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The eharactefi.q~ of Na+-dependent hexose uptake were determined for monolayers of OK, an established renal 
epithelial cell line derived from an opossmn kidney. A comparison is made with other cultured cells, particulady 
LLC-PK t. The capacity to accumulate a.methyl D-glucosida (AMG) in OK cells develops with time, reaching a 
maximum level of 18 nmol /mg protein per It, 3 days after conflueocy. In contrast to LLC-PK I, this level is not 
influenced by the medium D-glucose concentration. AMG uptake in OK cells was characterized by an apparent Km of 
2.9 mM and a g ~ ,  of 17.1 nmol /mg protein per min. For Na+-dependent phlorisin h.nding, a K D of 0.025/zM and a 
B ,~  of 1~ pmol/mg protein were found. A turnover frequency of 158/s  was derived from our data. The hexose 
carrier of OK shares with the carrier of LLC-PK I a high level of expression, its snbstrate specificity and turnover 
frequency. It differs however with respect to the substrate binding site. The affinity for AMG and D-glucose is 3- and 
10-fold lower, whereas rite affinity for phlorizin is 3-times higher in OK than in LLC-PK t. The Na + dependence of 
AMG uptake was also different for both cell lines and suggested for OK cells a ! : !, Na + :substrate stokhiome~'. ~n 
OK cells, the pldorizin.sensitive uptake rate of D-glucose is much lower than the one for AMG. Nevertheless, D-glucose 
interacts with the AMG binding site in a competitive way and with an affinity similar to AMG. This could indicate a 
malfunction of the carrier with D-glucose as a substrate at the level of the ~nslneation step. 

Introduction 

The number of primary and established cell lines 
known to express a Na+-coupled, phlorizin-sensitive 
hexose transporter is very limited [1]. This may be due 
to the fact that this carrier is not essential for survival of 
the cultured cells [2]. Most studies on sugar transport in 
cultured epithelial cells were done with LLC-PK I, an 
established cell line derived from pig kidney. The char- 
acteristics of the Na+-dependent hexose transport in 
this cell line are extensively reviewed [3-5]. Further- 
more, Na+-coupled sugar uptake was also described and 
characterized in primary cells from rabbit kidney [6-8] 
and in Caco-2, an adenocarcinnma cell line from human 
colon [9].Recently, two other renal established cell lines, 
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JTC-12 [10] and OK [11,12] were shown to express 
Na+-coupled sugar transport. JTC-12 was originated 
from a monkey kidney, while OK was derived from an 
American opossum kidney. For both cell lines, no kinetic 
characterization of the carrier was made. Malmstrfim et 
al. [13] reported for the carrier of OK that it transports 
the non-metabolizable analog AMG, but not D-glucose. 

The kinetics of Na+-coupled sugar transport in renal 
and intestinal preparations have regained interest since 
it became evident that there is heterogeneity with re- 
spect to the type of carrier. For the kidney, evidence 
came from studies with isolated proximal tubule [14] 
and with cortical membrane vesicles [15,16]. The con- 
clusion is that at least two systems with different bio- 
chemical characteristics are sequentially located along 
the proximal tubule. A high-capacity, low-affinity sys- 
tem with a Na+: D-glucose stoichiometry of 1:1 is 
located ill the early proximal tubule and a Iow-capaeity, 
high-affinity system with a stoichiometry of 2: ! is 
found in the late proximal tubule. For iatestine, no 
separation of brush-border membrane vesicles with dif- 
ferent hexose transport systems could be achieved. Nev- 
ertheless, there is also evidence that two Na+-dependent 
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transporters coexist [17,18]. Recent studies with vesicles 
from pig renal cortex [19] and from human fetal small 
intestine [20] suggest even more than two types of 
carrier with respect to their substrate affinity. 

Cell cultures offer the opportunity to study the ex- 
pression of a single type of hexose carrier. For LLC-PK t, 
in particular, it was shown that only the high-affinity 
hexose carrier with a Na+ :substrate stoichiometry of 
2 : 1 is expressed [21-23]. In view of the observed het- 
erogeneity, it was of interest to analyse in detail the 
properties of the hexose uptake in OK cells. We have 
performed this analysis in parallel for OK and for 
LLC-PK~, which allows comparison in identical experi- 
mental conditions. This seemed to be important since 
literature data on LLC-PK~ vary considerably. 

