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Summary. The effects of osmotic cell swelling were studied on 
the kinetics of CI-dependent K § influx, K-CI cotransport, in 
erythrocytes from sheep of the low K ~ (LK) phenotype. Swelling 
~25% stimulated transport by increasing maximum velocity (Jinx,x) 
- 1.5-fold and by increasing apparent affinity for external K (K,,) 
nearly twofold. Dilhiolhreitol (DTT) was shown to be a partial, 
reversible inhibilor of K-CI colransport. It inhibited in cells of 
normal volume by reducing J,,,,~ more than twofold; apparent 
affinily for K, was increased by DTT, suggesting that I)TT stabi- 
lizes the lransporler-K,, complex. Cell swelling reduced the extent 
of inhibition by DTT: Jm,~ was inhibited by only about one-third 
in swollen cells, and apparenl affinity was only slightly affected. 
This result suggested thai DTT does not act directly on the trans- 
porter, but on a hypothetical regulalor, an endogenous inhibilor. 
Swelling relieves inhibition by the regulator, and reduces the 
effect of DTT. Reducing intracellular Mg -~+, Mg,, slimulated co- 
hansport. Swelling of Iow-Mg 2+ cells stimulated transport fur- 
the~-, but only by raising apparent affinity for K,, nearly lhreefold; 
Jm~,x was unaffecled. Thus effecls of swelling on J,,,,~ and apparenl 
affinity are separable processes. The inhibitory effects of Mg,. and 
DTT were shown to be additive, indicating separate modes of 
action. There appear lo be two endogenous inhibitors: the hypo- 
thetical regulator, which holds affinity l\~r K,,, low: and Mg,, 
which affects "lm~,~, perhaps by holding some tnmsporters in an 
inaclive lbrm. Swelling stimulates transport by relieving both 
types of inhibition. 

Key Words K-CI cotransport - sheep erylhrocyles �9 secondary 
active transport - volume sensor �9 volume regulation 

Introduction 

Erythrocytes from sheep of the low [K L (LK) phe- 
notype have a Cl-dependent K ~ transport system 
which is stimulated several-fold by slight (10%) os- 
motically induced cell swelling (EIIory & Dunham, 
1980; Dunham & Ellory, 1981). Because of the CI 
dependence, this transport pathway was proposed 
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to be K-CI cotransport (EIIory & Dunham, 1980; 
Dunham & EIIory, 1981). Direct evidence for cou- 
pling of K + and CI fluxes has not been obtained 
owing to the enormous CI permeability, character- 
istic of mammalian red cells. We provided early, 
preliminary evidence for electroneutrality of vol- 
ume-sensitive, CI-dependent K § transport (Dunham 
& Ellory, 1981). A recent study provided more direct 
evidence for K-CI cotransport in LK sheep red cells; 
it was demonstrated that a CI gradient could drive 
K+ uphill (Brugnara, Van Ha & Tosteson, 1989). 
Therefore we refer to the Cl-dependent K ~ transport 
in sheep erythrocytes as K-CI cotransport. 

LK sheep erythrocytes are particularly conve- 
nient for the study of K-CI cotransport. They lack 
Na-K-CI cotransport (Dunham & Ellory, 1981) and 
the Ca-activated K + channel (Brown et al., 1978). 
Furthermore, the Na/K pump rate is low compared 
to most mammalian erythrocytes (Dunham & Hoff- 
man, 1971). Thus much of K ~ transport in LK cells 
is by a CI-dependent, volume-sensitive pathway, the 
K-CI cotransporter. 

Evidence has also been presented for K-CI co- 
transport in red cells of ducks (Kregenow, 1971: 
Haas & McManus, 1985; Lytle & McManus, 1987), 
rabbits (At-Rohil & Jennings, 1989), and pigs (Lauf, 
Zeidler & Kim, 1984; Kim el al., 1989). K-CI cotrans- 
port is not normally present in human erythrocytes 
(Duhm, 1987), but there are circumstances under 
which it can be demonstrated: it can be induced by 
treatment with N-ethylmaleimide (NEM) (Wiater & 
Dunham, 1983; Lauf, Adragna & Garay, 1984) and 
by osmotic swelling (Kaji, 1986). It is demonstrable 
in resealed human red cell ghosts (Dunham & Logue, 
1986; Sachs, 1988; O'Neill, 1989b), and in young 
circulating red cells (Hall & EIIory, 1986; Brugnara 
& Tosleson, 1987; Canessa el al., 1987). For a recent 
review, s e e  Dunham (1990). 

The thermodynamic gradient for K-CI cotrans- 
port is poised to direct a net KCI efflux from cells. 
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The physiological functions of K-CI cotransport are 
to participate in cell volume regulation by promoting 
osmotically obliged water effluxes, and in transcellu- 
lar transport of salt and water in epithelia. Evidence 
has been presented for a role of K-CI cotransport in 
volume regulation in young erythrocytes of sheep 
(Lauf & Bauer, 1987) and people (Brugnara & Toste- 
son, 1987; O'Neill, 1989a). 

Essential to a volume-regulating transport 
mechanism are a sensor of cell volume, changes in 
it, and a signal transduction system from the sensor 
to the regulator. Very little is known of these mecha- 
nisms (see for reviews Siebens, 1985; Hoffmann & 
Simonsen, 1989). Volume sensors coupled to trans- 
port pathways are undoubtedly ubiquitous, playing 
central roles in regulation of cell growth, among 
other functions. There must be different classes of 
sensors, reporting both increases and decreases in 
volume. A change in concentration of a critical sol- 
ute can probably be ruled out as the signal to the 
volume sensor for K-CI cotransport in red cells since 
volume-sensitive K-CI cotransport has been ob- 
served in inside-out vesicles made from LK sheep 
erythrocytes (Kracke & Dunham, 1989). It is more 
likely that mechanical changes in the membrane are 
sensed as cell volume changes, perhaps changes in 
the relationship between the integral portion of the 
membrane and the cytoskeleton (Kregenow, 1971; 
Siebens, 1985; Mills, 1987). 

