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Summary .  86Rb uptake into LLC-PK~ cells (an establ ished renal 
epithelial cell line) was found to be comprised  of  an active oua- 
bain-sensi t ive componen t ,  a loop diuretic-sensit ive componen t  
which was pass ive  and strictly dependent  upon the presence of  
extracellular Na  + and C1 for activity, and a " l e a k "  component .  
The  diuret ic-sensi t ive componen t  of  influx was investigated fur- 
ther  in apical m e m b r a n e  vesicles derived from these  cells. A 
large fraction of  86Rb, 22Na and 36C1 flux into these  vesicles was 
s e n s i t i v e  to inhibition by furosemide  and dependent  upon the 
presence  of  the other  two co-ions,  in keeping with the presence 
of  a loop diuret ic-sensi t ive Na + : K + : CI cotransport  sys tem.  
The  kinetic parameters  for Na  + and K + interaction have been 
analyzed under  initial l inear zero trans condit ions.  The following 
values were obtained: K m N a  + = 0.42 + 0.05 mmol/liter,  Vm~x - 
303 - 24 pmol/mg/6 sec; KINK+ = 11.9 • 1.0 mmol/liter,  VmaxK+ = 
307 • 27 pmol/mg/6 sec. For  C1- interaction evidence for two 
cooperat ive binding sites with different affinities and different 
specificities were obtained.  Thus ,  a s toichiometry of 
1Na + : 1K § : 2C1 can be calculated. It is concluded that the api- 
cal m e m b r a n e  of  LLC-PK~ cells contains  a Na § : K § : 2C1 co- 
t ransport  sy s t em with propert ies similar to those  described for 
the thick ascending  limb of  the  loop of  Henle.  

K e y  W o r d s  N a  : K : 2C1 cot ranspor t  �9 f u r o s e m i d e / p i r e t a n i d e  - 

renal epi thel ium �9 epithelial t issue culture �9 thick ascending limb �9 
membrane  vesicles 

Introduction 

During the last few years, loop diuretic-sensitive 
coupled N a : K : C I  cotransport systems have been 
identified in a number of tissues of diverse origins 
(Aiton et al., 1981; Saier & Boydon, 1984). In epi- 
thelial tissue, the transport system has been impli- 
cated in both the absorption and the secretion of 
NaC1 (Saier & Boydon, 1984), and in consequence 
the location of the cotransport system to either the 
apical or basolateral cell membrane has been found 
to be dependent primarily upon the functional role 
of the epithelium. Thus in NaCl absorptive tissue 

such as flounder small intestine (Musch et al., 1982) 
or the thick ascending limb of the loop of Henle 
(TALH) cells (Greger & Schlatter, 1983) the cotrans- 
port system appears to be located on the apical cell 
membrane. In contrast to this, in secretory epithelia 
such as shark rectal gland (Hannafin et al., 1983) or 
canine tracheal epithelia (Welsh, 1983a) the cotrans- 
port system occupies an exclusively basolateral lo- 
cation. In both absorptive and secretory epithelia 
electrophysiological data, derived from both con- 
ventional and ion-selective microelectrodes, sug- 
gest that the cotransport system mediates a large 
part of the energetically uphill movement of C1- 
into the cell (Welsh et al., 1980; Greger et al., 1983; 
Welsh, 1983b). The energy necessary for this step is 
thought to be derived from the energy inherent in 
the sum of the individual ion gradients for Na +, K + 
and CI- (Haas et al., 1982; Saier & Boydon, 1984). 
More recently, data concerning the kinetics and the 
coupling ratios between Na +, K + and C1- have been 
reported for plasma membrane vesicles derived 
from cortical TALH cells (Koenig et al., 1983) and 
from basolateral membrane vesicles from shark rec- 
tal glands (Hannafin et al., 1983). 

In this report, we describe the properties of a 
loop diuretic-sensitive cotransport system in the ap- 
ical membrane of a renal derived cell line: LLC- 
PK1. The LLC-PKI cell line has been used exten- 
sively in the past as a model to study the 
development and cellular control of a number of 
nephronal t r anspor t  systems, e.g. Na:glucose 
(Amsler & Cook, 1982; Moran et al., 1983) and 
Na:phosphate cotransport (Brown et al., 1984; 
Biber & Murer, 1985; Caverzasio et al., 1985). 
The identification of a diuretic-sensitive coupled 
N a : K : C 1  cotransport system in the apical mem- 
brane of this cell line provides a model to study the 
properties and the regulation of this system by vari- 
ous factors. 
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Fig. 1. 86Rb uptake into LLC-PKI cell monolayers. K § influx 
into confluent LLC-PK1 monolayers was measured using 86Rb as 
a tracer for K + and a 5-min influx period. Tracer influx under 
control conditions (137 mmol/liter NaC1) is compared with up- 
take in the absence of Na + (TMA replacement) and of CI-~ (NO3 
replacement). Similarly, 86Rb uptake was measured in the pres- 
ence of ouabain (1.0 mmol/liter), furosemide (0.1 mmot/liter), 
piretanide (0.1 mmol/liter) and ouabain + furosemide, ouabain 
with NO3 replacement and ouabain with NO3 replacement + 
furosemide. The results are the mean -+ SD of three determina- 
tions 

