adult LK but 
turned off in HK sheep red cells�9 In addition, common to both  
LK and HK sheep red cells was a basal K + flux that  operated 
in the presence of either C1- or NO3.  

Key Words sheep erythrocytes - passive K + C1- cotransport  
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Introduction 

Genetically low K + (LK) and high K + (HK) sheep 
red cells maintain their cation steady states by dif- 
ferences in their active and passive Na § and K + 
fluxes : LK red cells have a lower absolute Na + K + 
pump activity and higher passive K + fluxes than 
HK red cells [12, 24, 45]. A remarkable genetic 
association exists between the two cation steady 
states and two membrane surface antigens: The 
L antigens are located on LK and the M antigens 
on HK red ceils [34, 39, 40, 46]. Much attention 
has been paid to explain the mechanism by which 
anti-L serum activates the kinetically different 
Na +, K + pumps in LK sheep and goat red cells 
[15, 30, 32], but progress in the area of  passive 

cation permeabilities of the two cell types is only 
of very recent nature [9, 10]. 

Two novel discoveries have shed new light on 
the nature of the passive Na +, K + fluxes in cation 
dimorphic ruminant red cells. First, cell swelling 
was shown to enhance ouabain-insensitive K + 
fluxes in LK but not in HK sheep red cells [11, 
14], and anti-L serum, known to reduce specifically 
passive K + leak fluxes [9, 33], only partially pre- 
vented this effect [11, 14]. Second, in two prelimi- 
nary studies it was reported that treatment with 
the sulfhydryl (SH) group reagent N-ethylmalei- 
mide (NEM) stimulated passive K + and not Na + 
fluxes in LK but not in HK sheep red cells, respec- 
tively [35, 36]. As in case of volume manipulation 
[11, 14], the NEM enhanced K + flux was detected 
only in C1- or Br-  media, but not in solutions 
with NO3,  I - ,  SO 2- ,  PO~- ,  or SCN-  [28, 35, 
36], anions which also equilibrate across the red 
cell membrane via the anion exchange pathway. 

In sheep red cells Ca + + ions apparently do not 
induce K + movements by the Gardos effect [6]. 
Rather, the C1- specificity of  the observed K + 
fluxes augmented after cell swelling or NEM treat- 
ment implies that passive transport of  this cation 
may be more complex and not solely explained 
by electrodiffusion. Consistent with this interpreta- 
tion are recent reports of  the existence of passive 
K + C1- cotransport or Cl--dependent  Na+, K + 
cotransport in human red cells [7, 8, 13, 17, 48], 
in avian and fish red cells [5, 21, 27, 29], in lympho- 
cytes [19], ascites tumor cells [4, 18, 23], and in 
epithelial cells [1, 2, 20, 37]. There is evidence that 
transport of  these ions is electroneutral, since no 
effects of  membrane potential changes were seen. 

The purpose of this study was to further char- 
acterize the properties of ouabain-insensitive K + 
fluxes stimulated by NEM in LK sheep red cells. 
Data will be presented on the kinetics of trans- 
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m e m b r a n e o u s  K + or R b  + fluxes, on  the  C1- de- 
p e n d e n c e  of  K + fluxes (NO;-  r ep lacemen t ) ,  a n d  
o n  the r e l a t i onsh ip  be tween  K + fluxes i n d u c e d  by  
cell v o l u m e  e x p a n s i o n  a n d  N E M  t r e a t m e n t .  The  
b u l k  o f  the resul ts  s u p p o r t  the hypo thes i s  tha t  
adu l t  L K  red cells possess  C 1 - - d e p e n d e n t  K + 
t r a n s p o r t  wh ich  is specif ical ly s t i m u l a t e d  by  N E M  
a n d  m a y  be re la ted  to a vo lume- sens i t i ve  K + t r ans -  
p o r t  [11, 14]. A l t h o u g h  the p r i m a r y  effect o f  this 
SH r eagen t  appea r s  o n  the m a x i m u m  veloci ty,  
Vm~, o f  o u a b a i n - i n s e n s i t i v e  K + t r a n s p o r t ,  sub t le  
k ine t ic  changes  c a n n o t  be  ru led  ou t  a t  this  t ime. 
I n  add i t i on ,  a basa l  K + t r a n s p o r t  c o m m o n  to b o t h  
L K  a n d  H K  sheep red cells exists in  the p resence  
o f  N O ; -  a n d  is p r inc ipa l l y  una f f ec t ed  by  N E M  
u n d e r  phys io log ic  cond i t i ons .  A p r e l i m i n a r y  r e p o r t  
has  a p p e a r e d  e lsewhere  [31]. 

