Biochimica et Biophysica Acta, 979 (1989) 91-98 9
Elsevier

BBA 74315

Characteristics of Na*-dependent hexose transport in OK,
an established renal epithelial cell line

Ludo Van den Bosch, Humbert De Smedt and Roger Borghgraef

L voor e, Katholick

it Leuven, Leuven (Belgiun)

(Received 25 May 1988)
(Revised manuscript received 2 November 1988)

Key words: Hexose transpori: Phlorizin binding: Sodium ion cotransport; (Opossum kidney cell line)

The ch istics of Na*-dep hexose uptake were determined for monolayers of OK, an established renal
epithelial cell line derived from an opossum kidney. A comparison is made with other cultured cells, particularly
LLC-PK,. The capacity to a-methyl 1 ide (AMG) in OK cells develops with time, reaching a
maximum level of 18 nmol/mg protein per ll, 3 days after confiuency. In contrast to LLC-PK,, this level is not
infl d by the medium D-glucose AMG uptake in OK cells was characterized by an apparent K, of
2.9 mM and a V,, of 17.1 nmol /mg protein per min. For Na*-dependent phlorisin binding, a K, of 0.025 tM and a
B, of 1.5 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, a high level of expression, its substrate 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 the affinity for phlorizin is 3-times higher in OK than in LLC-PK,. The Na™ dependence of
AMG uptake was also different for both cell lines and suggested for OK cells a 1:1, Na™* : substrate stoichiometry. in
OK cells, the phlorizin-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 trznslocation 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 in

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 derivec from an
American opossum kidney. For both cell lines, no kinetic
characterization of the carrier was made. Malmstrom et
al. [13] reported for the carrier of OK that it transports

cultured epithelial cells were done with LLC-PK,, 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 adenocarcinoma cell line from human
colon [9].Recently, two other renal established cell lines,

AMG, thyl 30MG, 3-0-methyl-p-
glucose; HBSS, Hanks balanced salt solution; EMEM, Eagle’s
minimal essential medium; Hepes. 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid; SDS, sodium dodecyl sulfate.

Correspondence: H. De Smedt, Laboratorium voor Fysiologie,
‘Campus Gasthuisberg. K.U. Leuven, B-3000 Leuven, Belgium.

the bolizable analog AMG, but not D-glucose
The kmencs of Na -ooup!ed sugar lranspon in renal
and i 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-
cluslon |s that at least two systems wnh different bio-
istics are ly located along

the proximal tubule. A high-capacity, low -affinity sys-
tem with a Na*: D-glucose stoichiometry of 1:1 is
located in the early proximal tubule and a low-capacity,
high-affinity system with a stoichiometry of 2:1 is
found in the late proximal tubule. For intestine, no
separation of brush-border membrane vesicles with dif-
feren®. hexose t sy could be achieved. Nev-

ertheless, there is also evid that two Na*-depend
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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 cul offer the opp ity to study the ex-
pression of a single type of hexose carrier. For LLC-PK,,
in particular, it was shown that only the hlgh-al’f' nity
hexose carrier with a Na* : sut y of

labelled AMG, *H-labelled 30MG or *H-labelled D-
glucose dissolved in HBSS. The final concentration of
these sugars was 0.1 mM. The transport process was
efficiently stopped by aspil g the medium and wash-
ing the monolayer twice wnh 2.5 ml ice-cold HBSS
(total time, 20 s). The monolayers were solubxhzed in
2% SDS. Radioacti d using I 111
(Packard) as scmullauon llqmd When the Na* con-

2:1 is expressed {21-23]. ln view of the observed het-
erogeneity, it was of interest to analyse in detail the
properties of the hexose uptake in OK celis. 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,, e.g., turnover freq

centration of the uptake medium was lowered, it was
replaced by N-methyl-l)-glucamme

The Na*-d binding was de-
termined at 37°C in lhc presence or absence of 140
mM Na*. The monolayers were first washed twice with
2.5 ml HBSS (+ /- Na*). Thereafter, 0.39 ml HBSS
(+/—Na™*) was added. The binding study was started
by adding 0.01 ml of a stock soluuon conlammg dlt‘fer-
ent of radi

Y
and carrier density. On the other hand, we find a
significantly lower affinity for AMG uptake and no
dramatic upregulation of the carrier level in response to
a low p-gl ion in the medi 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,. In contrast to the lower affinity for AMG, philori-
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

(0.6-6.6 uCi/mi). Before aspirating the medmm 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 d using a 1 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.