Materials and Methods 

CELL CULTURE AND MEMBRANE ISOLATION 

LLC-PKI cells were originally purchased from Flow Laborato- 
ries (Irvine, Scotland) at 148 serial passages. The cells were 
maintained in culture as previously described (Biber et al., 1983). 
For cellular uptake cells were seeded onto tissue culture dishes 
(35 mm diam) at a density of approximately 1 x 104 cells/cm 2 and 
the dishes used for experimental purposes after 4 to 5 days in 
culture. At this point the monolayers were confluent and exhib- 
ited dome formation. For isolation of apical membrane vesicles, 
cells were grown to confluence in 890 cm 2 growth area glass 
roller bottles. In this case the cells were harvested after 8 to 10 
days in culture. Confluence was generally obtained by day 6. 
Apical membrane vesicles were prepared as previously de- 
scribed (Brown et al., 1984) except that the initial cell suspension 
was obtained by scraping the cells from the roller bottles with a 
rubber policeman. The isolation procedure was essentially iden- 
tical to the MgCI2 precipitation method of Biber et al. (1981). In 
the final membrane pellet the apical membrane markers alkaline 
phosphatase and leucine aminopeptidase were enriched 7 to 8 
times as compared to the homogenate; in contrast the mem- 
branes were not enriched of Na + + K*-ATPase as we reported 
previously (Brown et al., 1984). 

tion was prepared by replacing NaCI and NaH2PO4 by choline 
chloride and KH2PO4. A Cl--flee solution was prepared by re- 
placing NaC1 and KC1 by NaNO3 and KNO3. The uptake was 
stopped by adding 2 ml of cold incubation media and by washing 
the plates 2 times with 2 ml of this solution. The radioactivity 
was then extracted in 1 ml of a 2% SDS solution and a sample 
prepared for liquid scintillation counting. 

The uptake of 22Na, 36C1 and 86Rb into apical membrane 
vesicles from LLC-PKf cells was measured using a rapid filtra- 
tion technique as previously described (Berner et al., 1976). For 
initial time points (0 to 6 sec) a semi-automatic uptake device was 
used (Kessler et al., 1978). All uptake experiments with vesicles 
were performed at room temperature (22 to 23~ The mem- 
brane vesicles were usually suspended in a membrane buffer 
containing (in mmol/liter): 150 TMANO3, 1 M g S O 4  and 10 
HEPESFFris at pH 7.4. For the study of the CI -dependence of 
86Rb uptake, TMANO3 was occasionally replaced by TMA glu- 
conate (see Results section for details). The composition of the 
incubation media is given in the appropriate figure legend. Up- 
take was initiated by mixing 10 pJ of membrane suspension (50 
/~g prot) with 10 kd of labeled incubation media (containing 1/~Ci 
tracer). The reaction was terminated after the appropriate time 
by the addition of 1 ml of stop solution at 4~ followed by rapid 
filtration through a 0.6 /~m cellulose nitrate filter. The mem- 
branes were then washed rapidly twice with 3 ml of cold stop 
solution. The stop solution contained (in retool/liter): 150 
TMANO3, 150 KNO3, 1 MgSO4, 10 HEPES/Tris and 0.1 furo- 
semide at pH 7.4. Nonspecific binding was determined by the 
addition of labeled incubation media to 1 ml of stop solution 
containing 50/~g of membranes followed immediately by filtra- 
tion and washing of the membranes as described above. Nonspe- 
cific binding was less than 10% of the total equilibrium uptake at 
120 min. 86Rb uptake through the cotransport system was calcu- 
lated from the total 86Rb uptake minus 86Rb uptake measured in 
the absence of extracellular C1-. This maneuver gave identical 
results as calculating the flux from the total uptake minus uptake 
in the presence of 0.1 retool/liter furosemide (see, for example, 
Figs. 2-5). Protein was measured by the method of Bradford 
(1976) using a commercially available kit (BioRad reagents). 

All experimental data are expressed as the mean -+ standard 
deviation of three or more separate experiments. Within an ex- 
periment all points were made in quadruplicate, unless otherwise 
stated. 

MATERIALS 

All cell culture materials were purchased from Flow Laborato- 
ries, Baar, Switzerland. Z2Na and 86Rb (both carrier free) were 
obtained from New England Nuclear (Boston). 36C1 as HC1 was 
purchased from Amersham International. The semi-automatic 
uptake device was built by Innovativ A.G., Adliswil, Switzer- 
land. All other chemicals were of the purest grades available and 
were purchased either from Merck, Darmstadt, FRG or from 
Fluka A.G., Buchs, Switzerland. Furosemide and piretanide 
were gifts from R. Greger, Frankfurt, FRG. 

