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Two Substrate Sites in the Renal Na+-D-Glucose Cotransporter Studied by Model 
Analysis of Phiorizin Binding and D-Glucose Transport Measurements 
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Summary. Time courses  of  phlorizin binding to the outside of 
membrane  vesicles from porcine renal outer  cortex and outer  
medulla were measured  and the obtained families of  binding 
curves  were fitted to different binding models.  To fit the experi- 
mental data a model with two binding sites was required. Opti- 
mal fits were obtained if a ratio of  low and high affinity phlorizin 
binding sites of  1 : 1 was assumed.  Na + increased the affinity of  
both binding sites. By an inside-negative membrane  potential the 
affinity of  the high affinity binding site (measured in the presence 
of 3 mm Na +) and of  the low affinity binding site (measured in the 
presence of  3 or 90 mM Na +) was increased.  Optimal fits were 
obtained when the rate cons tan ts  of  dissociation were not 
changed by the membrane  potential. In the presence of 90 mm 
Na + on both membrane  sides and with a clamped membrane  
potential, Kt~ values of  0.4 and 7.9 /xM were calculated for the 
low and high affinity phlorizin binding sites which were observed 
in outer  cortex and in outer  medulla.  Apparent  low and high 
affinity t ransport  sites were detected by measur ing the substrate 
dependence  of D-glucose uptake in membrane  vesicles from 
outer  cortex and outer  medulla which is s t imulated by an initial 
gradient of  90 mM Na § (out > in). Low and high affinity transport  
could be fitted with identical Km values in outer  cortex and outer  
medulla.  An inside-negative membrane  potential decreased the 
apparent  K,~ of h#,,h affinity t ransport  whereas  the apparent  K,n 
of low affinity t ransport  was not  changed.  The data show that in 
outer  cortex and outer  medulla of  pig high and low affinity Na*- 
D-glucose cotranspor ters  are present  which contain low and high 
affinity phlorizin binding sites, respectively.  It has to be eluci- 
dated from future exper iments  whether  equal amounts  of  low 
and high affinity t ransporters  are expressed  in both kidney re- 
gions or whether  the low and high affinity t ransporter  are parts 
of  the same glucose transport  molecule.  

Key Words coupled t r anspo r t ,  glucose transport  - substrate  
sites - brush-border  membrane  �9 proximal tubule �9 vesicles . 
phlorizin binding 

Introduction 

In the last few years knowledge concerning the 
Na+-D-glucose cotransporter has rapidly increased. 
For Na+-D-glucose cotransport in calf kidney a 
functional molecular weight of  345,000, and for 

phlorizin binding in rabbit kidney functional molec- 
ular weights of 230,000 and 110,000 have been de- 
termined by target size analysis [23, 31, 34]. With 
amino acid specific reagents a M~ 75,000 polypep- 
tide has been identified as a component of the intes- 
tinal transporter in rabbit [27, 28] and with cova- 
lently binding D-glucose analogs and monoclonal 
antibodies 110, 18, 25, 26] M, 75,000 and 47,001) 
polypeptides have been shown to be components of 
the renal transporter in pig and rat. Furthermore, a 
cDNA coding for a M~ 73,080 polypeptide was 
cloned from rabbit intestine which was able to 
drastically increase Na+-D-glucose cotransport in 
oocytes from Xenopus laeuis after injection of the 
corresponding mRNA [12]. It has been shown that 
the renal and intestinal Na+-D-glucose cotranspor- 
ters are asymmetric proteins, since Na + stimulation 
was only observed for D-glucose uptake from the 
luminal to the intracellar side of the membrane [14, 
19] and since only from the luminal side could Na ' -  
dependenl D-glucose uptake be inhibited by phlor- 
izin [19]. In membrane vesicles from outer cortex of 
rabbit kidneys low affinity D-glucose transport with 
high capacity and a Na+/D-glucose stoichiometry of 
1:1 [36, 37] and in membrane vesicles from outer 
medulla high affinity D-glucose transport with a 
Na+/D-glucose stoichiometry of 2:1 has been de- 
scribed [35]. However, both high and low affinity 
Na+-D-glucose cotransport has been recently de- 
tected in outer cortex of rat kidneys [3]. In intestine 
high and low affinity transport with different sensi- 
tivities to changes in temperature have also been 
described [4]. In a recent paper [38] it has been 
reported that oocytes from Xenopus laevis exhibit 
varying degrees of endogeneous activities of high 
plus low affinity Na+-D-glucose cotransport. 