Our data reveal that the carrier of OK shares proper- 
ties with the carrier of LLC-PK I, e.g., turnover frequency 
and carrier density. On the other hand, we ~nd a 
significantly lower affinity for AMG uptake and no 
dramatic upregulation of the carrier level in response to 
a low D-glucose concentration in the medium. These 
two properties, together with a higher efflux rate of 
AMG, can account for the much lower steady-state 
accumulation of AMG for OK cells compared to LLC- 
PK 1. In contrast to the lower affinity for AMG, phlori- 
zin is bound to the carrier of OK with a higher affinity. 
Although the interpretation of the Na + dependence is 
difficult in monolayer studies, our data are at least 
indicative of a 1:1, Na + :substrate stoichiometry in 
OK. Another point of interest was the poor transport of 
D-glucose reported for OK [13]. We found that, despite 
this, D-ghicose interacts in a competitive manner with 
the AMG binding site of the Na+-dependent hexose 
carrier. D-Glucose has an affmity for this site similar to 
that of AMG itself. 

Material and Methods 

LLC-PK I cells (American Type Culture collection, 
CRL-1392/CL 101) were obtained through Flow 
Laboratories and were used between passagez !87 and 
202. OK cells were a kind gift of Dr. J. Biber (Institute 
of Physiology, Ziirich). They were used between pas- 
sages 82 and 97. The cells were grown at 37°C in a 
humidified 5~ CO 2 atmosphere. The medium was 
EMEM supplemented with 3.5 mM L-glutamine, 0.9% 
(v/v) non-essential amino acids, 87 iLg/ml streptomy- 
cin, 87 IU/ml  penicillin and 10% fetal calf serum. 

During the uptake procedure, the wells (12-well clus- 
ter, Costar, 3.8 cm 2) were fixed on a thermostated plate 
(37 ° C) and placed on a mechanical shaker. The medium 
was aspirated and the monolayers were rinsed twice 
with 2.5 ml HBSS (Na + concentration: 140 mM) 
buffered to pH 7.4 with 10 mM Hepes. To each well 
0.45 ml HBSS was added. The uptake was initiated by 
adding 0.05 ml of a stock solution containing 14C- 

labelled AMG, 3H-labelled 3OMG or 3H-labelled D- 
glucose dissolved in HBSS. The final concentration of 
these sugars was 0.1 mM. The transport process was 
efficiently stopped by aspirating the medium and wash- 
ing the monolayer twice with 2.5 ml ice-cold HBSS 
(total time, 20 s). The monolayers were solubilized in 
2~ SDS. Radioactivity was measured using lnstagel II 
(Packard) as scintillation liquid. When the Na + con- 
centration of the uptake medium was lowered, it was 
replaced by N-methyI-D-glucamine. 

The Na+-dependent phlorizin binding was de- 
termined at 37°C in the presence or absence of 140 
mM Na +. The monolayers were first washed twice with 
2.5 ml HBSS ( + / - N a + ) .  Thereafter, 0.39 ml HBSS 
( + / -  Na +) was added. The binding study was started 
by adding 0.01 ml of a stock solution containing differ- 
ent concentrations of radioactive labelled phlorizin 
(0.6-6.6 /~Ci/ml). Before aspirating the medium after 
12 min of incubation, a sample of this medium was 
taken. The monolayer was subsequently washed twice 
with 2.5 ml ice-cold HBSS ( + / -  Na +) and solubilized 
in 2~ SDS. Radioactivity was measured in a sample of 
the medium and in the solubilized cell material. 

The D-glucose concentration in the growth medium 
was measured using a commercial test kit developed by 
Boehringer Pharma. The proteins were determined by 
the method of Lowry et al. [24] after precipitation of the 
proteins in 10~ (w/v)  ice-cold trichioroacetic acid. 

[~4C]AMG, [3H]3OMG and D-[3H]glucose were from 
Amersham. [3H]Phlorizin was from NEN. Nonradioac- 
tive AMG, 3OMG and phlorizin were from Sigma. 
D-Glucose was from Merck, phloretin was from Roth 
and cytochalasin B was from Aldrich. All other sugars 
were from Janssen Chimica. 

Linear and non-linear fits were carried out using the 
Enzfitter (version 1.03) program (Elsevier Biosoft). 

Results 

Hexose transport in OK cells 
The AMG eptake in OK monolayers is linear over 

the first 30 min and approaches a steady-state level 
after about 60 min (data not shown). When the initial 
velocity was required, an uptake period of 10 or 15 rain 
was taken, in order to obtain a steady-state value, a 60 
min uptake period was used. Qualitatively the same 
result is found for LLC-PK I. We confirmed that the 
in,tial AMG uptake in OK cells is very low in the 
absence of Na + or in the presence of phlorizin [11,12]. 
In agreement with what was found for LLC-PK 1 [25], 
we conclude that uptake of AMG in OK cells occurs for 
more than 95% via the Na+-dependent, phlorizin-sensi- 
tire pathway. 