Clues on the nature of the changes in transporters 
in response to a signal from the volume sensor can be 
sought by kinetic studies of K + influxes in swollen 
and shrunken cells. There have been a number of 
measurements of the kinetics of ouabain-insensitive 
K + fluxes in LK sheep red cells (Dunham & Hoffman, 
1971 ; Dunham, 1976a; Dunham & EIIory, 1981 ; Lauf, 
1983; Ellory, Hall & Stewart, 1985a,b; for a review 
see  Lauf, 1985a). Measurements have been made of 
total ouabain-insensitive influx, Cl-dependent influx, 
and swelling-induced influx. Wide ranges of values 
have been reported for Jinx,• (0.6-14 mmol. liter- hr i) 
and Kt/2 (20-100 raM). From a comparison of different 
reports, it appeared that swelling of cells increases 
Jm~r215 but in no study was a systematic attempt made 
to compare the kinetic constants of K + transport in 
cells at two volumes and at the full range possible of 
[K],,'s. In a recent study, measurements were made 
of the effect of changes in cell volume on kinetic con- 
stants of K + influx in erythrocytes from human sub- 
jects homozygous for hemoglobin C (Brugnara, 
1989). Swellingofthecells increased both Jm~,• and the 
apparent affinity for K +. The studies on kinetics were 
not carried further. Most of the K + influx was pre- 
sumably CI dependent, but this was not shown di- 
rectly. The effects of swelling on kinetics of hemoglo- 
bin C cells were similar to ours reported below on 
sheep cells. 

Potentially useful clues about the mechanism of 
K-CI cotransport and associated volume sensor have 
been provided by studies on sulfhydryl groups. 
Agents which react covalently with sulfhydryl 
groups (e.g., iodoacetamide, N-ethylmaleimide, dia- 
mide) stimulate K-CI cotransport in sheep red cells 
(EIIory & Dunham, 1980; Lauf& Theg, 1980; Bauer 
& Lauf, 1983; Logue et al., 1983; Lauf, 1984, 1987, 
1988b). Dithiothreitol, which reacts reversibly with 
sulfhydryl groups, was reported to inhibit K-CI co- 
transport in sheep cells (Lauf, 1984), though it was 
not determined if it was a reversible inhibitor. In 
kinetic studies, a reversible inhibitor is more useful 
than covalently binding activators. The studies em- 
ploying SH-active agents indicate several classes of 
sulfhydryl groups associated with the K:CI cotrans- 
porter, one of which may not be on the transporter 
itself(for reviews see  Lauf, 1985a, 1986, 1988a). 

Another potentially useful probe for the investi- 
gation of the relationship between cotransport and 
the volume sensor is intracellular Mg 2+. Reducing 
[Mg L stimulates K-CI cotransport in red cells of both 
sheep and humans (Lauf, 1985b; Sachs, 1988). The 
effect of Mg 2+ is biphasic in that at low concentra- 
tions it stimulates cotransport (Sachs, 1988; Kracke 
& Dunham, 1989). A role for Mg 2 + in sensing volume 
changes was suggested by our recent preliminary 
report that reducing [Mg], alters the time course in 
the increase in cotransport after swelling (Dunham, 
1990). 

We report here studies on the kinetics of stimu- 
lation of K-CI cotransport in LK cells by osmotic 
cell swelling, and of the inhibition of cotransport by 
DTT in normal and swollen cells. We observed that 
swelling stimulates K + influx by increasing both the 
apparent affinity of the cotransporter for K,, and 
the maximum velocity. In cells with reduced Mg + 
activity, swelling stimulates cotransport solely by 
increasing the apparent affinity for K,,. Therefore 
stimulation by raising affinity to K~, and by increas- 
ing maximum velocity are separable phenomena. 
DTT inhibits much less in swollen cell than in cells 
of normal volume. Therefore, DTT may act on a 
regulator, and not directly on the transporter. A 
preliminary report of some of these results has been 
published (Dunham, 1990). 

Materials and Methods 

CELLS 

Sheep of the Suffolk breed, both LK and HK phenotypes, are 
maintained on the Vinzant Family Farms, Borodino, New York. 
Blood was drawn from the jugular vein into heparin as anticoagu- 
lant. Eight different LK sheep and one HK sheep were used 
as donors in these experiments. Within two hr of bleeding, the 
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ery throcytes  were washed flee of  plasma and white cells by three 
brief cenlrifugations and resuspens ions .  The isotonic medium 
used for washing contained (in mm): NaCI 145, KCI 5, glucose 5, 
Tris-HCI 10, pH 7.4. The osmolali ty was adjusted to 290 mosm/  
kg (measured  using a vapor  pressure  osmometer ,  Model 5100C, 
Wescor ,  Logan,  UT). 

FLUX MEDIA 

The isotonic medium described above was used in a few mcasure-  
ments  of  fluxes, as indicated. For one set of  exper iments ,  a CI- 
free lbrm of this medium was used with NO 3 subst i tuted lbr all 
CI . To inhibit the Na/K pump,  all cells were incubated 15 min 
at 37~ in the isotonic medium containing 0.1 mM ouabain;  oua- 
bain was also present  during measuremen t  of  the fluxes. 

For the exper imenls  on kinetics of  K + influx, all incubation 
media contained (in mM): glucose 5, Tris-HCI I(/, pH 7.4. [KL, 
was varied from 17 to 125 mM, and [choline],, was wtried recipro- 
cally with [K],, from 108 to 0 mM. Media were made either with 
CI salts or with melhyl sulfate salts (Cl-free media). Aliquots of  
these media were adjusted to the desired osmolali ty,  hypotonic 
(235-245 mosm/kg) or near isotonic (29(I-310 mosm/kg) by addi- 
lion of  crystalline sucrose.  

C E L L  V O L U M E S  

Cells were equilibrated in media of  various osmolalities by centrif- 
ugation and resuspens ion  three times. Kinetic exper iments  were 
carried oul on swollen cells, i.e., cells equilibrated in hypotonic 
media and on cells of  near normal volume,  i.e., equilibrated in 
media near isotonic. Cells in 310 mosm/kg  are slightly shrunken 
(-~7%), but will be referred to as normal;  fluxes in these cells 
were not dist inguishable from those in cells in 290 mosm/kg  (</i 
Dunham & EIIory, 19811. 

In two exper imenls ,  relative cell vo lumes  were determined 
for cells equilibrated in media of  310 or 245 mosm/kg.  The volumes  
were determined from hematocr i ts  and hemoglobin concentra-  
tions and were expressed  relative to the same measurements  
made on cells in the physiological medium of  290 mosm/kg,  
as described before (Dunham & EIIory, 19811. In these two ex- 
periments  the relative cell vo lumes  were 0.95 + 0.02 (n = 8) and 
1.12 + 0.01 (n - 8) for shrunken  and swollen cells, respectively.  
The expected relative cell vo lumes  for perfect o smomete r s  are 
0.93 and 1.16, respectively.  