["*CIAMG, [*H]30MG and p{*H]glucose were from

OK. Another point of interest was the poor port of
D-glucose reponed for OK [13]. We found that, despite
this, D-gh in a itive manner with
the AMG binding site of the Na *-dependent hexose
carrier. P-Glucose has an affinity for this site similar to
that of AMG itself.

Material and Methods

LLC-PK, cells (American Type Culture collection,
CRL-1392/CL 101) were obtained through Flow
Laboratories and were used between passages 187 and
202. OK cells were a kind gift of Dr. J. Biber (Institute
of Physiology, Zurich). They were used between pas-
sages 82 and 97. The cells were grown at 37°C in a
humidified 5% CO, atmosphere. The medium was
EMEM supplemented with 3.5 mM L-glutamine, 0.9%
(v/v) non-essential amino acids, 87 pg/ml streptomy-
cin, 87 1U/ml penicillin and 10% fetal calf serum.

During the uptake procedure, the wells (12-well clus-
ter, Costar, 3.8 cm?) were fixed on a thermostated plate
(37°C) and placed on a mechanical shaker. The medium
was aspirated and the s 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 '*C-

Amersham. [*H]Phl was from NEN. Nonradioac-
tive AMG, 30MG 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 uptake 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 min
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,. We confirmed that the
initial 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-PX, [25],
we conclude that uptake of AMG in OK cells occurs for
more than 95% via the Na*-dependent, phlorizin-sensi-
tive pathway.

Compared to AMG, 30MG is only a poor substrate
for the Na*-dependent hexose ter {26]. Also for
OK cells we find that 30MG uptake is Na*- and




phlorizin-insensitive (data not shown), 30MG uptake is
not a concentrative process and, as pointed out for
LLC-PK, [27,28], the steady-state value can be used as
an estimation for cell water. In the presence of 140 mM

a”, the 30MG space includes both cell water and the
space under the monolayer (domes). We have found 8.4
and 144 pl/mg protein for OK and LLC-PK,, respec-
tively. In the absence of Na*, the domes di The
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high p-glucose on the that confl y
is hed. The D-gl ion was itored
throughout the experiment (Fig. 1B). The initial D-glu-
cose concentration in the high p-glucose medium was
26.5 mM. The OK cells imally 1 d the medi

D-glucose by 25%. This was accompanied by high acid
producuon, as shown by the colour change of the

values which then more closely reflect cell water were
73 and 8.6 pl/mg protein for OK and LLC-PK,,
respectively. This result also agrees with the observation
that LLC-PK, develops more and larger domes than
OK.
Develop of the AMG lation and infl of
medium D-glucose

We have evaluated the influence of the time in
culture and of the D-glucose concentraticn in the

dium on the steady-stat fation in OK (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. 1. Development of the AMG accumulating capacity for OK
monolayers: Time dependence and influence of the medium D-glucose
concentration. The same symbols are used to indicate the AMG
uptake (A) and to give the respective p-glucose concentration in the
medium (B). Cells were seeded on day 0 at a concentraiion of 20000
cells/cm’. This was done in EMEM with a normal p-glucose con-
centration (approx. 5 mM, 8). On day 4, the medium was changed
and two medium conditions were created: EMEM with a high p-glu-
cose concentration (O) and EMEM with a low D-glucose concentra-
tion (@). 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.

Medium with low D-gl d initially
1.4 mM p-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).