Compared to AMG, 3OMG is only a poor substrate 
for the Na +-dependent hexose transporter [26]. Also for 
OK cells we find that 3OMG uptake is Na +- and 



phlorizin-insensitive (data not  shown). 3OMG uptake is 
not  a concentrative process and, as pointed out  for 
LLC-PK I [27,28], the steady-state value can be used as 
an est imation for cell water. In the presence of 140 mM 
Na  +, the 3OMG space includes both cell water  and the 
space under the monolayer (domes). We have found 8.4 
and 14 .4 /~ l /mg  protein for OK and LLC-PK I, respec- 
tively. In the absence of Na  +, the domes disappear. The 
values which then more closely reflect cell water  were 
7.3 and 8.6 / t l / m g  protein for OK and LLC-PKm, 
respectively. This result also agrees with the observation 
that  LLC-PK I develops more and larger domes than 
OK. 

Development of  the AMG accumulation and influence of 
medium D-glucose 

We have evaluated the influence of  the t ime in 
culture and of the D-glucose concentratiGn in the 
medium on the steady-state accumulat ion in O K  (Fig. 
1A). The treatment  was started after confluency was 
reached. This  is done  to avoid a possible effect of low or 
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Fig. l. Development of the AMG accumulating capacity for OK 
monolayers: Time dependence and influence of the medium v-glucose 
concentration. The same symbols are used to indicate the AMG 
uptake (A) and to give the respective D-gluCOSe COncentration in the 
medium (B). Cells were seeded on day 0 at a concentratian of 20000 
cells/cm 2. This was done in EMEM with a normal D-glucose con- 
centration (approx. 5 mM, II). On day 4. the medium was changed 
and two medium conditions were created: EMEM with a high D-glu- 
cose concentration (o) and EMEM with a low D-glucose concentra- 
tion tO).  A time period of 60 min was taken to attain the steady-state 
accumulation of AMG. Each point is an average of three determina- 

tions + S.D. 
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high D-glucose medium on the moment  that confluency 
is reached. The D-glucose concentrat ion was monitored 
throughout the experiment  (Fig. IB). The initial D-glu- 
cose concentrat ion in the high D-glucose medium was 
26.5 mM. The OK cells maximally lowered the medium 
D-glucose by 25~.  This was accompanied by high acid 
production, as shown by the colour change of the 
medium. Medium with low D-glucose contained initially 
1.4 mM D-glucose and the cells could lower the medium 
D-glucose to a level below the detection limit of our  
assay (less than 0.1 mM). 

Accumulat ion of AMG,  in OK cells as well as in 
L L C - P K ,  only becomes detectable on day 4, at  the 
t ime cultures reach coafluency. From that  moment  on, 
the uptake capaci ty of OK increases to a maximal 
steady-state level of approx. 18 n m o l / m g  protein per  h. 
This level is considerably lower than the highest uptakes 
found for LLC-PK 1. We found under the same condi- 
tions values for steady-state A M G  accumulation in 
LLC-PK l between 100 and 150 n m o l / m g  protein per  h 
(data  not  shown). 

In LLC-PK l, the steady-state accumulation level is 
affected to a large extent by D-glucose concentration in 
the medium [29]. The uptake level in OK is not  changed 
by D-glucose concentrat ion to the same extent as in 
LLC-PK r After  1 and 3 days of treatment,  OK cells 
cultured in a low D-glucose medium showed a 36 and 
28~ higher uptake, respectively, compared to cells grown 
in a high D-glucose medium. After a longer period of 
treatment,  no significant difference in A M G  accumula- 
t ion could be detected. Under  the same conditions, we 
found for LLC-PK l after 1 and 3 days of t reatment  a 
60 and 153% higher uptake, respectively (not shown). 
Reported effects for up- and downregulation in LLC- 
PK I amount  to at  least 5-fold higher uptake values in 
low compared to high D-glucose medium [30]. 