K + I N F L U X E S  

Unidirectional K § influxes were measured  using S~'Rb by a slight 
modification of the method described before (Sachs et al., 19741. 
~6Rb is a good tracer for K + in Cl-dependent  K* transport  in 
sheep ery throcytes  (Ellory & Dunham,  1980; Dunham & Ellory, 
19811. Ouabain at 0.1 mM was present  in all flux media. For cells 
preincubated with DTT, the same concentrat ion of  DTT was 
present  in the flux medium for those cells. S6Rb in the flux media 
was added in proportion to [KL,, thereby keeping specific activity 
constant .  All fluxes were measured  in triplicate. ~6Rb influxes 
were measured  for 30 rain at 37~ and stopped by addition of  
five volumes  of  an ice-cold solution of  MgCI_~ (100 mM), Tris-HCl 
(10 raM), pH 7.4. The cells were washed free of  extracellular 
tracer by centrifugation and resuspens ion  three t imes in the ice- 
cold MgCI2 solution. The washed pellets of  cells were lysed in 
distilled water,  and samples  of  the lysates were taken for determi- 

nation of  radioactivity (au togamma counter) and hemoglobin con- 
cenlrat ion (absorbance at 541) nm). The fluxes, calculated as be- 
fore (Sachs el al., 1974), are expressed  as mmol of K + per original 
liter of  packed cells per hour,  i.e., at their volume in the medium 
of 290 mosm/kg.  

R E D U C I N G  C E L L U L A R  M G  2~- 

This was accomplished using the method of  Flatman (19821. Cells 
were preincubated in CI - medium with the ionophore for divalent 
cations, A23187, at 10/xm for 20 min, and then washed  free of  the 
ionophore by three success ive  centrifugations and resuspensions .  
Control exper iments  were carried out  to determine if the effect 
of  this pre t reatment ,  st imulation of Cl-dependent  K influx, was 
due to A23187 and not reduced cellular divalent cation concentra-  
tion. In the same control exper iments  a t tempts  were made to 
attribute changes  in flux to changes  in cellular Mg 2+ , as has been 
shown for ferret red cells (Flatman, 1987). Cells were preincu- 
bated with A23187 without  Mg 2+, and with Mg 2+ at various con- 
centrat ions f rom 0.03 to 1 mM. At Mg 2+ of 0.4 and lower, t ransport  
was st imulated.  Similar results  were seen by Lauf  (1985b) with 
sheep cells. At higher concentra t ions ,  up to 1 raM, there was little 
or no effect. None of  the t rea tments  affected Cl- independent  K + 
influx more  than 10%. Inclusion of EGTA in the preincubation 
medium had no effect. We conclude that s t imulation of Cl-depen- 
dent  K + influx by preincubation with A23187 is due to reduced 
cellular Mg 2+ , and that Mg activity is reduced to the micromolar  
range, consis tent  with earlier observat ions  (Lauf, 1985b; Flat- 
man,  1987). 

A N A L Y S I S  OF R E S U L T S  

The results from the exper iments  on the kinetics of  K influx 
were fitted by compute r  to a Michael is-Menten equation,  J = 
Jm,,x/[ I + (Kf/e/S)I, where J is the unidirectional K + influx, Jm:~x is 
its max imum velocity, K~I,_ is the apparent  Michaelis constant  for 
external K + (I K],, at Jm,,j2), and S is the substrate  concentrat ion,  
[KI,,. A nonlinear least-squared program was used (Marquardt  
algorithm), which yielded best-fit curves  and es t imates  of  the 
kinetic cons tan ts  + asymptot ic  s tandard errors.  

A N T I - L j  A N T I B O D Y  

Ant iserum was produced by a slight modification of the method 
described before (Dunham 1976a). An HK sheep was immunized  
with washed,  white membranes  of  LK erythrocytes  packed and 
suspended  in F reund ' s  complete  adjuvant .  Complement  in the 
ant iserum was inactivated by heating. The  presence of ant i-L r 
antibodies was indicated by the inhibition of  ouabain- insensi t ive  
K ~ influx (Dunham,  1976a,b). 

M A T E R I A L S  A N D  A B B R E V I A T I O N S  

DTT (dithiothreitol) was purchased from Eas tman  Kodak (Roch- 
ester,  NY). NEM (N-ethylmaleimideL ouabain,  and Tris base 
[ t r i s (hydroxymethyl )aminomethane]  were from Sigma Chemical  
(St. Louis ,  MO). Choline CI was a gift from Syntex Agribusiness  
(Springfield, MO), and was further  purified by recrystall ization 
from hot ethanol.  86Rb was from New England Nuclear  (Boston,  
MA). A23187 was from Calbiochem (La Jolla, CA). 
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Fig. 1. Double reciprocal plots of ouabain-insensitive CI-depen- 
dent unidirectional K + influxes in LK sheep erythrocytes at nor- 
mal and swollen volumes (osmolalities of the media, 300 and 245 
mosm/kg, respectively). Measurements were made in both CI- 
and methyl sulfate media. Results shown are mean values from 
three separate, identical experiments,  on cells from three different 
sheep, each carried out in triplicate. Six [K],,'s were used (20-120 
raM). Fluxe.s are given in reciprocal m m o l .  liter -t �9 hr - l .  The 
lines drawn through the points were obtained from nonlinear 
least-squares computer  fits of  the data to an equation for a hyper- 
bola (see Materials and Methods). The lines were drawn using 
means of  estimates of  the kinetic constants for the three experi- 
ments. Nearly the same results were obtained from computer  fits 
to the mean fluxes for the three experiments 
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Table 1. Kinetic constants for Cl-dependent K + influxes in LK 
sheep erythrocytes of normal and swollen volumes 

Volumes Kinetic constants 

Jmax KI/2 

Normal 3.1 -+ 0.4 84 -+ 17 
Swollen 6.0 +_ 0.9 58 -+ 5 

Jmax is in mmol �9 liter 1. h r -  1; KI/2 for [K] o is in mM. The constants 
are means -+ asymptotic SE estimated by computer  fit to the mean 
fluxes shown in Fig. 1. 

mean constants are shown in Table I. Swelling stim- 
ulated the maximum influx about twofold and caused 
a decrease in Kv2 of more than 30%. There were 
several-fold differences in the Cl-dependent K in- 
fluxes among the different sheep, as we and others 
have observed before. However ,  in cells from all 
three sheep, swelling increased both maximum ve- 
locity and apparent affinity for K,,. The statistical 
significance of the difference between constants will 
be addressed below when the results of these three 
experiments and of three other similar experiments 
are summarized. Insight into how swelling might 
increase affinity for K o will come from the results 
below from experiments on inhibition by DTT. We 
will also support the view the increase in Jm~,x and 
decrease in Km are separable phenomena.  