Accumulation of AMG, in OK cells as well as in
LLC-PK,, only becomes detectable on day 4. at the
time cul reach fl y. From that on,
the uptake capacity of OK increases 10 a maximal
steady-state level of approx. 18 nmol/mg protein per h.
This level is considerably lower than the highest uptakes
found for LLC-PK,. We found under the same condi-
tions values for steady-state AMG accumulation in
LLC-PK, between 100 and 150 nmol/mg protein per h
{(data not shown).

In LLC-PK,, 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 concentration to the same extent as in
LLC-PK,. 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 AMG accumula-
tion could be detected. Under the same conditions, we
found for LLC-PK, after 1 and 3 days of treatment a
60 and 153% higher uptake, respectively (not shown).
Reported effects for up- and downregulation in LLC-
PK, amount to at least 5-fold hugher uptake values in
low pared to high D-gl

Na* : AMG stoichiometry
We have measured initial (15 min) AMG uptake in

OK monolayers as a fi of the Na* ation
in the uptake medium. The Na*-dependent uptake fol-
lows a Michaelis-M type d on the Na*

concentration with a V,,,, + S.D. of 4.0 + 0.4 nmol/mg
protein per min and an apparent K, + S.D. of 148 + 24
mM (Fig. 2). If the data are analysed in a Hill plot (Fig.
2, inset), the slope + S.D. of the least squares is 1.03 +
0.03. An AMG concentration of 1 mM was used in
order to approach more closely the saturation velocity.
At 0.1 mM AMG, however, essentially the same behav-
ior was found (V,,,, = 0.47 nmol/mg protein per min,
K, =213 mM and n=1.07). A similar experiment was
done for LLC-PK,; monolayers and this resuited in a
Hill coefficient + S.D. of 1.7 + 0.3 (data not shown).
This observation illustrates the difference between OK
and LLC-PK, and is in favor of a different stoichiome-
try for both cell lines.



94

A
1

(nlNa*}

3
™

~

T

= =
\

AMG uptake(nmol/mg protein/min)

(L] =
H
./§ £
o / 2
o” -
o
PN S S R S S S S a— !
[ 2 40 60 80 00 120

Na* concentration (mM)

Fig. 2. Na*-dependence of AMG uptake in OK monolayers. Cells
were seeded at a concentration of 20000 cells/cm?. Initial (15 min)
uptakes were measured in the presence of 1 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 ¥, was
obtained from the Michaelis-Menten fit. Each point is an average of
three determinations + S.D.

Kinetic analysis of AMG uptake
LLC-PK, cells, grown for 7 days in a low-D-glucose
medium, show a 7-fold higher AMG lation than
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Fig. 3. Scatchard plot of the Na*-dependent component of equi-
librium [*HJphlorizin binding 10 OK and LLC-PK, monolayers. Cells
were seeded at a concentration of 20000 cells/cn’. Binding was
measured to 10-days-old OK (@) and 7-days-old LLC-PK, (O) cells
for a phlorizin concentration range of 0.01-0.12 gM. For each point,
phlorizin binding in the absence of Na* was subtracted from the
ding value in Na*. medium. Each value is an
average of four determinations +S$.D. Straight lines were fitted to the
data using least-squares determinations.

o

uptake. This phlorizin-insensitive AMG permeability
d to 0.1 pl/mg protein per min (data not

10—days-old OK cells (Table I). This steady-state accu-

pendent on four p the afﬁmly
of the carrier for the substrate, the number of carriers,
the turnover and the efflux rate.

The initial rate of AMG uptake (15 min) was mea-
sured as a function of the AMG corcentration, ranging
from 0.1 to 10 mM. Even at the highest AMG con-
centration, the AMG uptake was linear during the 15
min period. The kinetic parameters for AMG uptake in
OK and in LLC-PK,, measured under the same condi-
tions, are summarized in Table L. The apparent K, for
AMG uptake is significantly higher for the carrier of
OK as compared to the one of LLC-PK,. It should be

shown).