Materials and Methods 

Red  Cells, Treatments, and Chemicals 

Blood was drawn into heparin (10 IU/ml blood) from healthy 
Dorset sheep with known red cell K + and Na + composition 
and centrifuged within 2 hr to separate cells from plasma. As 
standard procedure, the cells were washed in isosmotie 
(290 toCsin) NaNO3 solutions buffered with 10 mM Tris/NO3 
(TBN), pH 7.1 at 0 ~ and containing 10 -4 M ouabain, which 
was present throughout all subsequent steps. For treatment 
with NEM, cells were suspended at a hematocrit of 10% (vol/ 
vol) in TBN, pH 7.1 at 37 ~ to which an aliquot of 1 M N- 
ethylmaleimide (NEM, Sigma Chemicals, St. Louis, Mo.) dis- 
solved in dimethylsulfoxide (DMSO, Sigma Chemicals, St. 
Louis, Mo.) was added to give a final NEM concentration 
of 2 rag; controls received DMSO only. The use of the lower 
pH value for treatment with NEM was justified on grounds 
of preliminary findings that NEM exerted its maximum effect 
at lower pH values. After 15 rain incubation in a shakerbath, 
aliquots of 1 M dithiothreitol (DTT, Sigma Chemicals, St. 
Louis, Mo.) dissolved in TBN, pH 7.1, 37 ~ were added to 
all samples sufficient to remove on a molar basis the unreacted 
NEM. Cells were then washed once or twice in TBN, pH 7.4, 
at 0 ~ resuspended to 10% (vol/vol) in TBN, pH 7.4, at 37 ~ 
for equilibration prior to the flux experiments. In the experi- 
ments involving the loop diuretic furosemide, control or NEM- 
treated red cells were suspended at a hematocrit of 10% in 
TBN, pH 7.4, at 37 ~ containing 10-3M furosemide (Lot 
0842, Hoechst-Roussel Pharmaceuticals, Sommerville, N.J.) 
and maintained at that temperature for 30 rain. Furosemide 
was also present during the actual flux experiment. Tracer K + 
was obtained as 42KaCO 3 from Burlington Nuclear Research 
Facilities, Raleigh, N.C., with a specific activity of about 15 Ci/ 
tool. Ultrapure RbC1 or RbNO3 salts were obtained from 
Aldrich Chemical Co., and from Johnson Matthey Chemicals, 
Hertfordshire, England, respectively. K + contaminations were 
less than 1/10,000. Cell water was determined by the wet wt/dry 
wt method used earlier [29]. Osmolarities were measured using 
the Wescor (Logan, Utah) vapor pressure osmometer model 
5100 B. Furosemide was a gift of Hoechst-Roussel Pharmaceu- 
ticals, Sommerville, N.J. 

K + Effluxes 

Aliquots of anion equilibrated cell suspensions were transferred 
into 40-ml polyethylene centrifuge tubes and spun at 37 ~ and 

15,000 rpm in a Sorval RC5B centrifuge to obtain sharp pellets 
of about 0.8 nal cells/tube. At t=0, 20 ml of temperature equili- 
brated flux medium (isosmotic with sheep plasma 
[290-/-_2 SEM=6] and with varying K + or Rb + concentrations 
replacing Na + or choline on a molar basis) was added to each 
tube subsequently covered with parafilm and kept at 37 ~ in 
a shakerbath. At 4-6 time intervals, about 3-ml aliquots were 
removed and placed on a 2-ml dibutylphthalate-ester cushion 
in 10-ml polypropylene centrifuge tubes kept on ice. Cells were 
collected beneath and cell free supernatants above the organic 
phase by centrifugation at 12,000 g for 2 min in a Sorval RC2B 
centrifuge. For K + analysis (Perkin Elmer atomic absorption 
spectrophotometer, model 460) and hemoglobin determinations 
(r~wszT~m~ measured aliquots of supernatants were removed, v ~  sarnple  ) ,  

mixed with 1/100 volume of 0.4 M CsC1 required for removal 
of ionization interference and/or diluted into 0.004 M CsCI in 
acationic detergent. The measured extracellular K + concentra- 
tion, [K+]o, was corrected for K + released by hemolysis (less 
than 1-2%) using the ratio 527~ of ODsample to the calculated optical 
density at 527 nm of I ml hemolyzed packed red cells, OD~ 2 v ~m. 
An aliquot of each suspension was hemolyzed with detergent 
to determine the concentration of hemoglobin (OD~Zs v nm), and 
the hematocrit 527nm 527nm (OD~,~ /ODp~ ). The equilibrium K + con- 
centration, [K +]~ = ~ approximates [K +]o t = ~, the concentration 
in the extracellular medium [42]. Hence, for K + release the 
true K + effiux rate constant, ~ K, was computed from the ratio 
of [K +]ot/[K + ]o t = * using the first order rate equation: 

IK+lo~ "~=~ t 
--In i [K +lot= ~ ) K. (1) 

In most experiments ~ K was estimated by regression line analy- 
sis of 

-ln{1 [K+]o' '~ 
\ E~c+[o , ~  ) 

as a function of the 4-6 measured time points. Data with corre- 
lation coefficients, r, less than 0.95 were rejected. Equation (1) 
was also used when '~2K efflux was measured in tracer pre- 
loaded red cells. For this purpose, 12 ml packed sheep red cells 
were preloaded with 2.5 mCi 42KNO3 in a total volume of 
90 ml for 3 hr at 37 ~ in phosphate buffered isosmotic NaC1 
media, pH 7.4, in the presence of 5 mM glucose and without 
ouabain. Once preloaded, the cells were treated with NEM as 
described above, and *2K release was monitored by counting 
quantitatively transferred supernatants in an Intertechnique 
counter. All other parameters were obtained and treated as 
in experiments determining net K + fluxes. 