MEASUREMENT OF N a  § K + 

AND C1-  TRACER UPTAKE Results 

Cellular uptake of S6Rb, as a tracer for K% was measured as 
previously described (Aiton et al., 1982). A 5-min uptake point 
was used and the incubation solution contained (in mmol/liter): 
137 NaCI, 5.4 KCI, 2.8 CaC12, 1.2 MgSO4, 0.6 NaHzPO4, 10 
HEPES/Tris and 10 glucose at pH 7.4 and 37~ Na+-free solu- 

CELLULAR UPTAKE OF 86Rb BY L L C - P K 1  CELLS 

86Rb t r a c e r  f l u x e s  w e r e  u s e d  f o r  t h e  a n a l y s i s  o f  t h e  

p h y s i o l o g i c a l l y  o c c u r r i n g  K + u p t a k e  i n t o  L L C - P K 1  



C.D.A. Brown and H. Murer: Na: K:2CI Cotransport in Cultured Renal Epithelia 133 

cells. As will be shown below Rb is apparently ac- 
cepted instead of K by the transport system studied 
in detail. Figure 1 shows that similar to a number of 
other cell systems (Aiton et al., 1981), 86Rb uptake 
into LLC-PKI cells can be attributed to at least 
three pharmacologically distinct uptake pathways: 
A large proportion of the 86Rb uptake (43%) into 
LLC-PK1 cells was sensitive to inhibition by the 
cardiac glycoside ouabain at a concentration of 1.0 
mmol/liter. This component of influx probably rep- 
resents active K + influx across the basolateral mem- 
brane via the Na + + K+-ATPase. A second compo- 
nent of 86Rb uptake (20%) was sensitive to inhibition 
by the loop diuretics furosemide and piretanide (at 
0.1 mmol/liter). This component was passive and 
independent of inhibition of the Na § + K+-ATPase 
by ouabain. As has been shown previously for 
MDCK-cells (Aiton et al., 1982) a similar inhibition 
of 86Rb uptake as with furosemide was observed 
when either Na + or CI- ions were removed from the 
uptake media (Fig. 1). That the loop diuretic-sensi- 
tive component of uptake and the Na § and C1-- 
dependent component of uptake were identical was 
inferred from the result that addition of furosemide 
to a Na + or C1--free uptake media resulted in no 
further inhibition of uptake. This is in contrast to 
the additivity of inhibition observed when furo- 
semide is added to a ouabain-containing uptake me- 
dia (Fig. 1). The furosemide sensitivity and strict 
dependence of a large part of the passive 86Rb up- 
take upon both the presence of Na § and C1- ions 
support the presence of a Na + : K + : C1- cotransport 
system in these cells. A third component of influx is 
insensitive to inhibition by either ouabain or furo- 
semide (Fig. 1) and probably represents the sum of 
all other passive permeability pathways for 86Rb in- 
flux into the cell. 

UPTAKE OF 86Rb, 36C1 AND 22Na INTO APICAL 

MEMBRANE VESICLES OF LLC-PK1 CELLS 

In light of the findings mentioned above it was de- 
cided to investigate whether the cotransport system 
was present in the apical membrane of LLC-PKI 
cells. Figure 2 shows that 86Rb uptake into LLC- 
PK1 apical membrane vesicles is equilibrating; up- 
take in the first 3 rain of measurement is over 65% of 
the final equilibrium value. Furthermore 86Rb up- 
take is markedly stimulated in the presence of in- 
wardly directed Na + and C1- gradients: Over the 
first 3 min of measurement 86Rb uptake in the pres- 
ence of a 100-mmol/liter NaC1 gradient is nearly 
twice as great as in the presence of similar gradients 
of either TMACI or of NaNO3 (Fig. 2). Similarly, 
addition of 0.1 mmol/liter furosemide to the mem- 
branes 60 sec before initiating uptake reduced the 
rate of 86Rb influx by a similar amount as found with 
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Fig. 2. Time course of 86Rb uptake into LLC-PK~ apical mem- 
brane vesicles. The vesicles contained (in mmol/liter): 150 
TMANO3, 1 MgSO4 and 10 HEPES/Tris at pH 7.4. The incuba- 
tion media contained in addition 0.5 mmol/liter 86RbCI (2/zCi/ 
point) and either 100 mmol/liter NaC1 (O), 100 mmol/liter 
NaNO3(A), 100 mmol/liter TMAC1 (11) or 100 mmol/liter NaC1 + 
0.1 mmol/liter furosemide (O). The results are expressed as a % 
of the NaCI equilibrium uptake at 90 min (330 -+ 12 pmol/mg prot) 

the removal of Na + or C1- from the incubation me- 
dia. These initial observations show the presence of 
a diuretic-sensitive cotransport system in the apical 
membrane of LLC-PKj cells. 