[K]c and [K]o are cellular and external concentrations of K + , 
respectively. K, and Ko are cellular and external K + without 
reference to concentration. The same notation is used for Mg 2+. 
LK and HK are the low [K], and high [K], phenotypes of sheep, 
respectively. 

Results 

KI N E T I CS  OF C 1 - D E P E N D E N T  K + I N F L U X  IN 

N O R M A L  AND S W O L L E N  CELLS 

Figure 1 shows double reciprocal plots of Cl-depen- 
dent unidirectional K + influxes in cells of normal 
volume and cells swollen - 2 5 %  (osmolalities 290 
and 235 mosm/kg, respectively). The results are 
from three experiments on cells from three different 
sheep. Cl-dependent influx was obtained from the 
difference between influxes in CI and Cl-free media 
(with methyl sulfate the substitute), measured simul- 
taneously. The lines were drawn from computer  fits 
using the means of kinetic constants estimated sepa- 
rately for the data from each experiment.  These 

CI-INDEPENDENT K + I N F L U X E S  

Figure 2 shows double reciprocal plots of  the fluxes 
in methyl sulfate media, obtained in the three experi- 
ments in Fig. I, and in a fourth experiment carried 
out in Cl-free media only. Mean fluxes at [K],, 20-120 
mM are shown for normal and swollen cells. Swelling 
appeared to stimulate slightly at [K] o < 80 raM, but 
the effect was neither consistent nor significant. An 
early report noted a lack of an effect of swelling on 
Cl-independent fluxes in sheep cells (Lauf, 1984). 
More recently Lauf  (1988c) showed that K + influx 
was stimulated by swelling in Cl-free media with I - ,  
N Q - ,  or S C N -  as the substitute anion. It had not 
been reported earlier that the K + influx in Cl-free 
media is saturable as it appears to be in Fig. 2. It is 
possible that this effect owes to methyl sulfate serv- 
ing as a low affinity CI substitute. Alternatively the 
transport  of K + through a ouabain-insensitive, C1- 
independent pathway is a saturable function of [K]o, 
albeit with a low affinity (Kv2 > 100 raM). The appar- 
ent maximum velocity of the Cl-independent influx 
is substantial (>2 mmol �9 liter -1 �9 hr-~), but at 
physiological [K]o, 5 mM, the flux is only about 0.1 
mmol �9 l i ter-  ~ . h r -  t. 
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Fig. 2. Double reciprocal plots of ouabain-insensitive Cl-indepen- 
dent unidirectional K + influxes in LK sheep erythrocytes with 
varying [K],,. Cells were of normal (0)  or swollen (O) volumes 
(media of 300 or 245 mosm/kg, respectively). Methyl sulfate was 
the CI- substitute. The line was fitted by a nonlinear least-squares 
program to the means of the fluxes at the two osmolarities. The 
kinetic constants generated by the computer fit were: Jmax = 
2.62 -+ 0.48 mmol " liter J . hr -~ and Ku2 119 -+ 37 mM (-+ 
asymptotic SE). Shown are means from four experiments, the 
three in Fig. 1 and a fourth one in which only CI-free media were 
used. 

0.6 

\ \ \  x . X ~  
T ' , , \ \  x'),()~ 

x \\\ K X >  
\ \ %  K X ~  

T 0 .4  \ \ ,  ~ x ~  

- J -T- 
-s \ N \  / / /  ,A/-, "8 
E \ \ \  / / /  , \ \  / / /  I.-- 

x : \ \ \  / / /  ' ~  

- " ~" /A-- "; " ~ "- 0 . 2  , ~ \  

�9 o .  / O ~  :~'~ ~9 
\ \ \  / / /  
\ \ \  / / /  UN)/~ 
\ \ \  / / ~ Y'N/X~ 
\ \ \  K/X2 
\ \ \  / / /  
\ \ \  / / /  

0 \ \ ~  / / /  

Fig, 3. Reversibility and CI dependence of the inhibition by dithio- 
threitol (DTT) of ouabain-insensitive K + influx in LK sheep erytb- 
rocytes. Cells were washed in an isotonic medium containing (in 
raM): NaCI 145, KCI 5, glucose 5, Tris-HCl 10, pH 7.4, 290 
mosmol/kg. Aliquots of cells were made CI free by four washes 
in a medium of similar composition except that all CI was re- 
placed by NOr .  Aliquots of CI- and NO 3 cells were incubated 
for 20 rain at 37~ in media containing 0.5 mM DTT. An aliquot 
of CI cells in DTT was washed free of DTT by two centrifuga- 
tions and resuspensions in the isotonic CI - medium ("DTT---~con- 
trol"). Unidirectional K + influxes were measured in triplicate. 
Shown are means + SD(n = 3) i n m m o l . l i t e r  I . hr i. 

I N H I B I T I O N  OF K + I N F L U X  BY D I T H I O T H R E I T O L  

This reducing agent was employed in the hope that 
it would help illuminate the effect of cell swelling on 
kinetics o fK + influx. Figure 3 shows that incubation 
of LK sheep erythrocytes with 0.5 mM DTT for 20 
min inhibited K + influx by about 30%, the same level 
of inhibition reported earlier for DTT in LK cells 
(Lauf, 1984). Figure 3 shows two other important 
features of the inhibition by DTT. First, it is freely 
reversible; washing the cells by centrifugation after 
the 20-rain incubation with DTT completely abol- 
ished inhibition. Second, the inhibition is entirely of 
the Cl-dependent component of influx; there was no 
inhibition of K + influx by DTT in cells in Cl-free 
medium (with NO[ as the substitute anion). DTT 
inhibited about one-third of Cl-dependent K influx. 
The time course of the inhibition by DTT was inves- 
tigated; maximal effect was reached before 20 min 
(results not shown). Thus in experiments with DTT, 
its binding was at equilibrium since the preincuba- 
tion was for 30 min. 