K +/Rb + Influxes 

Experiments were performed with 4ZK as tracer or with ultra- 
pure Rb + salts. The protocol of 42K influx was similar to those 
published [25, 26]. At t = 0 about 20 laCi 4aKNO3 (about 1 gM/ 
25 ~l) was added to I ml 10% ceil suspension in isosmotic 
NaC1, NaNO3 or choline-Cl media, containing 10-4 M ouabain, 
and buffered with 10 mM Tris/C1 or Tris/NO3 to pH 7.4 at 
37 ~ Influx was stopped after 1 hr by pipetting 0.2-ml cell 
suspension samples into 7 ml ice-cold MgC12 layered on top 
of 2-ml dibutylphthalate cushions and followed by subsequent 
centrifugation at 10,000 rpm. The cells collected below the 
phthalate cushion were hemolyzed for hemoglobin determina- 
tions at 527 nm and for ~2K counting. The volume of cells 
was calculated from the ratio 527nm 527nm ODsample/ODv c multiplied by 
the total sample volume. Ouabain-insensitive K + influx was 
computed from Eq. (2): 
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i [42K]/ml cells x [K+]o x t -  1 (2) 
MK -- [42K]/ml supernate 

from which the inward rate coefficient, ikK=IMK/[K+] o was 
obtained. In case of Rb + influxes, RbC1 or RbNO3 was added 
at t =  0 to 4% cell suspensions pretreated as described above. 
Aliquots of 1 ml were taken at indicated time intervals. The 
cells collected under the phthalate cushion were hemolyzed in 
detergent containing CsC1 medium. Cellular Rb + was read at 
780.1 nm by flame photometry using the Perkin Elmer 
460 model with emission chopper. For  calculations of Rb + in- 
fluxes, the following equation was used: 

78Ohm 
~M - Eh'nPle 

Rb - -  7 8 0 n m  
Cs tandard  

5 2 7 n m  ODp c x OFRb + cell 
x 52v~ -- [Rb ]native (3) 

O D s a m p l e  X DFHb 

where 
E~8Op,~m = Rb emission from the sample. 

nm ' " estana~ra = Emtssmn of 1 mM Rb standard, usually 8-10/raM, 
DFRb, nb=di lu t ion  factors necessary for sample reading by 
flame or hemoglobinometry at 527 nm, 
[Rb+]~ltl,e= (About  40-60 pM Rb+/li ter  cell) natively occur- 
ring in sheep red cells. 

For calculation of the expected flux ratio, the Ussing flux 
ratio equation [47] 

Mc,t + Omc,t = [Cat +]o/[Cat +]i exp ( - EF/R  T) (4) 

was used with assumption E = - - 0 . 0 1  mV (50). Implicit in the 
use of this equation is the fact that  Em=Ecl and Pc~ >>PK+ = 
Pab+" The terms 'Ca t  +,  i' stand for K + or Rb + ions, while 
exp ( - E F / R  7) has the usual meaning. 

/• "(9  

I -2 I / *  r "- EM:2 2 1 2s 1~ 191 I '~ " ~  / . . . .  
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Fig. 1. K + influx in control (open symbols) and NEM-treated 
filled symbols) LK (LL) sheep red cells suspended in C1- media 
of varying Na + and increasing K + concentrations using cho- 
line-C1 as replacement salt. Inverse plot of iM K versus 1/[K]o 
oe  =zero,  ~xA =25,  vv = 50, n l  =75,  and * =  100 mM NaC1 

or of  trans-effects of Na + and/or choline (see also 
reference 11) on ~ K needs further experimental ex- 
ploration. 