A feature of a cotransport system is that the 
fluxes of the transported substrates are tightly cou- 
pled so that it should be possible to demonstrate not 
only the Na + and CI- dependence of a large part of 
the 86Rb uptake (Fig. 2) but also that a similar pro- 
portion of both Na + and C1- uptake into these vesi- 
cles is dependent upon the presence of the two 
other ions. For 22Na uptake this is shown in Fig. 3, 
where Z2Na uptake in the presence of an inwardly 
directed 100-mmol/liter KC1 gradient is nearly twice 
as great as 22Na uptake measured in the presence of 
similar gradients of either KNO3, TMACI, or NaC1 
+ 0.1 mmol/liter furosemide over the first 3 rain of 
measurement. In view of the recent report of a 
Na + : H + exchange mechanism in these cells (Chail- 
let et al., 1985) at least part of the furosemide-insen- 
sitive 22Na uptake is probably mediated through this 
mechanism. Figure 4 shows similar data for 36C1 
uptake by LLC-PK1 apical membrane vesicles. In 
this case however, 36C1 uptake was greatest when a 
combined 50 mmol/liter NaNO3/50 mmol/liter 
KNO3 gradient was present compared to similar 
gradients of KNO3/TMANO3 or NaNO3/TMANO3 
or to a 100-mmol/liter gradient of NaNOflKNO3 
plus 0.1 mmol/liter furosemide. Calculation of the 
equilibrium volume of the membrane vesicles gave 
values of 0.66, 0.68 and 0.64 /xl/mg/prot, respec- 
tively, from the equilibrium uptake values for 86Rb, 
22Na and 36C1. Taken together these results clearly 
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Fig. 3. Time course of 22Na uptake into LLC-PK~ apical mem- 
brane vesicles. The vesicles contained (in mmol/liter): 150 
TMANO3, 1 MgSO4 and 10 HEPES/Tris at pH 7.4. The incuba- 
tion media contained in addition 0.25 mmol/liter 22Na (2 /xCi/ 
point) and either 100 mmol/liter KCI (O), 100 mmol/liter TMACI 
(IlL 100 mmol/liter KNO3 (A) or 100 mmol/liter KC1 + 0.1 retool/ 
liter furosemide (O). The results are expressed as a % of the KCI 
equilibrium value at 90 min (170 -+ 9 pmol/mg prot) 
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Fig. 5. Initial linear uptake of 86Rb into apical membrane vesi- 
cles. Initial linear uptake was measured at an 86Rb concentration 
of 0.4 mmol/liter. Uptake conditions were as described in Fig. 2 
with 100 mmol/liter gradients of either NaC1 (O), NaNO3 (A), 
TMACI (gl) or NaC1 + 0.1 mmol/liter furosemide (O). In all cases 
uptake remained linear for at least the first 6 sec of uptake (r 2 = 
0.95) 
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Fig. 4. Time course of 36C1 uptake into LLC-PK~ apical mem- 
brane vesicles. The vesicles contained (in retool/liter): 150 
TMANO3,I MgSO4 and 10 HEPES/Tris at pH 7.4. The incuba- 
tion media contained in addition 13 mmol/liter Cs36C1 (2 /~Ci/ 
point) and either 50 mmol/liter NaNO3 + 50 mmol/liter KNO3 
(O), 50 mmol/liter NaNO3 + 50 mmol/liter TMANO3 (Ik), 50 
mmol/liter KNO3 + 50 mmol/liter TMANO3 (Ig) or 50 mmol/liter 
NaNO3 + 50 mmol/liter KNO3 + 0. i mmol/liter furosemide (�9 
The results are expressed as a % of the equilibrium value at 90 
min in the presence of both Na + and K + (8.4 nmol/mg prot) 

demonstrate  that a large part of the influx of Na +, 
K + and C1- into apical membrane vesicles is tightly 
coupled and sensitive to inhibition by the loop di- 
uretic furosemide. These findings are consistent 

with the presence of a cotransport  system for Na +, 
K + and C1-. 

KINETIC ANALYSIS OF S6Rb UPTAKE 

BY LLC-PKj  APICAL MEMBRANE VESICLES 

Since measurement  of either 22Na, S6Rb or 36CI up- 
take gave qualitatively the same result (Figs. 2-4) 
we decided to concentrate  upon the uptake of 86Rb 
as a measure of cotransport  activity. Figure 5 shows 
the initial linear uptake of 86Rb into LLC-PK~ apical 
membrane vesicles. As we described in Fig. 2, 86Rb 
uptake in the presence o f a  100-mmol/liter NaC1 gra- 
dient is twice that measured if either Na + or Ci- 
ions are not present  or if the membranes are ex- 
posed to furosemide (0.1 mmol/liter). Under  all con- 
ditions, S6Rb uptake was linear for at least the first 
I0 sec of  measurement  (linear regression; r 2 = 
0.95). 