The V,,,, is a function of the turnover frequency and
of the number of carriers. This second parameter was
determined by measuring the Na*-dependent phlorizin
binding after 12 min of incubation. It was verified that
[*H]phlorizin binding reached an equilibrium within 5
min (data not shown). The data for OK and for LLC-
PK,; are presemed as a Scatchard plot (Fig. 3). The
(Ky) for Na*-dependent
phlonzm binding is significantly lower for OK (0.025
1M) than for LLC-PK,, (0.086 uM). The K for inhibi-
tion of AMG transport ir OK cells by phlorizin is 0.035
p.M This value will be close to the K;, since the

pointed out that AMG uptake in the p of
phlorizin (10 pM-1 mM; the ratio AMG/phlorizin was
kept constant) contributes only z few % to the total

TABLE |

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

ion (0.1 mM) is much below the
apparent K, for AMG uptake. Phiorizin thus binds
with a higher affinity to the carrier of OK cells and

Cells were seeded at a concentration of 20000 cells/cm? in EMEM with an initial D-glucose concentration of 1 mM. The data were obtained after 7

days for LLC-PK, and after 10 days for OK.

Accumulation Apparent Vinax £8.D. Efflux rate constant
at steady state Ko £S.D. {(nmol/mg protein per min) +S.D.
(nmol/mg protein per h) (mM) (1/h)

LLC-PK, 1184 11+01 338+23 0.35+0.07

OK 16.6 29+04 17.1£09 0694015




TABLE 1l
Influence of different sugars on the AMG uptake in OK and LLC-PK,
cells

Initial uptakes (10 min) of {'*CJAMG (0.1 mM) were measured in the
absence and presence of 10 mM of the different sugars. Averages +5.D.
of four measurements are given.

Sugar AMG uptake relative to contrel +S.D.

%)

LLC-PK, OK
Control 100+10 10011
D-Fructose 9+ 2 17+24
D-Mannose 85413 93+ 5
2-Deoxy-p-glucose 85413 93+ 7
3OMG 94t 5 9013
p-Xylose 0t 6 86+ 4
D-Galactose 31+ 1 45+ 9
AMG 10+ 2 20+ 2
D-Glucose 4t 1 21t 1

inhibits AMG uptake more efficiently than for LLC-PK,
cells. From Fig. 3, it can also be observed that the
number of phlorizin binding sites is slightly larger for
OK (1.51 pmol/mg protein) than for LLC-PK, cells
(1.09 pmol/mg protein). In a parallel experiment we
have determined the ¥,,,, for AMG uptake in identical
conditions as used for the phlorizin binding. From these
data, turnover values were calculated. The values for
OK (158/s) and for LLC-PK, (165/s) are nearly identi-
cal.

Steady-state accumulation is an equilibrium between
influx and efflux. To determine the efflux rate, mono-
layers were incubated with radi labelled AMG
for 1 h. Thereafter, the cells were transferred for differ-
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ent time periods to HBSS containing 10 M phlorizin.
An exponential curve was fitted to these data (not
shown). In Table I the rate constants are given for both
cell lines. The efflux rate constant for AMG is signifi-
cantly larger for OK than for LLC-PK,.

Effect of sugar analogs on AMG uptake

In order to determine the specificity of the Na*-de-
pendent hexose carrier of OK. initial uptakes (10 min)
of 0.1 mM radi iabelled AMG were din
the presence of a number of sugar analogs at a con-
centration of 10 mM. The results are presented in Table
II. p-Xylose had a slight inhibitory effect on AMG
uptake. D-Galactose, D-gluccse and AMG itself in-
hibited the uptake by 55, 80 and 79%, respectively. We
found a similar result for LLC-PK,, except that the
inhibitory effect of p-galactose. p-glucose and AMG
was larger: 69, 96 and 90%, respectively. The ratio of
the inhibition 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 AMG
in OK cells [13]). Phlorizin inhibits AMG uptake almost
completely, but has only a small inhibitory effect on
D-glucose uptake (20%). On the other hand, D-glucose
uptake is partly cytochalasin-B-sensitive (65%), while
this inhibitor of the facilitated diffusion carrier has no
effect on the AMG 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 inhibition
by phlorizin was addmve to the lnhlbmon by either

hal Borp 85
and 87%, respecuvely)