Na + : A MG stoichiometry 
We have measured initial (15 min) A M G  uptake in 

OK monolayers as a function of the Na  + concentration 
in the uptake  medium. The Na+-dependent uptake  fol- 
lows a Michaelis-Menten-type dependence on lbe Na + 
concentrat ion with a Vma ~ + S.D. of 4.0 + 0.4 n m o l / m g  
protein per rain and an apparent  K., _ S.D. of 148 4- 24 
mM (Fig. 2). i f  the da ta  are analysed in a Hill plot (Fig. 
2, inset), the slope + S.D. of the least squares is 1.03 +_ 
0.03. An A M G  concentrat ion of 1 mM was used in 
order  to approach more closely the saturat ion velocity. 
At  0. 1 mM AM(3, however, essentially the same behav- 
ior was found (Vm~ ~ = 0.47 n m o l / m g  protein per  min, 
K m = 213 mM and n = 1.07). A similar  experiment was 
done for LLC-PK~ monolayers and this resulted in a 
Hill coefficient + S.D. of 1.7 _+ 0.3 (data not  shown). 
This observation illustrates the difference between OK 
and LLC-PK I and is in favor of a different stoichiome- 
try for both cell lines. 
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Fig. 2. Na+-dependence of A M G  uptake in OK monolayers. Cells 
were seeded at a concentration of 20000 cells/cm 2. Initial (15 rain) 
uptakes were measured in the presence of ! mM radioactive labeled 
AMG. The concentration of Na ÷ was changed as indicated. Data 
points for Na÷-dependent AMG uptake were fitted by a Michaelis- 
Menten curve. The same data were analysed by a Hill plot (inset). V 
is the AMG uptake at a given Na + concentration and Vm. ~ was 
obtained from the Michaelis-Menten fit. Each point is an average of 

three determinations 4- S.D. 

Kinet ic  analysis o f  A M G  up take  

L L C - P K  t cells, g r o w n  for  7 days  in a low-D-glucose 
medium,  show a 7-fold higher  A M G  accumula t ion  t han  
10-days-old O K  cells (Table  I). This  s teady-s ta te  accu-  
mula t ion  is dependen t  o n  four  parameters :  the  aff in i ty  
o f  the c a r d e r  for  the  substrate ,  the n u m b e r  o f  carr iers ,  
the  tu rnover  a n d  the efflux rate.  

The  initial ra te  o f  A M G  up take  (15 rain) was  mea-  
sured as a funct ion  o f  the A M G  concent ra t ion ,  r ang ing  
f rom 0.1 to  10 m M .  Even a t  the highest  A M G  con-  
cent ra t ion ,  the A M G  uptake  was  l inear  du r ing  the 15 
min  per iod.  The  kinet ic  pa ramete r s  for  A M G  up take  in 
O K  a n d  in L L C - P K  t, measured  u n d e r  the same condi -  
t ions,  are  summar ized  in Table  1. The  a p p a r e n t  K m for  
A M G  up take  is s ignif icant ly higher  for  the c a r d e r  o f  
O K  as  c o m p a r e d  to the one  o f  L L C - P K  t. It should  be  
po in ted  ou t  tha t  A M G  up take  in the presence o f  
phlor izin (10 t aM-1  raM;  the ra t io  A M G / p h i o r i z i n  was  
kept  cons tan t )  cont r ibutes  on ly  a few % to the total  
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Fig. 3. Scatchard plot of the Na+-dependent component of equi- 
librium [3H~hlorizin binding to OK and LLC-PK s monalayers. Cells 
were seeded at a concentration of 20000 cells/era 2. Binding was 
measured to t0-days-old OK (O) and 7-days-old LLC-PK I (o) cells 
for a phlorizin concentration range of 0.01-0.12 ,aM. For each point, 
phlorizin binding in the absence of Na + was subtracted from the 
corresponding value in Na+-containing medium. Each value is an 
average of four determinafions4-S.D. Straight lines were fitted to the 

data using least-squares determinations. 
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uptake .  This  phlorizin-insensit ive A M G  permeabi l i ty  
a m o u n t e d  to  0.1 / t l / m g  pro te in  per  min  (da t a  not  
shown).  

The  Vm~ is a func t ion  o f  the  tu rnover  f requency a n d  
o f  the  n u m b e r  o f  carr iers .  This  second pa rame te r  was  
de te rmined  b y  measu r ing  the Na+-dependen t  phlor izin 
b ind ing  a f te r  12 min  o f  incubat ion .  It was  verified tha t  
[3H]phlor iz in  b ind ing  reached a n  equi l ibr ium within  5 
min  ( d a t a  no t  shown) .  The  d a t a  for  O K  a n d  for  LLC-  
PKt  a re  presen ted  as  a Sca tchard  p lo t  (Fig. 3). The  
a p p a r e n t  d issocia t ion  cons t an t  ( K d )  for  Na+-dependen t  
phlor iz in  b ind ing  is s ignif icant ly  lower  for  O K  (0.025 
/tM} than  for  L L C - P K  t (0 .086/ tM) .  The  Ko. 5 for  inhibi-  
t ion o f  A M G  t ranspor t  iv. O K  cells b y  phlor izin is 0.035 
/ tM. This  value will be  close to the K i, s ince the 
subs t ra te  concen t r a t i on  (0.1 mM)  is much  below the 
a p p a r e n t  K m for  A M G  uptake.  Phlorizin thus  b inds  
with a h igher  af f in i ty  to the carr ier  o f  O K  cells a n d  