K + Dependence of the Cl--Dependent Component 
of 86Rb Uptake 

Figure 6a shows the effect of increasing the ex- 
travesicular K + upon the Cl--dependent  component  
of 86Rb uptake by LLC-PK~ apical membrane vesi- 
cles. Under  Vma• driving conditions for Na + and CI- 
(a 100 mmol/liter NaC1 gradient) increasing extrave- 
sicular K + led to a saturable increase in 86Rb up- 
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Fig. 6. (a) K + dependence of the CI -dependent component of86Rb [K +] uptake. The ability ofK § ions to stimulate C1--dependent 86Rb 
uptake was measured using 6-sec uptake point. The vesicles contained (in retool/liter): 150 TMANO3, 1 MgSO4 and 10 HEPES/Tris at 
pH 7.4. The incubation media contained in addition 100 mmol/liter NaC1 and various amounts of KC1 or TMAC1 to vary K between 0.5 
and 20 mmol/liter. In the calculations we have assumed, that 86Rb would be a perfect substitute for K + in the transport process, i.e. 86Rb 
uptake stands for K + uptake. (b) A Hanes-Woolf plot of K + stimulation of the C1 -dependent component of 86Rb [K +] uptake. The data 
presented in Fig. 6a were analyzed using a Hanes-Woolf plot. The regression line (r 2 = 0.98) gave an apparent Km of 11.9 --+ 1.0 mmol/ 
liter K + and an apparent Vma• of 307 -+ 27 pmol/mg prot/6 sec 

take. An identical curve was obtained when Rb + 
was substituted for K + (data not shown). Kinetic 
analysis of the data presented in Fig. 6a using a 
Hanes-Woolf  plot (Fig. 6b) gave an apparent Km of 
11.9 -+ 1.0 mmol/liter K + and a Vmax of  307.4 -+ 27.6 
pmol/mg prot/6 sec. Hill analysis of the data pre- 
sented in Fig. 6a gave a Hill coefficient of 0.97 -+ 
0.06 (Table) consistent with the interaction of 1 K + 
ion with the transport  system. For  the measurement 
of the Na  + and C1- dependence of  86Rb uptake near 
Vmax driving conditions were chosen. These condi- 
tions were a 100-mmol/liter gradient of  either Na + 
or CI- and the highest dilution of  the isotope with 
K + as was feasible to work with (10 mmol/liter K+). 
Under these conditions uptake was still linear over 
the first 6 sec of  measurement (data not shown). 

The Na + Dependence 
o f  the CI -Dependent Component of  S6Rb Uptake 

The Na + dependence of  the C1--dependent compo- 
nent of  S6Rb uptake is shown in Fig. 7a. Again, 
under near Vma• conditions (a 100-mmol/liter C1 
and a 10-mmol/liter K + gradient) Na + ions stimulate 
86Rb uptake in a saturable manner. Analysis of this 
data, using a Hanes-Woolf  plot (Fig. 7b) and by Hill 
analysis (Table) gave an apparent Km of 0.42 -+ 0.05 
mmol/liter Na +, a Vma• of  303 + 23.9 pmol/mg prot/6 
sec and a Hill coefficient of  1.05 -+ 0.06. 

The Cl- Dependence of  the 
Furosemide-Sensitive Component of  86Rb Uptake 

Initial attempts to determine the kinetics and stoi- 
chiometry of  the CI- dependence of the cotransport  
system were, similar to the experiments described 
above, performed using NO3 as the replacement 
anion for C1 . The results of these experiments are 
shown in Fig. 8 and summarized in the Table. Un- 
der near Vmax conditions for the other 2 co-ions (100 
mmol/liter Na + and 10 mmol/liter K +) C1- ions were 
able to stimulate S6Rb uptake in a saturable manner. 
In contrast to expectations based on previous publi- 
cations on similar systems (Saier & Boydon,  1984), 
where a sigmoidal relationship between uptake and 
CI- concentrat ion was observed, we found that our 
data followed simple Michaelis-Menten kinetics and 
the best fit was with a hyperbolic curve (Fig. 8). 
Kinetic analysis of  the data presented in Fig. 8 using 
a Hanes-Woolf  plot gave an apparent Km of 119 -+ 
0.2 mmol/liter CI- and an apparent Vma x of 220 -+ 
6 pmol/mg prot/6 sec. Replotting the Hanes- 
Woolf  plot with the CI concentration raised to 
different powers, e.g. [CI-] l, [CI-] I-5 or [CI-] 2, re- 
duced the correlation coefficient of  the regression 
line from 0.98 _+ 0.06 to 0.43 _+ 0.04. Taken together 
with a Hill coefficient of 0.96 -+ 0.04 (Table), these 
data suggest the interaction of ordy 1 CI- ion with 
the cotransport  system in the presence of  a high 
nitrate concentration. 