3
T
@
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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 0.1 mM (@) and 0.5 mM

(©) 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 15000 cells/cm®. After 10 days. the apparent K, and me x for AMG uptake were dttermmed in the absence (8)

and in the presence (O) of 2 mM p-glucose. Each point is an average of four S.D. In both conditi a is-Mq curve is
fitted 10 the data. The inset shows a detail of the Li Burk ion of the Mi is-M curves.
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The phlorizin-sensitive part of the initial uptake of

p-glucose in 12-days-old OK S o

0.03 nmol/mg protein per min. This is very low com-
pared to the initial uptake of AMG, which is 0.70
nmol/mg protein per min under the same conditions.
The interaction of p-glucose with the AMG binding site
was therefore examined. D-Glucose (10 mM) is as effec-
tive in inhibiting [**CJAMG uptake as 10 mM AMG

indi that p-gl inhibits AMG port in a
petitive way.

Discussion
The steady-state AMG i} can reach a

much higher value for LLC-PK, than for OK. For
LL (' -PK,, it is reported that this accumulating capacity

(Table II). From a Dixon plot (Fig. 4A), an app K;
for D-glucose of 2.6 mM is derived. A nearly identical

is d dent on the time in culture and on the p-glu-

value (2.2 mM) was found when the same expcriment
was done in the presence of cytochalasin B (not shown).

To determine the nature of the inhibition, the in-
fluence of D-glucose on the apparent K, and on the
V,ax for AMG uptake were determined. Initial uptakes
of AMG (15 min) were measured in the presence of
different initial AMG concentrations. This was done in
the absence and presence of 2 mM p-glucose (Fig. 4B).
A Michaelis-Menten curve was fitted to the data. In the
b of p-gl the calculated app K,+SD.
is 32402 mM and the V_, +SD. is 127104
nmol/mg protein per min. In the presence of 2 mM
p-glucose, the X, £SD.is 7.5+ 1.5 mM and the V,,
+8.D. is 13.1 + 1.5 nmol/mg protein per min. This

TABLE Il

Cl istics of the Na * -dependent hexose

in cultured cells

cose ion in the growlh medium [29]. For OK,
the lati also i after con-
fluency and reaches a maximal value 3 days after con-
fluency. However, this level is not significantly altered
by the D-glucose concentration in the growth medium
(Fig. 1). The down- or upregulatory mechanism in a
high or low D-glucose medium, respectively, seems 1o be
absent in OK cells. This makes it easier to control the
development of the camef, as fluctuations of the p-ghu-
cose t an i have no
influence on the exprﬁswn level of the carrier.

A lack of upregut: in resp to a low p-gli
i ponsible for the lower slcady-
state AMG It in OK. H this is partly

also due to a difference in kinetic parameters. For OK,

M, monolayer; V, vesicle preparations; ¥,,,, and K, kinetic constants for substrate transport; K. phlorizin dissociation constant; X, kinetic
constant for inhibition of hexose transport by phlorizin; By,,,. number of phlorizin binding sites.

Cell type Substrate  Na*:S Vg, K, Phlorizin binding Ref.
(nmol/mg protein per min)  (mM) W
(uM) (pmol/mg protein)
Primary cells
rabbit proximal M AMG 2:1 033 0.16 9 8
tubule M AMG 2:1 014 0.30 7
M D-glucose 3.54 36
floundersenal M D-glucose 5 0.16 38
tubule
Established cells
LLC-PK, M AMG 182° 0.59 35
M AMG 35" 075 12 03¢ 25,31
M AMG 2:1 108.33.8¢ 11 0.086 109 this study
M pglucose 2:1 2* 021 23,35
M 02 025.08° 30
M 0.080 22 32
v AMG 2:1 3 2 02,04.25° 116 21,34
v AMG 2:1 5 10 22
v D-glucose 58 03 37
VvV D-glucose 5 38 0.033 067 33
oK M  AMG 11 171 29 0025 15 this study
CACO-2 M AMG 2:1 041 31 9

3 Data obtaiued by electrophysiological techniques, units are gA/cm?.

® Units are pmol/h per mg DNA.
€ Values at high and low p-glucose, respectively.
4 Units are prol/g DNA.