A potentially useful feature of the K-CI cotrans- 
porter in LK cells is its association with the Lj blood 
group antigen. Alloimmune anti-L~ antiserum inhib- 
its ouabain-insensitive K + transport in LK sheep 
red cells (Ellory et al., 1972; Dunham, 1976a,b; 

Lauf, Stiehl & Joiner, 1977). The effect of the anti- 
body is entirely on the Cl-dependent, volume-sensi- 
tive transport system (Dunham & Ellory, 1981). 
There is a relationship between the critical SH 
groups and the L~ antigen because anti-L~ prevents 
the stimulation of K transport by NEM (Logue et 
al., 1983; Lauf, 1984). Therefore, we tested if inhibi- 
tion by DTT and anti-Lj could be by a common 
mechanism. The results in Fig. 4 show that the inhib- 
itory effects of DTT and anti-L~ antibody, at maxi- 
mal doses of each, are additive. Therefore, the two 
agents are apparently not acting by a common mech- 
anism or at the same site. Figure 4 also shows that 
0.5 mM DTT caused near maximal inhibition; this 
concentration of DTT was used in all subsequent 
experiments. DTT at maximal effect does not inhibit 
Cl-dependent K + influx completely, even though 
DTT inhibition appears to be specific for this path- 
way. This same is true of anti-Lj. 

Since effects of DTT and anti-Lj are additive, 
DTT may not be specific for LK cells. Erythrocytes 
from sheep of the HK (high [K],) phenotype have 
much lower ouabain-insensitive K fluxes than LK 
cells have (Dunham & Hoffman, 1971). HK cells 
also lack the Lj antigen, and their K transport is 
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Table 2. Effects of  DTT and N E M  on unidirectional K* influx in 
L K  sheep erythrocytes  

Trea tment  K + influx (retool �9 li ter-i  . hr-1) 

Control 0.33 • 0.04 
DTT (0.5 mM) 0.26 --+ 0.005 
N E M  (0.75 raM) 0.93 --+ 0.09 
N E M  --~ DTT 0.96 -+ 0.03 

unaffected by alloimmune anti-L l antiserum. How- 
ever, ouabain-insensitive K + transport in HK sheep 
cells is stimulated by osmotic cell swelling (Ellory 
& Dunham, 1980), is partially CI dependent, and is 
stimulated by NEM (Fujise & Lauf, 1987). Therefore 
a fraction of the relatively low ouabain-insensitive 
K + transport in HK cells appears to be through a K- 
C1 cotransporter. Accordingly DTT was tested on 
ouabain-insensitive influx in HK cells. As shown in 
Fig. 5, there was significant inhibition in HK cells. 
Concentration dependence of inhibition by DTT was 
compared in HK and LK cells and was found to be 
similar. The inhibition by DTT in these LK cells was 
to a greater extent than in the experiments in Figs. 
2 and 3, by about 60%. The results in Fig. 5 suggest 
that DTT may be a general inhibitor of K-C1 cotrans- 
port. DTT is probably not an inhibitor of Na-K- 
CI cotransport since 1 mM DTT had no effect on 
unidirectional K + influx in human red cells (Wiater 
& Dunham, 1983), which normally lack K-CI co- 
transport (Duhm, 1987). Therefore DTT may be spe- 
cific for K-C! cotransport. 

We wished to determine if DTT inhibits K-C1 
cotransport by interaction with the same sulfhydryl 
groups at which NEM stimulates cotransport. DTT 
reduces disulfide bonds and maintains them re- 
duced; NEM aikylates reduced sulfhydryls. Results 
were obtained which are consistent with the view of 

Procedures  were the same as for the exper iment  in Fig. 3. For 
the N E M  treatments ,  cells were incubated at 0.75 mM NEM in 
the isotonic C1- medium at 10% hematocri t  for 15 min, and then 
washed  free of  N E M  by three success ive  centrifugations.  DTT 
t reatment ,  following NEM,  was carried out  as described for Fig. 
3. Fluxes are means  -+ SD (n = 3). 

common sites of action. Table 2 shows inhibition of 
K + influx by DTT, stimulation of it by NEM, and 
the failure of DTT to inhibit K + influx in NEM- 
treated cells. This is also consistent with the conclu- 
sion of Lauf (1988b) that diamide and NEM act at 
the same locus, and that DTT reverses the effects of 
diamide. 

K I N E T I C S  OF I N H I B I T I O N  BY DTT 

Figure 6 shows double reciprocal plots of Cl-depen- 
dent unidirectional K + influxes, _+DTT, in swollen 
cells (245 mosm/kg media) and in cells near normal 
volume (310 mosm/kg media). Mean fluxes are 
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Fig. 6. Doub le  rec iprocal  plots o f  C l -dependent  un id i rect ional  
K + inf luxes measured at six [ K l , , ' s  (17-125 raM) in L K  sheep 
erythrocytes + DTT, normal and swollen volumes (media of 310 
or 245 mosm/kg). Aliquots of cells of both volumes were treated 
with 0.5 mm DTT (20 min, 37~ before the flux; DTT was also 
present during measurement of the fluxes. Results shown are 
mean values from three experiments on cells from three different 
sheep. All of these experiments were carried out in CI medium. CI- 
dependent fluxes were calculated by subtracting CI-independent 
fluxes calculated for each [KL, from the kinetic constants for the 
curve in Fig. 2. Fluxes shown are in reciprocal mmol �9 liter I . 
hr -~. Symbols: @: normal control; I :  normal DTT; O: swollen 
control; [~: swollen DTT. The lines drawn through the points are 
computer fits to the data obtained as described in Materials and 
Methods. The estimates of kinetic constants generated by com- 
puter are shown in Table 3. The lines drawn were obtained using 
the mean fluxes. Nearly the same results were obtained from 
computer fits to the individual fluxes, or to the means from the 
three experiments. 

shown from three experiments at six [K]o's (17-125 
mM). The cells were from three different sheep (none 
of these sheep were used in the experiments in Fig. 
1). These experiments were carried out in Cl-media. 
Cl-dependent fluxes were obtained by subtracting 
Cl-independent fluxes calculated for each [K], in 
Fig. 6 using the kinetic constants from the results in 
Fig. 2. The justification for this procedure will come 
from the comparison of the kinetic constants for C1- 
dependent fluxes in Fig. 6 with those in Fig. 1, where 
measurements in CI- and Cl-free media were made 
on the same cells at the same time. The mean kinetic 
constants for the four sets of Cl-dependent fluxes in 
Fig. 6 are shown in Table 3: shrunken cells +DTT 
and swollen cells -+DTT. These constants were cal- 
culated in the same way as those in Table !. 