Results 

K + Specificity of  the N E M  Effect 

It was previously shown that exposure of homozy- 
gous LK (LL) sheep red cells to 2 mM N E M  in- 
creased the ouabain-insensitive K + efflux almost 
immediately, leading to a three- to fourfold higher 
efflux rate constant than in the control. In con- 
trast, N E M  had no apparent effect on ouabain- 
insensitive Na + effluxes in LK red cells suspended 
in choline-Ct media [28, 35, 36]. Figure 1 shows 
that K + influx was independent of  extracellular 
Na + concentrations, [Na+]o, between 0 and 
100 mM [Na+]o using choline as replacement cation 
and that NEM stimulated Vma~ by fourfold without 
affecting the apparent affinity for [K+]o, which 
was 25 mM in both control and NEM-treated cells. 
However, the inference that passive Na + fluxes 
were neither affected by N E M  treatment nor that 
Na + ions were participating in the control or 
NEM-stimulated K + fluxes has to be made with 
caution, because in other experiments (unpublished 
data) the K + efflux rate constants were frequently 
smaller when measured in choline-C1 as compared 
to NaC1, without affecting the fractional stimula- 
tion by NEM. The possibility of  cis-effects of Na + 

Chloride Dependence of NEM-Induced K + Flux 

Earlier we reported that NEM-stimulated K + 
efflux was not observed when C1- was replaced 
by NO~-, SO 2-,  or P O ] -  anions, but not by Br-  
[35] and that chloride replacement had only a very 
small effect on the basal K + flux of  controls, an 
observation contradicted by others [11, 14]. It is 
possible that this discrepancy rested on a volume 
effect, since it is known that the C1--sensitive K + 
flux component is highly dependent on cell volume 
[11, 14]. Subsequent experiments consistently re- 
vealed K + fluxes which were reduced in NO~- equi- 
librated red cells as compared to C1- controls. Ta- 
ble 1 summarizes the rate coefficients of  K + influx 
at [K+]o varying from 2-8 raM/liter for all three 
red cell genotypes suspended in C1- or NO~ 
media. In NO3,  ouabain-insensitive K + influx was 
inhibited by 51% in homozygous LK (LL) and 
by 30% in heterozygous LK (LM) red cells, while 
H K  red cells did not discriminate between C1- and 
NO~ anions. It is also noteworthy that ~ K was 
larger in LK red cells with lower [K+]c values, 
suggesting that the magnitude of ~ K is somehow 
related to [K+]c. Analysis of  a larger sample may 
reveal whether the trend of  the C1--dependent K + 
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Table 1. K + Influx rate coefficients in LK and HK red cells 
suspended in isosmotic NaC1 or NaNO3,  pH 7.4 

Cells Anti- [K+]c n ikK(hr -1) ikK(hr-1) 
gen raM/1, in NaC1 in NaNO 3 

cells 

LK 4 LL 10.8 7 0.094_+0.008 0.046+_0.002 
LK 15 LL 16.8 7 0.058_+0.004 0,028+0.001 

LK LL 13.8 Mean 0.076 0.037 

LK 6 LM 19.0 8 0.050+0,004 0.032_+0.001 
LK 18 LM 21.7 8 0.037+0.002 0.029• 

LK LM 20.3 Mean 0.044 0.031 

HK 5 M M  81.7 8 0.034+0.003 0.028_+0.001 
HK 5* M M  81.7 7 0.025_+0.001 0.022_+0.001 
HK 21 M M  87.4 7 0.020_+0.001 0.022• 

HK M M  84.5 Mean 0.026 0.024 

Data__ SEM from Exp 
refers to the number  
and 8 raM/liter. 

644/1980 and * from Exp 642/1980. n 
of determinations at [K+]o between 1 

~3 

0.2- z 

0.1 

" " ~~*" *" CONtROl . . . . .  

OUzUZ__a o ~ ~  o- . . . . . .  a -  - ~ ~ i s 
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rnM EcI-]o (NO] replacement) 

Fig. 2. Effect of CI-  replacement by NO~ on K + efflux rate 
constants of control LK 13 (o) and NEM- treated LK 13 (e) 
or LK 15 (*) red cells. For N E M  treatment, erythrocytes were 
suspended in isotonic NO~ and then analyzed for K + effiux 
in media with increasing proportions of C1- replacing NO~ 

flux activities in the three red cell genotypes indi- 
cates a gene-dose effect. 

The influence of  gradually replacing NO d by 
C1- anions on ~ was investigated further in 
NEM-treated LK cells of two different homozy- 
gous sheep. Figure 2 shows that ~ an upward 
shallow and curvilinear function of extracellular 
C1- concentrations, [C1-]o, in both controls and 
most clearly in NEM-treated LK red cells. Earlier, 
a linear relationship was reported to exist between 
the inward rate coefficients of passive K + trans- 
port  and the fractional [C1-]o of  the medium [28]. 
The data support the hypothesis that in LK red 
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Table 2. Effect of cell volume changes and N E M  treatment 
on K + influxes in LK sheep red cells 

Medium Cell water Relative K + effiux Ratio of 
osmolarity (kg H20 / rate constants b NEM/  
(mOsm/ kg DCS") Control 
liter) Control  NEM 

246•  2.06• 1.5 •  4 .2•  2 .9•  
312•  1.74• 1.0 •  3 .0•  3 .0•  
383•  5 2.60• 0.83• 2 .6•  3.2•  

DCS = d r y  cell solids. 
b Data  from four different experiments were normalized with 
respect to control K + effluxes at  312 mOsm/liter and are ex- 
pressed as relative rate constants. 