TABLE 1 

Summary of the kinetic data for the hexose carrier in OK and LLC-PK I cells 

Cells were seeded at a concentration of 20000 cells/cm 2 in EMEM with an initial n-glucose concentration of i raM. The data were obtained after 7 
days for LLC-PK I and after l0 days for OK. 

Accumulation Apparent V ~  + S.D. Efflux rate constant 
at steady state K m + S.D. (nmol/mg protein per min) _+ S.D. 
(nmol/mg protein per h) (mM) (I/h) 

LLC-PK l l 18.4 l .l + 0.l 33.8 + 2.3 0.35 + 0.07 
OK 16.6 2.94-0.4 17.1 4-0.9 0.69 + 0.15 



TABLE II 

Influence of different sugars on the AM(; uptake in OK and LLC-PK I 
cells 

Initial uptakes (10 rain) of [14C]AMG (0.l mM) were measured in the 
absence and presence of 10 mM of the different sugars. Averages 4- S.D. 
of four measurements are Oven. 

Sugar AMG uptake relative to control 4- S.D. 

LLC-PK l OK 

Control 100+ l0 100 + 11 
D-Fructose 99+ 2 117+24 
D-Mannose 85+13 934- 5 
2-Deoxy*D-glucose 85+13 934- 7 
3OMG 94+ 5 90+13 
D-Xylose 90+ 6 86+ 4 
D-Galactose 31+ ! 454- 9 
AMG 10+ 2 204- 2 
D-Glucose 4+ l 214- 1 

inhibits  A M G  uptake  more efficiently than for LLC-PK t 
cells. From Fig. 3, i t  can also be observed that  the 
number  of phlorizin binding sites is slightly larger for 
O K  (1.51 p m o l / m g  protein) than for LLC-PK t cells 
(1.09 p m o l / m g  protein), i n  a parallel  experiment  we 
have determined the Vm~ for A M G  uptake  in identical 
condit ions as used for the phlorizin binding. From these 
data,  turnover values were calculated. The values for 
O K  (158/s)  and for LLC-PK t (165/s )  are nearly identi- 
cal. 

Steady-state accumulat ion is an  equi l ibr ium between 
influx and efflux. To determine the efflnx rate, mono- 
layers were incubated with radioactive labelled A M G  
for 1 h. Thereafter, the cells were transferred for differ- 

ent  t ime periods to HBSS containing 10/~M phlorizin. 
An exponential  curve was fitted to these da ta  (not 
shown). In Table  I the rate constants are given for both 
cell lines. The efflux rate constant  for A M G  is signifi- 
cantly larger for OK than for LLC-PK t. 

Effect of sugar analogs on AMG uptake 
In order  to determine the sp~i f ic i ty  of the Na+-de- 

pendent  hexose carrier  of OK, initial  uptakes (10 rain) 
of 0.1 mM radioactive labelled A M G  were measured in 
the presence of a number  of sugar analogs at  a con- 
centrat ion of 10 raM. The results are presented in Table  
lI. D-Xylose had a slight inhibitory effect on A M G  
uptake. D-Galactose, D-glucose and A M G  itself in- 
hibited the uptake  by 55, 80 and 79~, respectively. We 
found a s imilar  result for LLC-PK t, except that  the 
inhibi tory effect of D-galactose, D-glucose and A M G  
was larger: 69, 96 and 90~o, respectively. The rat io of 
the inhibit ion by D-glucose and D-galactose is ap-  
proximately the same for both cell lines. 