136 C.D.A.  Brown and H. Murer: Na : K : 2Cl Cotransport  in Cuitured Renal Epithelia 

300 

~ ~~176 L ~ 
~ 100 

, , i i i , 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 

+ 

[Na] mmole/I 

S/V 
OO06T 

O.O05T 

j41 

0.004- / /  

0,003- / /  
' / 

0 " 0 0 2 ~  ~ ,  

.o~ 1 
' ' ~/~oo 1.6 1.8 21d / 16-0.4-0.2 0 0:2 0:4 0:6 018 1TO 112 I'A 1.6 

[N~] mmo~e/t 

Fig. 7. (a) N a -  dependence  of the C1--dependent  component  of  86Rb uptake. The ability of  Na + ions to s t imulate S6Rb uptake through 
the cotranspor t  sys t em was measured  using a 6-sec uptake point. The vesicles contained (in retool/liter): 150 TMANO3,  1 MgSO4 and 10 
HEPES/Tr is  at pH 7.4. In addition the incubation media contained various amounts  of  NaCI and TMAC1 to vary the Na  + concentra t ion  
f r o m 0 t o  100mmol / l i t e rwhi lemain ta in ingaC1  g rad ien to f l00mmol / l i t e r .  Tbe K+ concentrat ion was 10mmol/ l i ter .  (b)A Hanes -Wool f  
plot of  Na  + st imulat ion of the Cl - -dependent  componen t  to 86Rb uptake. The data presented in Fig. 7a was analyzed using a Hanes-  
Woolf  plot. The regression line (r 2 = 0.99) gave an apparent  K,, of  0.42 -+ 0.05 mmol/liter Na +. The apparent  Vmax was 303 • 23.9 pmol/ 

mg prot/6 sec 

200 

180 

160 

140 

~ 12G 

I0C 

o 8o 

~ 4o 

20 

20 40 60 80 100 

[CL] mmole/I  

Fig. 8. C1- s t imulat ion of  the furosemide-sensi t ive  componen t  of  
S6Rb uptake.  The  ability of  C1- ions to st imulate furosemide- 
sensit ive 86Rb uptake was measu red  after a 6-sec uptake period. 
The vesicles contained (in mmol/liter): 150 TMANO3, 1 MgSO4 
and 10 HEPES/Tr is  at pH 7.4. In addition the incubation media 
contained various amoun t s  of  NaC1 or NaNO3 to vary the C1- 
concentra t ion be tween 0 and 100 mmol/liter,  while keeping Na + 
at 100 mmol/liter.  K + was at a concentrat ion of  10 mmol/liter 

In a series of  further experiments  to clarify the 
s to ichiometry o f  the cotransport sys tem a similar 
experiment  to the one  described above  was  per- 
formed.  In this case ,  however ,  C1- was  replaced by 
gluconate.  The data are presented in Fig. 9a. In 
contrast to the hyperbolic  curve obtained when  

Table.  Summary  of  the apparent  kinetic cons tants  for the CI 
dependent  componen t  of  86Rb uptake" 

Ion K,, Vma x Hill 
(mmol/liter) (pmol/mg coefficient 

prot/6 sec) 

Na + 
(at 100 mM CI 

10 mM K) 
K + 
(at 100 mM CI 

100 mM CI) 
CI 
No3 replacement  
(at 100 mM Na 

10 mM K) 
Cl 

Gluconate  
replacement  
(at 100 mM Na 

10 mM K) 

0.42 • 0.05 303 • 24 1.05 • 0.06 

11.9 + 1.0 307-+ 27 0.97-+ 0.05 

11.9 • 0.2 220 • 6 0.96 • 0.04 

5.14 b 53 1.63 • 0.4 
55.2 c 310 

a The values were obtained from Hanes-Wool f  plots and Hill 
plots except  for C1 -interaction determined by gluconate re- 
p lacement  where  an Eadie-Scatchard plot was used.  
b " H i g h "  affinity Kin. 

" L o w "  affinity K,,. 

NO3 was  used as a replacement  for CI-,  a sigmoidal 
relationship be tween  86Rb uptake and C1 concen-  
tration was  obtained. The sigmoidicity of  the C1 
dependence  is indicative for the involvement  of  at 
least two  C1- ions in the transport process .  In addi- 
tion, it must  be assumed that the two  C1- ions are 
interacting at two  separate sites with cooperat ive  
interactions.  This conc lus ion  is further supported 
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Fig. 9. (a) CI s t imulat ion of  86Rb uptake when gluconate is used as replacement  for Cl- .  The exper imenta l  protocol was identical to 
that descr ibed in Fig. 8 except  that the vesicles contained T M A  gluconate instead of  TMANO3 and Na gluconate  was used  ins tead of 
NaNO~ as a subst i tute  for CI . (b) An Eadie-Scatchard plot of  the data presented in Fig. 9a. The data from Fig. 9a was replotted using 
an Eadie-Scatchard plot. Two regression lines could be fitted to the curve.  The first (r: = 0.99) gave an apparent  Km of 5.14 mmol/ l i ter  
and an apparent  Vm,~ of  53.3 pmol /mg prot/6 sec. The second line (r 2 = 0.98) gave an apparent  K,, of  55.2 mmol/ l i ter  and an apparent  
V .... of  310 pmol /mg prot/6 sec 

by a Hill plot of the data presented in Fig. 9a which 
gave a Hill number  of  1.63 -+ 0.34 (Table). A com- 
parison of  the results obtained with nitrate and glu- 
conate suggest that the difference in the apparent 
stoichiometry obtained with the two anion replace- 
ments may be the result of  an interaction of NO3 
with one of  the two CI- binding sites (see below). 