~_+sD; n = 4 .  

cells, NE M stimulated a C1--dependent K + trans- 
port system that was already present at low activity 
under isosmotic conditions. Nitrate anions may ei- 
ther inhibit C1--sensitive K + transport or may not 
be transported or both. In H K  sheep red cells such 
a study was not performed because the ouabain- 
insensitive K + transport was insensitive to C1- re- 
placement by NO3,  and N E M  appeared to be inef- 
fective [35]. 

C e l l  V o l u m e  a n d  C l - D e p e n d e n t  K + F l u x  

S t i m u l a t e d  b y  N E M  

Recently it has been reported that ouabain-insensi- 
tive K + fluxes increased by two- to eightfold when 
measured in LK red cells suspended in hyposmotic 
C1- media [11, 14]. Hence, it was of  interest to 
investigate whether NE M still would elicit its effect 
in swollen LK red cells. Table 2 shows the rate 
coefficients of  K + effluxes measured in LK cells 
suspended in 383, 312, and 242 mOsm Cl-  media. 
Prior to the flux measurements, all cells were ex- 
posed for 15 min to NOd media of  identical osmo- 
larities •  pH 7.1. After exchange of NO~ 
by C1- and at the beginning of  the flux experiment, 
samples were removed for cell water analysis. Note 
that cell swelling or shrinkage by 18-20% led to 
a change in cell water commensurate with the well- 
known Ponder relationship between cell water and 
the inverse of  the medium osmolarity. In shrunken 
LK red cells ~  K was about  17% lower and in 
swollen cells about 50% higher than the basal K + 
flux rate of  isosmotically suspended cells, a finding 
consistent with other reports [11, 14]. However, 
in the presence of NEM, ~  K was stimulated three- 
fold and hence, the fractional stimulation was simi- 
lar in all media. This finding suggests no overlap 
between volume-dependent and NEM-stimulated 
K + fluxes. In additional experiments it was shown 
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Fig. 3. Rb + influx as a function of [Rb+]o and the effect of C1 replacement in controls and NEM-treated LK 15 red cells. 
(A): Open symbols =controls ,  filled s y m b o l s = N E M  treated cells. (B): Inverse plot of the C1 -specific Rb + influx component  
versus 1/[Rb+]o. *, Data  from A; and + from an earlier experiment on the same cells 

that the alteration of Cl-  dependent K § fluxes 
presumably caused by volume expansion or con- 
traction was of reversible nature and that the 
chemical action of  NEM on its target group in 
the membrane was cell volume independent. 

Effect of  N E M  on Simultaneous K + Effluxes 
and K + [Rb + ] Influxes in CI- and NO;' Media 

The transmembranous fluxes of K + ions in C1- 
or in NO;' media were further investigated as a 
function of various extracellular Rb + or K § con- 
centrations in order to decide whether NEM acti- 
vated an obligatory K + / K  § exchange. Efflux of 
K § was measured within the same sample by K § 
analysis of the supernatants and cellular Rb § 
influx by atomic absorption spectrophotometry of 
the cell pellets collected separately beneath the di- 
butylphthalate cushion (see Methods). Figure 3 A 
shows that the relationship between iMRb and 
[Rb+]o was hyperbolic in control and NEM- 
treated LK red cells when suspended in C1- but 
linear in NO;- medium. Figure 3 B shows the Line- 
weaver-Burke plot of the CI- specific Rb + influx 

component (i.e., the total Rb + influx in C1- minus 
Rb § influx in NO~-) versus [Rb+]o yielding appar- 
ent affinities for [Rb+]o of 27 and 17 mM, and Vm,x 
values of 6.6 and 0.9 moles/liter cells x hour for 
NEM-treated and control red cells, respectively. 
Note that the Cl--sensitive Rb + influx was more 
than threefold greater than the NO3-supported 
Rb § influx. Figure 4 contains an identical experi- 
ment except that 42K tracer was used to measure 
K § influx in C1 or NO;- media. Both Rb + and 
K § influxes were indistinguishable, validating the 
use of Rb § ions as effective K § analogues for these 
studies. Again there was a fourfold difference be- 
tween ~M~ measured in C1- versus NO3. No such 
differences were found in HK red cells as shown 
in Fig. 5. Since in HK red cells iM K appeared to 
be a rather linear function of [K +]o their Ko. s for 
[K+]o seems to be much larger than in LK red 
cells. 