We confirmed the effects of cytochalasin B and 
phlorizin on the initial  uptake  of D-glucose and A M G  
in OK cells [13]. Phlorizin inhibits A M G  uptake almost  
completely, but  has only a small inhibitory effect on 
D-glucose uptake  (20~). On the other hand, D-glucose 
uptake is par t ly  cytochalasin-B-sensitive (65~), while 
this inhibi tor  of the facili tated diffusion carrier has no 
effect on the A M G  uptake  in OK cells. Phloretin in- 
hibited D-glucose uptake  to the same extent as cyto- 
chalasin B (70~) and it  was also found that  inhibit ion 
by phlorizin was addit ive to the inhibition by either 
cytochalasin B or phloretin (cumulati~,e "nhibition: 85 
and 87~,  respectively). 
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Fig. 4. Influence of D-glucose on AMG uptake in OK cells. (A) Initial (10 min) uptakes were measured in the presence of 0.l mM (O) and 0.5 mM 
(o) radioactive labelled AMG.The concentration of D-glucose was varied as indicated. The results are presented as a Dixon plot. (B) The cells were 
seeded at a concentration of lSl~0 cells/cm 2. AC=0~r l0 days, the apparent K m and the Vma ~ for AMG uptake were determined in the absence (Q) 
and in the presence (o) of 2 mM D-glucose. Each point is an average of four determinations + S.D. In both conditions, a Michaells-Menten curve is 

fitted to the data. The inset shows a detail of the Lineweaver-Burk transformation of the Michaelis-Menten curves. 



The phlorizin-sensitive pa r t  o f  the initial up take  o f  
o-glucose  in 12-days-old O K  monolayers  a m o u n t s  to 
0.03 n m o l / m g  prote in  per  min.  "lifts is very low com-  
pa red  to the initial up take  of  A M G ,  which  is 0.70 
n m o l / m g  prote in  per  rain unde r  the same condi t ions .  
The  interact ion o f  D-glucose wi th  the A M G  b ind ing  site 
was  therefore examined.  D-Glucose (10 raM)  is as effec- 
tive in inhibi t ing [14C]AMG uptake  as  10 m M  A M G  
(Table II). F r o m  a Dixon  plot  (Fig.  4A),  a n  a p p a r e n t  K i 
for  D-glucose o f  2.6 m M  is derived.  A near ly  identical  
value (2.2 mM)  was  found  when the same exper iment  
was  done  in the presence o f  cy tocha las in  B (not  :;hown). 

T o  de te rmine  the na tu re  o f  the inhibi t ion,  the in-  
f luence of  D-glucose o n  the a p p a r e n t  K m a n d  o n  the 
Vm~ for  A M G  up take  were  de termined.  Initial  up takes  
o f  A M G  (15 min)  were  measured  in the  presence o f  
different  initial A M G  concentra t ions .  This  was  done  in 
the absence  a n d  presence o f  2 m M  D-glucose (Fig. 4B). 
A Michael is -Menten curve was  fi t ted to the da ta .  In the  
absence  o f  D-glucose, the ca lcula ted  a p p a r e n t  K m + S.D. 
is 3.2+_0.2 m M  a n d  the Vm~,+ S.D. is 12.7 +-0.4 
n m o l / m g  prote in  per  rain. In the presence o f  2 m M  
D-glucose, thc  K m "4- S.D. is 7.5 + 1.5 m M  a n d  the Vm~ ~ 
_+ S.D. is 13.1 + 1.5 n m o l / m g  prote in  per  min.  This  

indicates  tha t  D-glucose inhibits  A M G  t ranspor t  in a 
compet i t ive  way.  

Discussion 

The  s teady-s ta te  A M G  accumula t ion  c a n  reach  a 
much  h igher  value for  L L C - P K t  than  for  O K .  F o r  
L L C - P K  t, it  is r epor ted  tha t  ~.his accumula t ing  capac i ty  
is d e p e n d e n t  o n  the t ime in cu l ture  a n d  o n  the D-glu- 
cose concen t r a t i on  in the g rowth  medium [29]. F o r  O K .  
the accumula t i ng  capac i ty  also increases a f te r  con-  
f luency a n d  reaches  a maximal  value 3 days  a f te r  con-  
f luency. However ,  this level is no t  s ignif icantly al tered 
b y  the  D-glucose concen t ra t ion  in the  g rowth  medium 

(Fig. 1). The  d o w n -  o r  up regn la to ry  mechan i sm in a 
high o r  low D-glucose medium,  respectively, seems to  be  
absen t  in O K  cells. This  makes  it easier  to  cont ro l  the 
deve lopment  o f  the  carr ier ,  as  f luc tuat ions  o f  the D-glu- 
cose concen t r a t i on  t h roughou t  a n  exper iment  have  n o  
inf luence o n  the  expression level o f  the carr ier .  

A lack o f  upregn la t ion  in response to  a low D-glucose 
concen t r a t ion  c a n  b e  responsible  for  the lower s teady-  
s ta te  A M G  accumula t i on  in O K .  However ,  this is pa r t l y  
also due  to  a d i f ference in kinet ic  parameters .  F o r  O K .  