The existence of  two separate and cooperative 
sites for chloride interaction with different specifici- 
ties makes a determination of the kinetic constants 
difficult. A kinetic approach assuming identical af- 
finities for  the two chloride sides, e.g. by expressing 
the C1- concentrat ion as [C1-] z in a Hanes-Woolf  
plot cannot  result in a reliable affinity constant but 
rather indicates some median value between the 
two sites. If  the data presented in Fig. 9a are replot- 
ted using an Eadie-Scatchard plot, commonly used 
to evaluate the kinetic parameters  of  two enzymes 
using the same substrate (Segal, 1975), a curve is 
obtained (Fig. 9b). Using an iterative curve-stripping 
program (Spears et al., 1971), two regression lines 
were fitted to the curve. The first line (r 2 = 0.997) 
yielded a high-affinity site with an apparent Km of  
5 mmol/liter CI and an apparent Vmax of 54 pmol/ 
mg prot/6 sec. The second regression line (r 2 = 
0.988) gave a low-affinity site with an apparent Km 
of  55 mmol/liter CI and an apparent Vma• of  310 
pmol/mg prot/6 sec. However ,  the data obtained by 
this procedure do not take into account  the cooper-  
ative effects between the two sites and can there- 
fore provide only indirect evidence that the two 
sites have largely different affinities for chloride. 

When the data of  Fig. 9 was analyzed using a 
Hanes-Woolf  plot a linear regression was obtained 

(r 2 = 0.63). Replotting this data with the C1 -con- 
centration expressed as [C1 ]z gave the best fit with 
a correlation coefficient of  0.98 -+ 0.03. From this 
regression line an apparent Km of 28.2 -+ 2.8 mmol/  
liter and a Vmax of  280 -+ 15 pmol/mg protein was 
calculated. This value is similar to that reported for 
the in vitro perfused thick ascending limb of Henle 's  
loop (49 + 31 mmol/liter;  Greger et al., 1983) and to 
that reported for vesicles isolated from cells of  the 
same nephron segment (15.3 -+ 0.7 mmol/liter; 
Koenig et al., 1983). 

Discussion 

In this report  we have presented strong evidence in 
favor of  the presence of  a Na + : K + : 2Cl cotrans- 
port system in the LLC-PK~ cell line. In both 
whole cells and in isolated apical membrane vesi- 
cles we have shown that a large part of  the 86Rb 
uptake is sensitive to inhibition by the loop diuretic 
furosemide and a related drug piretanide. Similarly, 
we have demonstra ted that this component  of influx 
is strictly dependent  upon the presence of both ex- 
traceUular Na + and C1- ions; removal of either led 
to a similar inhibition of  uptake as was measured in 
the presence of  the loop diuretics. Further  evidence 
for the presence of  a tightly coupled uptake mecha- 
nism for Na +, K + and C1 was the demonstrat ion of 
similar uptake rates (Vmax), furosemide sensitivity 
and dependence upon the presence of  the other two 
putative co-ions of  a large component  of 22Na, 36C1 
and 86Rb influx into apical membrane vesicles from 
LLC-PKI  cells. 



138 C.D.A. Brown and H. Muter: Na : K : 2C1 Cotransport in Cultured Renal Epithelia 

Comparison of  the Properties 
o f  the Cotransport System in LLC-PKj Cells 
with Those of  Na+ : K+ : 2Cl - Cotransport Systems 
in Other Tissues 

Our study documents the presence of the transport 
system in the apical membrane of LLC-PKI cells. 
However, as we have not analyzed basolateral 
membranes our study does not allow to conclude 
that the transport mechanism is expressed only in 
the apical membrane, i.e. in a polarized manner 
similar to other epithelia (see below). 

A preferential location of the transport system 
to the apical membrane of LLC-PK~ cells would be 
similar to the location of the cotransport system in 
chloride-absorptive epithelia, e.g. thick ascending 
limb of the loop of Henle (Greger & Schlatter, 1981) 
and in flounder small intestine (Musch et al., 1982), 
and in contrast to the location of the transport sys- 
tem in C1- secretory epithelia: e.g. high resistance 
MDCK cells (Brown & Simmons, 1981), shark rec- 
tal gland (Hannafin et al., 1983), and canine tracheal 
epithelial cells (Welsh, 1983a). An apical location of 
the Na § : K § : 2C1- cotransport system would be in- 
dicative for NaCl-absorption by LLC-PK~ cells. 
This assumption is in parallel with the data docu- 
menting a number of absorptive Na : solute cotrans- 
port systems in the apical membrane of LLC-PK~ 
cells (Misfeldt & Sanders, 1981; Biber et al., 1983; 
Moran et al., 1983). 