The magnitude of K § or Rb § influxes was 
comparable to that of the K § effluxes, a finding 
compatible with obligatory exchange characteris- 
tics. To test this hypothesis, ~ K was measured in 
NEM-treated LK red cells suspended in NaC1 or 
NaNO3 containing increasing [Rb+]o or [K+]o . 
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influx in C1- (o) and NO~ (A). Insert." Inverse presentation 
of data yields a V~,~ of 5.1 mmol/liter cells . hr and Ko.s at 
25 mM [K+]o 
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Fig. 5. Ouabain-insensitive r influx in HK red cells of two 
sheep as function of [K+]o and the effect of C1- replacement. 
The rate coefficients (kK) were derived by dividing IMK/[K +]o 

Figure 6 depicts an experiment measuring ~ k in 
NEM-treated LK red cells suspended in C1- or 
NO3 media with 0, 5, 10, 20, 30, and 40ram 
[Rb+]o . The slopes of  the straight lines represent 
the rate constants for K + efflux. Note that in N O j  
media there was little effect of  external Rb + on 
~ However, in C1- media, ~ K fell progressively, 
levelling off at about  30-40 mM [Rb+]o. At these 
concentrations external K + or Rb + ions exert ap- 
parent t rans-e f fec t s  on K + effiuxes in C1- but  not 
in NO~- media, and in NEM-treated cells more 
than in controls. This is evident in the plot of  the 

04 m 

RbCI t8o3-,  o,o,o - - o  2- o 5 

I 1 30 / ,  

-2 
' 0.1 

0 0,5 1.0 1.5 

HOURS AT 3 7 ~  

Fig. 6. Ouabain-insensitive K + efflux rate constants in L K  
sheep red cells treated with NEM and analyzed in the presence 
of various RbC1 or RbNO 3 concentrations 
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Fig. 7. Transinhibit ion of K + efflux in NEM-treated LK red 
cells. Data  from three experiments. Solid symbols for NEM-  
treated ceils, open symbols for controls. Presence of C1 and 
NO;- as indicated. Note the similarity of the efflux rate con- 
stants measured in the presence of external Rb + (e, A) and 
external K + ions (*) 

K + efflux rate constants as a function of  [Rb+]o 
or [K+]o shown in Fig. 7. Note that ~ K was inde- 
pendent of [K+]o or [Rb+]o in controls and in 
NEM-treated cells suspended in NO~ media. 
However, in NaC1 media with increasing [K+]o or 
[Rb+]o there was a progressive reduction of ~ K 
which was greater in cells treated with N E M  than 
in controls. It is concluded that the apparent inhib- 
itory effects of  K + or Rb + as well as the observed 
net effluxes in the absence of Ko + or Rbo + exclude 
obligatory K +/K + exchange. 

In order to elucidate the nature of  the driving 
forces involved in the K + transport stimulated by 
NEM,  I have calculated from the data in Figs. 3, 
4, 6, and 7, the net outward and inward fluxes 
at various [K+]o or [Rb+]o in C1- suspended LK 
sheep red cells, assuming no discrimination for K + 
and Rb + ions. Figure 8 shows that in both controls 
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Table 3. Ouabain-insensitive K + fluxes with CI- or NOj at equilibrium and the effect of furosemide (10-3 M) 
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Experiment Condition K + effiux (mM/liter cells �9 hr) 

Control  N E M  

A B A B 

Rb + influx (mM/liter cells �9 hr) 

Control B N E M  B 

717 A/B CI-  0.62 0.92 
(LK 15) NO~ 0.27 0.32 

CI- + furosemide 0.18 0.40 
NOr + furosemide - 0.23 

1.76 
0.25 
0.22 
0.12 

1.81 1.83_+0.05 3.68_+0.43 
0.40 1.18_+0.13 1.53_+0.24 
0.60 0.83_+0.15 1.03_+0.14 
0.23 0.86_+0.16 0.58+_0.09 

mM EK+]o or ERb+]o 
0 10 20 30 40 50 
* t  I I I I I 

NET OUTFLUX 
-3 ~ j ~  NEm 

,~+I- ,eb* 

/ N + 2 -  
NET INFLUX 

I I I I I I 
0.21041 0.82 1.23 1.64 2.05 

[Rb+]o or [K+]o,  [K+]c 
Fig. 8. Net fluxes of K + out and K + (*) or Rb + (oo) into 
control and NEM-treated LK sheep red cells as function of 
[K+]o or [Rb+]o (upper abscissa) or of the concentration ratio 
of cellular K + to extracellular K + or Rb + ions (lower abscissa). 
Results from two experiments involving the use of external Rb + 
are plotted for two NEM experiments (solid curves with filled 
symbols) and four control experiments (open circles). The inter- 
rupted curve is data from a tracer flux experiment performed 
on the same cells under the same conditions but at different 
times, indicated by * 

and NEM- t r ea t ed  cells, net K + efflux occurred up 
to about  17 mM [K+]o or [Rb+]o, while at higher 
values there was net influx o f  the two cations. The 
cross over at the x axis, i.e., when ~Ar~ET = OM~ET ' "'~K, Rb 
was abou t  0.7 [K+]o/[K+]c or [Rb+]o/[K+]~, and 
hence close to the D o n n a n  ratio o f  chloride ions. 