TABLE I11 

Characteristics of the Na +-dependent hexose transporter in cultured ceils 

M, monolayer; V, vesicle preparations; Vma x and Kin, kinetic constants for substrate transport; K d, phlorizin dissociation constant; /t'i, kinetic 
constant for inhibition of bexose transport by phlorizin: B ~ ,  number of phlorizin binding sites. 

Cell type Substrate Na + : S Vma x K m Phlorizin binding Re£ 
(nmol/mg protein per min) (raM) Kd ( Ki ) Bmax 

(ttM) (pmol/mg protein) 

Prima~ cells 
rabbit proximal M 
tubule M 

M 
flounder renal M 
tubule 

Established cells 
LLC-PKI M 

M 
M 
M 
M 
M 
V 
V 
V 
V 

OK M 

CACO-2 M 

AMG 2 : 1 0.33 0.16 9 8 
AMG 2 : 1 0.14 0.80 7 
D-glucose 3.54 33~ 
D-glucose 5 ~ 0.16 

AMG 18.2 a 0.59 
AMG 3.5 b 0.75 
AMG 2:1 10.8, 33.8 c 1.1 
D-glucose 2 : 1 22 a 0.21 

AMG 2:1 3 2 
AMG 2 : 1 5 10 
o-glucose 5.8 0,3 
o-glucose 5 3.8 
AMG 1 : 1 17.1 2,9 

AMG 2:1  0.41 3.1 

35 
1.2 0.3 d 25, 31 
0.086 1.09 this study 

23. 35 
0.2 0.25. 0.8 c 30 
0.080 2.2 32 
0.2, 0.4, 2.5 f 11.6 21.34 

22 
37 

0.033 0.67 33 
0.025 1.5 this study 

9 

a Data obtained by electrophysiological techniques, units are/tA/cm 2. 
b Units are/~mol/h per mg DNA. 
c Values at high and low D-glucnse. respectively. 
d Units are ~trml/g DNA. 
• Units are in pmol/106 cells for high and low D-glucose, respectively. 
t Values at 500 mM, 266 mM and 100 raM Na +. respectively. 



a 2-times higher efflux rate and a considerably lower 
affinity for AMG were found (Table I). The latter is 
certainly important, taking into account that the AMG 
concentration in the uptake medium is much lower than 
the apparent Km. As a consequence, when Vma ~ values 
are compared, the differences between both cell lines 
are much smaller than these found for the steady.state 
~MG accumulation. The Vma~ values for OK and for 
LLC-PK I cells (Table I) are in any case much higher 
than the Vm~x values found for AMG transport in other 
cultured cells (Table II1). 

The comparatively high level of AMG transport is 
correlated to the number of hexose carriers as well as to 
the turnover frequency of these carriers. In this study, 
we have found a Bm~ ~ for Na+-dependent phlorizin 
binding of 1.5 pmol /mg  protein for OK and of 1.09 
pmol /mg  protein for LLC-PK~. The latter value is 
again very much dependent on the D-glucose concentra- 
tion in the growth medium. Reported values for LLC- 
PK I monolayers (Table IIl), when expressed in the same 
units (pmol /mg protein), vary at least over a 10-fold 
range. The turnover values for OK (158/s) and for 
LLC-PK I (165/s) are very similar and are also in 
excellent agreement with reported values for LLC-PK~ 
cells (170/s [32] and 12.5/s [33]). 

Ample evidence has been obtained for the occurrence 
of both a low-affinity type of Na+-dependent he.xose 
transporter with 1 : 1 Na+: substrate stoichiometry and 
a high-affinity type with 2 :1  stoichiometry. Most cell 
lines examined thus far express the carrier with a 
Na + :substrate stoichiometry of 2:1  (Table Ill). This 
carrier is typical for the pars recta as found in prepara- 
tions from rabbit outer r:.~lulla [16]. OK monolayers 
differ from LLC-PK I with respect to the Na + depen- 
dence of initial AMG uptake, it should be pointed out 
that the mnnolayer technique makes the interpretation 
of the Na + dependence more difficult due to possible 
effects on other cellular parameters such as the mem- 
brane potential. A more reliable determination of the 
stoichiome~ry requires a study with membrane vesicles 
in which the membrane potential is short-circuited 
[13,34]. Nevertheless, our observations are at least indi- 
cative for different kinetics in both cell lines, and sug- 
gest a 1 : 1 stoichiometry in OK cells. 