One of the inhibitory effects of DTT in normal 
cells was to reduce Jma• more than twofold, as shown 
in Table 3. There was also a large increase in appar- 
ent affinity for K,, caused by DTT; Kl/2 w a s  reduced 
in all three experiments, and the mean reduction was 
-50%. The inhibition by DTT resembles uncompeti- 
tire inhibition, in which the increased apparent af- 

T a b l e  3. Kinetic constants for Cl-dependent unidirectional 
K + influxes in LK sheep erythrocytes of normal and swollen vol- 
umes • DTT 

Cells Kinetic constants 

Control DTT-treated 

Jmax KI/2 Jmax Kt/2 

Normal 4.2 • 0.7 90 -+ 14 1.5 -+ 0.1 43 -+ I1 
Swollen 5.4 -+ 0.1 38 • 2 3.9 • 0.3 36 -+ 8 

The constants shown _+ asymptotic SE were obtained by computer 
fit to the mean fluxes from the three experiments in Fig. 6. 

Table 4. Kinetic constants of CI-dependent K* influx for cells of 
normal and swollen volumes from the experiments in Fig. 1 (Table 
I) and Fig. 6 (Table 3) 

Kinetic constants (n) 

Normal cells Swollen cells 

Jmax Kt/2 Jmax KI/2 

Table 1 3.1 + 0.4 84 + 17 6.0 • 0.9 58 +- 5 (3) 
Table 3 4.2 • 0.7 90 +- 14 5.4 _+ 0.1 38 • 2 (3) 
Mean 3.7 • 0.8 87 -+ 10 5.7 _+ 1.0 48 + 6 (6) 

Shown are means -+ sE. Units are mM for KI/2 and mmol �9 
liter -] . hr ~ fOrJmax; n is number of experiments. The means for 
both the Kt/2's and Jmax'S were significantly different between 
normal and swollen cells (P = 0.016 for both constants; random- 
ization test for matched pairs; Siegel, 1956). 

finity is due to preferential binding of the inhibitor 
to the enzyme-substrate complex and stabilization 
of the complex. Thus the inhibition of K + influx by 
DTT in cells of normal volume, with the increased 
apparent affinity for K o, can be explained in part by 
stabilization of a transporter-substrate (K,,) com- 
plex. However, it is not true uncompetitive inhibi- 
tion because the lines are not parallel in the double 
reciprocal plots, -+DTT (Fig. 6). 

In swollen cells, DTT had much less inhibitory 
effect than in normal cells. Jma• was reduced by only 
about one-quarter. The KI/2, which had been reduced 
by swelling, was unaffected further by DTT. Thus 
swelling of the cells mitigates the inhibitory effect of 
DTT, raising the possibility that DTT does not bind 
directly to the transporter. Finally the kinetic con- 
stants can be compared between DTT-treated cells 
of normal and swollen volumes. The KI/2, reduced 
by DTT in normal cells, was not reduced further by 
swelling of DTT-treated cells. 

Table 4 summarizes the kinetic constants for 
control (no DTT, normal Mg 2+) cells swollen and 
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Fig. 7, Double reciprocal plots of  Cl-dependent  K + influxes in 
low-Mg 2+ cells. Fluxes were measured  at six [K],,'s (20-120 raM) 
in LK sheep erythrocytes  of  normal and swollen volumes after 
pretreatment  with A23187 to lower [Mg], (see Materials and Meth- 
ods). Osmolalit ies of  the media,  both with CI and methyl sulfate, 
were 295 or 235 mosm/kg.  Results  are from one exper iment  car- 
ried out  in triplicate. The lines through the points were obtained 
from nonlinear least-squares fits. 

near normal volumes from the experiments in Figs. 
1 and 6 (Tables 1 and 3). Table 4 is also presented 
to justify calculating the Cl-dependent fluxes shown 
in Fig. 6 from Cl-independent fluxes measured in 
separate experiments. Though there are differences, 
they are not systematic, and probably are not attrib- 
utable to the method for obtaining the Cl-dependent 
fluxes in Fig. 6 and Table 3. The biggest difference 
between the two sets of results is in the K1/2 for 
swollen cells, but in both cases it is lower than for 
cells of normal volume. The mean fluxes reinforce 
the conclusion drawn from the results in Fig. I and 
Table 1: swelling increases the maximum velocity 
of K-CI cotransport by about 60%, and also has 
a substantial effect on the apparent affinity of the 
transporter for K +, reducing Kin nearly 50%. 

K I N E T I C S  OF C 1 - D E P E N D E N T  K + I N F L U X  IN 

Low-MG 2+ CELLS 

Since Mg 2+ is an inhibitor of K-CI cotransport in 
both sheep and human red cells (Lauf, 1985b; Sachs, 
1988), we investigated the effect of swelling on kinet- 
ics of CI-dependent K + influx in cells which had 
been pretreated with A23187 in order to reduce intra- 
cellular Mg 2+ activity. Figure 7 shows a dotlble re- 
ciprocal plot of fluxes from such an experiment. The 
kinetic constants are in Table 5. Reducing [Mg]~ 
caused an increase in maximum velocity, compared 
to control cells, to l0 mmol �9 liter- l. hr-J from about 
6 mmol - liter-I - hr-~ in cells of normal volume. 
Significantly, swelling of low-Mg 2+ cells did not in- 

Table 5. Kinetic cons tan ts  for Cl-dependent  K"  influxes in L K  
sheep erythrocytes  with reduced [Mg]~. and at normal and swollen 
volumes  

Volumes  Kinetic cons tants  

Jmax KI~2 

Normal  10.5 -+ 2.8 85 -+ 44 
Swollen 9,0 _+ 0.2 28 _+ 2 

Jmax is in mmol  �9 liter -I �9 hr  I; Kzi2 in mM. The cons tants  -+ 
asymptot ic  SE were es t imated by computer  fit to the results from 
one exper iment ,  shown in Fig. 7. 

crease J~,x of K + influx. Swelling-induced stimula- 
tion is entirely attributable to an increase of twofold 
or more in apparent affinity for K,. 