The kinetic parameters of the cotransport sys- 
tem in LLC-PK~ apical membrane vesicles are sum- 
marized in the Table. The Km values for Na + and 
K § (0.4 and 28.8 mmol/liter, respectively) are in the 
range of published values for TALH membrane ves- 
icles (1.8 and 29.8 mmol/liter for Na + and K +, re- 
spectively) (Koenig et al., 1984) and for a wide 
range of intact epithelial cells (Aiton et al., 1981; 
Musch et al., 1982; Greger & Schlatter, 1983; Gre- 
ger et al., 1983; McRoberts et al., 1983). Some of the 
variation in the reported values probably reflects 
the different conditions under which the values 
were ascertained. In our case, we tried always to 
provide Vma• driving condition for two of the three 
ions under study. That this indeed was the case, and 
that the uptake of the third ion was not limited by 
the concentration of the other two ions, is suggested 
by the observation that under these conditions the 
lima• value calculated for each of the three ions were 
very close. 

In all cases an apparent stoichiometry of 1 was 
reported for the interaction of Na + and K + ions with 
the cotransporter. A study of the C1 dependence of 
86Rb uptake through the cotransport system in 
LLC-PK~ cells showed that the apparent stoichiom- 
etry of CI activation of 86Rb uptake was dependent 

upon the anion used as a C1 substitute. Using NO3 
as a replacement for CI-, consistently supported an 
interaction of 1 C1 ion with the cotransport system. 
However, when gluconate was substituted for NO3 
a stoichiometry of 2 for C1-1 was found. Similar 
data have been reported for the cotransporter in 
shark rectal glands (Epstein & Silva, t984). These 
results may be explained in two ways: either in the 
presence of NO3 only 1 CI- anion interacts with the 
system and it would operate electrogenically, or as 
we think more likely: NO3 itself is a weak substrate 
for the cotransport system. In this scheme C1- and 
NO3 compete for one of the two C1- binding sites. 
To explain our observation we propose that one of 
the two CI- binding sites of the cotransporter has a 
high affinity for C1- and no or low affinity for NO3 
and the second binding site has a low discrimination 
between the two anions. From the results of our 
studies in which NO3 was decreased from 250 to 
100 mmol/liter (NO3 replacement) and CI was in- 
creased from 0.63 to 100 mmol/liter it appeared that 
while C1- occupied the high-affinity site, the low- 
affinity site seemed to be always occupied by N O 3 .  

These results are expressed in a simple hyperbolic 
relationship between CI- concentration and 86Rb 
uptake and in a Hill coefficient of 1. In contrast, 
gluconate seems to have no or little affinity for ei- 
ther C1 site and the CI- dependence of 86Rb uptake 
under gluconate replacement reflects the interaction 
of Cl- with two sites. Due to the problems related to 
the kinetic treatment of a transport system with two 
cooperative sites for the same substrate (see above) 
the apparent Km values for C1- are at best of a semi- 
quantitative value. The lower affinity for chloride in 
the NO3 replacement experiment as compared to 
the "high"-affinity site in the gluconate replace- 
ment experiment can be related to several factors: i) 
some competitive effects of NO3 on the interaction 
of chloride with the high-affinity site; ii) methodolog- 
ical differences, e.g. related to the different proce- 
dures used for obtaining the kinetic constants. The 
data on Vmax under different anion replacement sug- 
gest that a cotransporter with one CI- binding site 
occupied by N O 3  shows a lower rate of transport 
than one with both CI- sites occupied with CI-. 

In this paper we have described the existence of 
a Na+:K+:2C1 - cotransport system in the apical 
membrane of a cultured renal cell line. Our observa- 
tions suggest that the two C1- sites which have been 
reported for Na + : K + : 2C1- cotransport systems in 
a number of epithelia (e.g. McRoberts et al., 1983; 
Epstein & Silva, 1984; Greger & Schlatter, 1984) 
may differ not only in their affinity for CI- but in 
their anion specificity. The kinetic parameters of 
the transport system in LLC-PKI cells are similar to 
those of the cotransport system described in the 
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thick ascending limb of the loop of Henle of the 
renal tubule. This does not of course mean that 
LLC-PK1 cells are derived from the TALH, for 
there is substantial evidence of transport systems in 
LLC-PK1 that are characteristic of other (particular 
proximal) nephron segments (Misfeldt & Sanders, 
1981; Biber et al., 1983). What it does imply is that 
LLC-PK1 cells have retained (or gained) the ability 
to express renal transport functions. So that, at the 
level of the individual transport system, the LLC- 
PK~ cell line provides a good experimental model to 
study the regulation of these transport systems. 

This work was supported by the Swiss National Science Founda- 
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Royal Society European Science Exchange Scheme Fellowship. 
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