Effect o f  Furosemide and Temperature 

In  our  prel iminary note we reported very little 
effect o f  the loop diuretic furosemide on C1--me-  
diated K § t ranspor t  st imulated by N E M .  In light 
o f  recent reports that  the effect of  loop diuretics 
may  be modif ied by the type o f  anions and cations 
present [21], the effect o f  10 -a  M furosemide was 
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Fig. 9. Temperature dependence of NEM-induced and Cl--de-  
pendent K § flux. (A): Efflux data were plotted for controls 
and NEM-treated LK cells of three experiments. (B): The 
NEM-specific component is depicted in an Arrhenius plot 

again tested in L K  red cells suspended in isosmotic 
NaC1 or N a N O  3 media  in the presence o f  40 mM 
[Rb+]o . Table 3 clearly shows that  furosemide in- 
hibited the N E M  effect on K § efflux as well as 
reduced the control  K + effhix in C1 - to levels close 
to those seen in N O 3  media. There appeared to 
be also a further  augmenta t ion  o f  the furosemide 
effect when K § efflux was measured in the pres- 
ence o f  N O 3 .  There was a similar effect o f  furose- 
mide on Rb  + influx. Fur ther  work  is necessary 
to clarify the interaction between extracellular Rb  § 
ions, anions, and furosemide on K § fluxes in L K  
red cells. 

Furosemide-sensitive K § t ranspor t  in h u m a n  
red cells is highly temperature  dependent  [44]. 
However,  in the data  set summarized in Fig. 8, 
no temperature  effect was taken into account.  In 
further experiments there was a striking tempera- 
ture dependence o f  K § efflux in NEM- t r ea t ed  cells 
(Fig. 9 A) measured in C1- media. Figure 9 B repre- 
sents an Arrhenius  d iagram of  ~ K calculated for 
the NEM-specif ic  componen t  corrected for the 
background  flux vs. the inverse o f  the temperature.  
The computed  activation energy was about  15 cal/ 
tool, suggesting a complex temperature  depen- 
dence of  the t ranslocat ion process o f  K § ions. 
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Discussion 

N-ethylmaleilnide penetrates the red cell mem- 
brane within minutes, and at physiologic pH it 
reacts preferentially with SH-groups ubiquitously 
present in cytoplasm and membranes of biological 
cells [38]. However, NEM may also bind to other 
chemical groups, rendering its use as a probe in 
the study of membrane cation transport of limited 
value. This fact is best illustrated by the observa- 
tion that, under the conditions chosen for the ex- 
periments presented here, only about 40% of some 
107 SH groups/LK membrane (determined accord- 
ing to ref. 22) had reacted with NEM. Thus it 
was a surprise that NEM specifically amplified sev- 
eralfold the passive K + permeability in LK but 
not in HK sheep red cells, and without apparent 
alterations of passive Na + fluxes. Although the 
precise physiological significance of a thiol and 
Cl--dependent  K + transport in LK red cells 
remains to be established, the findings bear upon 
the genetics of the HK/LK cation dimorphism. 

Germane to the interpretation of the NEM 
effect on passive K + transport are the following 
properties common to control and NEM-stimu- 
lated K + fluxes. (i) Ouabain-insensitive K + trans- 
port, apparently unaccompanied by Na + move- 
ments, showed half maximum saturation around 
25 mM [K+]o (Fig. 1.). When Rb + was used instead 
of K + identical results were obtained (Figs. 3 and 
4). (ii) Chloride replacement by NO;- led to a pro- 
gressive loss of K + flux (Table I, Fig. 2), an effect 
exclusively seen in LK red cells, but not in HK 
erythrocytes (Table 1, Fig. 5). (iii) Manipulations 
of cell volume did not alter the fractional stimula- 
tion of K + flux by NEM. (iv) In both control and 
NEM-treated LK cells zero net flux of K + or Rb + 
ions occurred at a point between 15 20 mN [K+]o 
or [Rb+]o, i.e., at [Rb+]o or [K+]o to [K+]c ratios 
of 0.6-0.8 (Fig. 8). There was net K + efflux above 
and net K + or Rb + influx below this range, with 
larger values in NEM-treated cells. (v) The loop 
diuretic furosemide inhibited both control and 
NEM-stimulated K + fluxes in Cl--suspended LK 
cells (Table 3). 

Saturation behavior has been previously as- 
cribed to ouabain-insensitive K + influxes of isos- 
motically suspended [9] or hyposmotically swollen 
LK red cells [11, 141 with Ko. 5 values for [K+]o 
ranging from 7 [9] to 34 mN in Na + and 47 mM 
in choline media [11, 14, 28]. In this study, Ko.s 
for [K+]o was found to be about 25 mM in control 
or NEM-treated LK red cells suspended in Na + 
media or in media where Na + was partially or 
completely replaced by choline, suggesting that 

NEM increased only the number or the turnover 
of the existing K + transport loci. The reported K0.5 
values for [K§ are much different from those 
of Na+/K+/2  C1- cotransport of human [13, 48] 
and avian [21] red cells but close to those of vol- 
ume-down-regulatory K +/C1- cotransport of  duck 
erythrocytes [21]. The external loading sites of 
control and NEM-treated cells did not distinguish 
between K § and Rb + ions as similar kinetic values 
were obtained, ranging from 17 to 27 mM [Rb+]o, 
respectively. 