An experiment was carried out to investigate 
interactions between DTT, Mg,, and swelling in 
modifying K-CI cotransport. Cells were treated with 
DTT, with A23187 to lower [Mg]~, and with DTT 
following A23187. These and control cells were 
tested in CI- and methyl sulfate-media at normal and 
swollen volumes. [K], was 10 mM. The Cl-depen- 
dent fluxes are shown in Table 6. Reducing [Mg]~. 
stimulated the flux, as expected. Swelling of both 
control cells and low-Mg 2+ cells also stimulated 
transport. Stimulation of transport by reducing 
[Mg]c in cells of normal volume (Table 6) probably 
is a consequence of an increased "/max because swell- 
ing of control cells stimulates by increasing both Jmax 
and affinity for Ko (Table 4), and swelling of low- 
Mg 2+ cells stimulates only by increasing apparent 
affinity (Table 5). The inhibition by DTT in control 
cells, both normal a~nd swollen, is greater in Table 6 
than in experiments in Figs. 3, 4, and 6 and about 
the same as in Fig. 5. The variability is probably 
attributable to variability among cells from different 
sheep. 

The matrix diagram at the bottom of Table 6 
may aid in the examination of the results. The results 
in the matrix are presented as though the experiment 
had been started with low-Mg 2+, swollen cells (0 
inhibitory treatments). Aliquots of these cells re- 
ceive one of the three inhibitory treatments (Mg z+, 
shrinkage, or DTT), .designated 1, 2, or 3, respec- 
tively. Each of these three aliquots then receives one 
of two additional inhibitory treatments. For example 
shrunken cells receive either Mg 2+ or DTT, treat- 
ments 6 or 7. Treatment 2 followed by 6 yields the 
same cells as treatments 1 and 4. The three aliquots 
of cells which have received two inhibitory treat- 
ments each receive a third, and one type of cell is 
obtained, with normal volume and Mg 2+, and DTT 
treated. Procedures entailing removal of an inhibitor 
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T a b l e  6. Effects of [Mg] C and DTT on Cl-dependent K-  influx in 
LK sheep red cells of normal and swollen volumes 

T a b l e  7. Summary of kinetics constants for K-CI cotransport in 
cells of normal and swollen volumes 

Cell K § influx (mmol �9 l i t e r - t  . h r - i )  

volume 
Control Low Mg 2+ DTT Low Mg 2+ 

-+ DTT 

Normal 0.34 • 0.02 1.15 -+ 0.02 0.10 -+ 0.006 0.50 • 0.02 
Swollen 1.94 • 0.08 1.97 -+ 0.03 0.77 -+ 0.02 1.13 • 0.05 

Normal Swollen 

Jmax KI/2 Jmax KI/2 

Control 3.7 • 0.8 87 + 10 5.7 • 1.0 48 +- 6 
DTT 1.5 • 0.1 46 • 10 3.9 -+ 0.3 36 -+ 8 
Low Mg 10.5 • 2.8 85 _+ 44 9.0 • 0.2 28 + 2 

The flux media were similar to those described in Materials and 
Methods for kinetic experiments; all contained a single [K]o, 10 
raM. The osmolalities were 290 (normal) and 235 (swollen). Low- 
Mg > cells were prepared as described in Materials and Methods. 
Treatment with DTT was the same as in Fig. 3 (0.5 raM, 20-rain 
preincubation; also present during the flux). Cl-dependent fluxes 
were determined as in Fig. 1. Shown are means • SE of differ- 
ences. The same results are also displayed in the following matrix 
(see text for explanation). 

K + influx 

Number of inhibitory treatments 
0 1 2 3 

1.94 [ 4-shr i ,0.34 

~ 1 3 / ~ [ ~ 1 ~ .  5 /  

Inhibitory treatments: Mg, increased [MgL; DTT, 1).5 mM DTT: 
shr, osmotic cell shrinkage, 

are designated by a negative number (e.g., swelling 
cells of normal [Mg], is treatment - 4 ) .  

Of the 12 treatments in the matrix in Table 6, 
four had been examined in more detail in Table 3. 
These were treatments - 4  and I0 (swelling and DTT 
treatment of cells of normal volume and Mg2+), and 
- 11 and 5 (swelling of DTT cells and DTT treatment 
of swollen cells). Effect of treatment - 2 (swelling 
of low-Mg 2+ cells) is shown in Table 5. 

The result of treatment - I in Table 6 is surpris- 
ing: lowering [Mg]c in swollen cells had no effect on 

Control and DTT: means + SEM, n = 6 and 3, respectively; low 
Mg: one experiment + asymptotic SE. 

cotransport .  Comparison of  results in Tables 4 and 
5 leads to the prediction that treatment - 1 should 
increase both Jmax and K~/2 about twofold, though 
the difference in Kv2's is of marginal statistical sig- 
nificance and was obtained in separate experiments.  
Since the [K],, in the experiment in Table 6, l0 raM, 
was well below K~/2, a large change in transport  
in response to treatment - 1  need not have been 
expected.  

Of the remaining five treatments in Table 6 not 
tested in other experiments,  four involve combined 
effects of Mg 2+ and DTT (treatments 3, 7, 8, and 
12). These four treatments all inhibited cotransport  
to substantial extents,  showing that the inhibitory 
effects of  DTT and Mg 2+ are additive. 

Discussion 

We have investigated the kinetics of  volume-sensi- 
tive CI-dependent K + transport,  presumably K-CI 
cotransport ,  in L K  sheep erythrocytes .  We have 
measured Cl-dependent K + influxes in cells near 
normal volume and in swollen cells as functions of  
[K] o, and we have looked at the effects on the kinet- 
ics of  DTT, and of  lowering [Mg],; both DTT and 
Mg 2+ are reversible inhibitors of  cotransport .  Some 
of the results are summarized in Table 7. Our first 
observation is that osmotic swelling stimulates K + 
influx by increasing both Jm~x and the apparent affin- 
ity for K,,. The second observation is that DTT inhib- 
ited K-CI cotransport  in cells of near normal volume 
by reducing both Jm~x and Kl/2. Thus DTT appears 
to inhibit in part by stabilizing the transporter-K,, 
complex. This resembles uncompeti t ive inhibition, 
in which the inhibitor binds preferentially to the 
complex,  thereby raising the apparent affinity for 
the substrate. The third observation is that DTT had 
little inhibitory effect on swollen cells. There  was no 
effect on K m, and Jm,x was reduced less than 30% 
(in contrast,  DTT reduced KI/2 more than 50% and 
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Jmax more than 60% in cells of normal volume; Table 
7). The reduction in the effect of DTT caused by cell 
swelling is consistent with the view that DTT does 
not bind directly to the transporter, but rather to an 
adjacent "regulator." [Lauf (1984) proposed that the 
site of action of NEM in stimulating K + transport is 
not the transporter, and Table 2 suggests that DTT 
and NEM act at the same site.] It follows that the 
putative regulator serves as an endogenous inhibi- 
tor, and further, that stimulation of transport by 
swelling is in part due to relief of the effect of this 
inhibitor. 