A comparison of the apparent Km values for the 
substrates (AMG or D-glucose) reveals further hetero- 
geneity. The LLC-PK1 cell line is very well documented 
in this respect, but  there is considerable variability 
among the data, particularly for the vesicle preparations 
(Table III). When only the studies in monolayers are 
taken into account, the experimental parameters are 
more constant (Na + ffi 140 mM, temperature 37°C) and 
the data agree much better. It then becomes evident 
that the apparent K m for AMG uptake in the primary 
cells and in LLC-PK I is below or around 1 mM. By 
direct comparison in identical experimental conditions 

we have found that the affinity for AMG is 3-times 
lower in OK cells than in LLC-PKI cells. Moreover, 
with respect to D-glucose as a substrate, there is an even 
larger (---10-fold) difference between both cell lines. 
This is concluded from our observation that the affinity 
of the OK carrier for D-glucose is approximately the 
same as for AMG itself (Fig. 4A and Table If), whereas 
the LLC-PK I carrier has a 3-fold higher affinity for the 
former snbstrate [35]. The difference in the substrate 
binding site of the hexose carrier in both cell lines is 
also evident from a comparison of the phlorizin bind- 
ing. In this case, however, it is the carrier of OK which 
has the higher affinity. The inverse relationship between 
the interaction with the substrates on one hand and 
with phlorizin on the other suggests that the binding site 
of the OK carrier favors hydrophobic interactions. 

A peculiar characteristic of the OK cell line, already 
observed by Malmstrdm et al. [13], is that D-glucose 
seems to be a poor substrate for the phlorizin-sensitive 
hexose carrier. The low activity of phlorizin-sensitive 
D-glucose transport in OK is not due to a dramatic 
difference in the affinity of the carrier for D-glucose 
compared to AMG. D-Glucose was as effective in in- 
hibiting the phlorizin-sensitive [14C]AMG uptake as 
AMG itself (Table II). Furthermore, the inhibition of 
AMG transport by D-glucose is purely competitive and 
the inhibition constant (K~) is of the same order of 
magnitude as the K~, for AMG transport (Fig. 4A, B). 

It is evident from the effect of inhibitors on the 
initial uptake of D-glucose that this uptake is primarily 
via a cytoehalasin B-sensitive pathway. The phlorizin- 
sensitive pathway accounts for only 20~ of the total 
D-glucose uptake. That a similar behavior is not ob- 
served for LLC-PK m could be due merely to a higher 
permeability of the intercellular junctions in OK, favor- 
ing the basolateral pathway of cytochalasin B-depen- 
dent uptake. However this does not explain why the 
initial rate of phlorizin-sensitive uptake in OK is about 
20-times lower than the initial uptake of AMG mea- 
sured nnder the same conditions (0.1 mM substrate). 
Moreover, a very poor phlorizin-~ensitive uptake rate 
for D-glucose, as compared to AMG, was also found in 
vesicle preparations from C,K [13]. These data, taken 
together with the observation that there is no difference 
in the affinity for both substrates indicate a much lower 
Vm~ ~ for D-glucose than for AMG uptake. This also 
implies a much lower turnover frequency for D-glucose. 
This is in contrast to LLC-PK I cells, where very similar 
Vm~ ~ values for both substrates were found [35]. The 
result for OK cells could be due to a malfunction in the 
translocation step with D-glucose as a substrate or an 
effect of D-glucose on the intracellular binding site. The 
latter, however, seems unlikely, since cytochalasin B had 
no significant influence on the inhibitory effect of D- 
glucose on AMG transport. 

in conclusion, our data show that the hexose carrier 
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of O K  shares some characteristics with the carrier of  
LLC-PK~, but  differs with respect to the substrate 
binding site and with respect to the N a  + dependence of  
A M G  uptake. This suggests that  O K  cells express a 
carrier which is similar in some respect to the low-affin- 
ity carrier with 1 :1  stoichiometry found in the early 
par t  of  the proximal tubule. It  also supports the view 
that multiple types of  carrier may  coexist in the prox- 
imal tubule covering a broad range of  substrate affini- 
ties. Furthermore,  our  da ta  indicate that O K  cells are  a 
valuable alternative to LLC-PK t for the study of  the 
development  and expression of  the Na+-dependent  
hexose carrier. The  absence of  up- and downregulation 
of  the carrier by  the D-glucose concentration in the 
medium makes it easier to examine and interpret the 
influence of  other  parameters.  Finally, the malfunction 
with respect to the turnover frequency for D-glucose 
could be important  in unravelling the molecular  mecha-  
nism of Na+-dependent  hexose transport.  
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