The fact that in LK cells, the NEM-stimulated 
K + flux was abolished by CI- replacement with 
NO;-. precludes Ca + +-induced K + flux, which in 
human red cells is accelerated in NO;- [41]. Also, 
the Gardos effect was found to be absent in sheep 
red cells [6]. Rather, the apparent requirement for 
CI- places this system closer to those described 
for human erythrocytes [7, 8, 13, 17, 48], nucleated 
avian and fish red cells [21, 27, 29], lymphocytes 
[19], tumor cells [4, 18, 23], and certain epithelial 
cell lines [1, 2, 20, 37, 43]. The reduction by NO3 
of K + flux in control and NEM-stimulated LK 
red cells (Fig. 3) is certainly complex, suggesting 
a combination of effects, which require detailed 
consideration beyond assuming lack of transport 
[14]. Upward concave or linear relationships be- 
tween K + flux and fractional CI- concentration 
have also been reported for Na+/K + cotransport 
in human red cells [7, 8] and cultured epithelial 
cell lines [1, 2]. One cannot ascribe the inhibitory 
effect of  NO;- to the finding of slightly smaller 
cells volumes, because no K + flux activation was 
seen in LK red cells suspended in 125 mM (about 
230 mOsm) NaNO3. 

It is important to note that in HK red cells 
replacement of C1- by NO;- anions did not affect 
passive fluxes (Table 1, Fig. 5). In fact, HK red 
cells behaved somewhat like shrunken LK sheep 
red cells for which an extremely low K0.5 value 
of 85 mM [K+]o has been claimed for C1- depen- 
dent K + flux [14]. Furthermore, under the condi- 
tions of this study, NEM did not alter passive K + 
flux in HK red cells, These results then suggest 
that both LK and HK sheep red cells share a trans- 
port path which permits passage of KNO 3 as well 
as KC1, while LK sheep red cells possess the addi- 
tional feature of NEM-stimulated K § transport 
where anions more hydrophobic than CI- or Br- 
[49] become severely rate limiting. 

The response of the K § influx rate coefficients 
to swelling and shrinking in control LK red cells 
suspended in C1- confirmed the report by others 
[11, 14]. Exposure of control and NEM-treated 
LK cells to anisosmotic media reduced ~ to a 
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Fig. 10. Correlation between observed and calculated flux 
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similar extent, and hence no change in the frac- 
tional NEM stimulation occurred. This finding 
does not exclude that NEM acts on the same mole- 
cule that responds to volume manipulations. One 
also cannot rule out that the flux changes observed 
were not influenced by slight membrane potential 
changes which occurred while the cells were in the 
respective salt media. Yet there is evidence that 
volume changes by different methods led to similar 
K + flux modifications, hence excluding membrane 
potential effects [11, 14]. 

The observation that no net flux of  K + ions 
occurred at [K +]o/[K+]c = 0.7 indicates that the re- 
lation between the observed and calculated flux 
ratios [47] may be close to unity. Figure 10 reveals 
that the flux ratios observed for control cells in 
C1- or NO~ are rather close to the calculated 
values below unity and tend to deviate somewhat 
at higher values. This finding is certainly different 
from earlier reports of  passive cation fluxes in 
human red cells, where only in the presence of 
anions other than C1- or B r - ,  the ratio between 
measured K + fluxes agreed well with the calculated 
flux ratios for passive, independent K + movements 
[16]. Further work is necessary to clarify the 
scatter of  the data at higher calculated flux ratios. 

From Fig. 10, important conclusions may be 
drawn concerning the effect of  NEM on the C1-- 
dependent K + transport system in LK sheep red 
cells. By reaction with membrane SH groups, 
NEM most probably opens pre-existing K § trans- 
port pathways, as suggested by the Vm, x effects and 
the absence of significant/s changes. The fact 
that observed and calculated flux ratios did agree 
fairly well does not exclude K § translocation 
through a K§ - symport mechanism that is in- 
hibited by furosemide and has a high energy of 

activation, but it also does not allow one to assume 
separate electrochemical diffusion of K § and C1-. 
Regardless of the mode of  translocation, the data 
have clearly established that NEM activated a K § 
transport system to which only CI- (or Br- )  
anions, but not NOs and other anions of the lyo- 
tropic series, have access. In HK red cells, this 
system is absent as passive K § transport is of  simi- 
lar magnitude in C1- and NO~ media. 

I am indebted to the experimental help of James Franklin and 
Ellen B. Theg, to Dr. N.C. Adragna, Duke University, for care- 
fully reviewing this manuscript, and to Steffani Webb for 
typing. This work was supported by NIH grant AM 
28236/HEM. 
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