© Units are in pmol/10° cells for high and low p-glucose, respectively.

 Values at 500 mM, 266 mM and 100 mM 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 app K, Asa when V,,,, values
are compared, lhe dlffcrenoes between both cell lines
are much smaller than these found for the steady-state
AMG accumulation. The ¥,,,, values for OK and for
LLC-PK, cells (Table I) are in any case much higher
than the V,,,, values found for AMG transport in other
cultured cells (Table III).

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 a2 B, 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, monolayers {Table III), 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, (165/s) are very similar and are also in
excellent agreement with reported values for LLC-PK,
cells (170/s [32] and 125/5 [33)).

Ample evidence has been obtained for the occurrence
of both a low-affinity type of Na*. -dependem hexose
transporter with 1:1 Na*: y and
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we have found that the affinity for AMG is 3-times
lower in OK cells than in LLC-PK, cells. Moreover.,
with respect 10 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 II), whereas
the LLC-PK, carrier has a 3-fold higher affinity for the
former substrate {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 Malmstrém et al. [13], is that D-glucose
seems to he 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 phlorizi ['*CJAMG uptake as
AMG itself (Table II). Furthermore, the inhibition of
AMG transport by D-glucose is purely competitive and
the lnhlbmon constant (K;) is of the same order of

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 III). This
carrier is typical for the pars recta as found in prepara-
tions from rabbit outer medulla [16]. OK )t
differ from LLC-PK, with respect to the Na* depen-
dence of initial AMG uptake It should be pointed out
that the )t it makes the i

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
stoichiometry 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 K,, values for the
substrates (AMG or D-glucose) reveals further hetero-
geneity. The LLC-PK, cell line is very well documented
in this respect, but there is considerable variability
among the data, particularly for the vesicle preparations
(Table I1I). When only the studles m monolayers are
taken into the are

de as the K, for AMG transport (Fig. 4A, B).
It is evident from the effect of inhibitors on the
initial uplake of D-glucose that this uptake is primarily
via a cytoch L . 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, could be due merely to a higher
permeability of the mtercellulnr Jjunctions in OK, favor-
ing the basol. | 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 under the same conditions (0.1 mM substrate).
Moreover, a very poor phlorizin-censitive uptake rate
ior n-glucose, as compared 10 AMG, was also found in
vesicle preparations from CK [13]. These data, taken
together with the observation that there is no difference
in the affinity for both substrates indicate a much lower
Vi for D-glucose than for AMG uptake. This also
implies a much lower y for p-gl
This is in contrast to LLC-PK, cells, where very y similar
Vipar values for both substrates were found [35]. The
result for OK cells could be due to a malfunction in the

more constant (Na* = 140 mM. temperature 37°C) and
the data agree much better. It then becomes evident
that the appa:em K,, for AMG uptake in the primary
cells and in LLC PK, is below or around 1 mM. By
direct Ty in 1 conditions

P

tr ion 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 p-
glucose on AMG transport.

In conclusion, our data show that the hexose carrier
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of OK shares some characteristics with the carrier of
LLC-PK,. but differs with respect to the substrate
binding site and with respect to the Na* dependence of
AMG uptake. This suggests that OK cells express a
carrier which is similar in some respect to the low-affin-
ity carrier with 1:1 stoichiometry found in the early
part 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 data indicate that OK cells are a
valuable alternative to LLC-PK, for the study of the
and ion of the Na*-dependent
hexose carrier. The absence of up- and downregulation
of the carrier by the p-glucose concentration in the
medmm makes it easier to examine and interpret the
£l of other p 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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