The experiment with Iow-Mg 2+ cells (Table 5) 
helps clarify the results on effects of swelling by 
showing that stimulation by increasing Jm~x and by 
decreasing Kj/2 are separable phenomena. Swelling 
of low-Mg 2+ cells raises apparent affinity for K,,, but 
has no effect on Jm~x' The summary of results in 
Table 7 suggests that lowering [Mg], in cells of nor- 
mal volume stimulates by raising Jm,x, with no effect 
on Kj/2. Reducing [Mg], may activate latent transport 
sites. Results in Table 6 show that the inhibitory 
effects of Mg and DTT are additive. In our scheme, 
then, there are two endogenous inhibitors of the 
cotransporter, the hypothetical regulator (DTT's 
site of action), which controls affinity of functioning 
transporters, and Mg,, which reduced Jm,• perhaps 
by holding some transporters in an inactive fo,rm. 
Swelling of normal cells reduces both of these modes 
of inhibition. While there are probably other 
schemes of interpretation which we cannot rule out, 
ours fits the observations qualitatively in a straight- 
forward manner. 

It might be useful to consider our results in terms 
of the probable nature of the signal to the volume 
sensor in response to an increase in cell volume. As 
stated above the signal is likely to be a mechanical 
change in the membrane rather than the dilution of 
a critical cytoplasmic solute (Sachs, 1988; Kracke & 
Dunham, 1989). The precise nature of the mechani- 
cal signal is a complete mystery, except that it is not 
a pressure, and it does not depend on membrane 
orientation since inside-out vesicles respond to 
swelling in the same way as intact cells (Kracke & 
Dunham, 1989). 

Stimulation by swelling may entail reduced inhi- 
bition by Mg,., but not, as argued above, as a conse- 
quence of dilution of cytoplasmic Mg 2+ activity. In 
addition to the reasons just given, swelling of 25% is 
unlikely to reduce Mg a+ activity enough to stimulate 
transport significantly (Lauf, 1985b). Furthermore 
intraceilular buffering of [Mg] will reduce the extent 
of the change. 

There is a membrane-associated compartment 
containing ATP used by the Na/K pump (Mercer & 
Dunham, 1981). We propose that such a compart- 

ment also contains the elements of the signal which 
respond to volume changes, and the sensor of these 
signals. We propose further that the signal, a re- 
sponse to mechanical rearrangements in the com- 
partment, is a change in concentration of a solute, 
perhaps Mg, ATP, and/or binding sites for these 
solutes. These binding sites may include enzymes 
activated or inhibited by the change in solute con- 
centration in the membrane-associated com- 
partment. 

The apparent association of phosphate metabo- 
lism to volume sensitivity is complex (Dunham, 
1990) and includes some apparent contradictions, 
e.g., the apparent requirement of phosphorylation 
by ATP for volume-sensitive K-CI cotransport 
(Sachs, 1988; Kracke & Dunham, 1989), and the 
evidence that activation ofa phosphatase accompan- 
ies stimulation by swelling (Jennings & AI-Rohil, 
1990). We suggested that ATP phosphorylates a reg- 
ulator and not the transporter (Kracke & Dunham, 
1989), and further that the phosphatase proposed by 
Jennings and AI-Rohil (1990) may be activated by 
phosphorylation. Conceivably, the regulator we pro- 
pose here, based on results with DTT, is the phos- 
phatase activated by ATP. This is obviously all 
highly speculative. 

One clear requirement for the system coupling 
swelling to an increase in cotransport is a high gain; a 
relatively small volume increase (-10%) stimulates 
cotransport by several-fold (Dunham & Ellory, 
1981). Regulatory systems with high gain often entail 
a series of enzymes. We have proposed two systems, 
reduction of inhibition by Mg and by the DTT-bind- 
ing regulator (how these are activated by swelling, 
or more specifically by a mechanical change in a 
membrane compartment, is unclear). The systems 
we have proposed lead to independent increases in 
Jmax and affinity for Ko. These two changes could be 
in series rather than in parallel, thereby contributing 
to gain, particularly if the relief of inhibition envi- 
sioned leads to activation of enzymes. Obviously 
these suggestions are also entirely speculative. 

Another treatment has been reported to inhibit 
K-C1 cotransport in LK cells by reducing both Jmax 
and K~n. Ellory et al. (1985a) reported that reducing 
the temperature by 10~ during measurement of the 
flux (from 40 to 30~ reduced Jm~x of the volume- 
sensitive component of K + influx nearly 10-fold 
(from 2.9 to 0.3 mmol �9 liter-t . hr-~), and reduced 
Kj/2 for K,, nearly twofold (from 64 to 38 mM). It is 
unclear why two very different inhibitory treat- 
ments, DTT and reduced temperature, have similar 
effects on kinetics. 

We have measured the kinetics of volume-sensi- 
tive K § influx, and the physiological role of w)lume- 
sensitive K-CI cotransport is to permit net KCI ef- 
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flux. Thus the question arises of the physiologicai 
relevance of our findings. There are a number of  
observations on K-CI cotransport in sheep red cells 
which indicate that it is a reversible system. Indeed 
the apparent affinities for K + are similar, though 
not identical, for influxes and effluxes (Lauf, 1983, 
1985a). Therefore our observations on kinetics of 
unidirectional influxes should apply at least qualita- 
tively to K-C1 cotransport in its physiological mode. 
It remains to be demonstrated in sheep cells to what 
extent swelling-induced changes in the properties of  
the cotransporter operating in the influx mode apply 
to K-CI efflux. 

This work was supported by grants from the National Institutes 
of Health, U.S. Public Health Service (DK-28290, DK-33640). 
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