The large functional molecular weights of phlor- 
izin binding and D-glucose transport in kidney 
which were estimated by target size analysis [23, 
31,34] may be explained by the assumption that the 
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t r a n s p o r t e r  is an o l i g o m e r  c o n s i s t i n g  o f  Mr 75,000 

a n d / o r  Mr 47,000 p o l y p e p t i d e s .  T h e  d i f f e r e n c e s  in 
t he  f u n c t i o n a l  m o l e c u l a r  w e i g h t  o f  p h l o r i z i n  b ind ing  

and D - g l u c o s e  t r a n s p o r t  s u g g e s t  tha t  t he  f u n c t i o n a l  

uni t  o f  t r a n s p o r t  c o n s i s t s  o f  m o r e  p o l y p e p t i d e s  t h a n  

t h o s e  i n v o l v e d  in p h l o r i z i n  b ind ing .  S i n c e  in purif i -  

c a t i on  a t t e m p t s  a c o r r e l a t i o n  b e t w e e n  e n r i c h m e n t  

o f  r e c o n s t i t u t e d  N a + - D - g l u c o s e  c o t r a n s p o r t  and  

N a + - d e p e n d e n t  high af f in i ty  p h l o r i z i n  b ind ing  was  

not  o b s e r v e d  116, 17], the  q u e s t i o n  was  a s k e d  
w h e t h e r  o r  no t  t h e  N a + - D - g l u c o s e  c o t r a n s p o r t e r  

m a y  ex i s t  in a n o n t r a n s p o r t i n g  s t a t e  in w h i c h  ph lor -  

izin can  b ind .  It  was  no t  c l e a r  w h e t h e r  t he  m e t h o d s  
used  to  a n a l y z e  the  n u m b e r  o f  p h l o r i z i n  b ind ing  

s i tes  and  Vm~x o f  D - g l u c o s e  t r a n s p o r t  d e t e c t e d  all 
t he  t r a n s p o r t e r  m o l e c u l e s .  F u r t h e r m o r e ,  s ince  the  
c h a r a c t e r i s t i c s  fo r  s u b s t r a t e  d e p e n d e n c e  o f  Na+-D  - 

g l u c o s e  c o t r a n s p o r t  m e a s u r e d  a f t e r  r e c o n s t i t u t i o n  

o f  t he  t r a n s p o r t e r  f r o m  rena l  c o r t e x  w e r e  s imi la r  to 

t h o s e  o b s e r v e d  in m e m b r a n e  v e s i c l e s  f r o m  o u t e r  

m e d u l l a  (H.  K o e p s e l l ,  unpublished data) w e  w o n -  
d e r e d  if  d i f f e r e n t  f u n c t i o n a l  s t a t e s  o f  t he  s a m e  t rans -  

p o r t e r  e x i s t  in o u t e r  c o r t e x  and  o u t e r  m e d u l l a .  

In t he  p r e s e n t  s t u d y  w e  h a v e  t r ied  to fit f ami l i e s  

o f  o n s e t  c u r v e s  o f  ph lo r i z in  b ind ing  at m e m b r a n e  
v e s i c l e s  f r o m  o u t e r  rena l  c o r t e x  and  o u t e r  m e d u l l a  

wi th  d i f f e r e n t  m o d e l s .  In a d d i t i o n  w e  h a v e  at-  
t e m p t e d  to  fit m e a s u r e m e n t s  o f  o - g l u c o s e  t r a n s p o r t  

at  d i f f e r e n t  D - g l u c o s e  c o n c e n t r a t i o n s  wi th  m o d e l s  in 

w h i c h  o n e  o r  t w o  t r a n s p o r t  s i tes  a r e  a s s u m e d .  W e  
c o u l d  d e m o n s t r a t e  tha t  t h e  N a + - D - g l u c o s e  c o t r a n -  

s p o t t e r  c o n t a i n s  t w o  c o e x i s t i n g  N a + - d e p e n d e n t  

p h l o r i z i n  b i n d i n g  s i t es  w h i c h  a re  p r e s e n t  at a s to i -  

c h i o m e t r y  o f  l : 1. O u r  d a t a  s u g g e s t  tha t  bo th  t y p e s  
o f  p h l o r i z i n  b i n d i n g  s i tes  a r e  e q u i v a l e n t  to  D-glu- 

c o s e  t r a n s p o r t  s i tes .  T h e  d a t a  a r e  c o n s i s t e n t  wi th  

t he  h y p o t h e s e s  (i) tha t  t w o  s u b s t r a t e  s i tes  a r e  
p r e s e n t  on  o n e  f u n c t i o n a l  t r a n s p o r t e r ,  (ii) t ha t  t h e  

N a + - D - g l u c o s e  c o t r a n s p o r t e r s  in o u t e r  c o r t e x  and 

o u t e r  m e d u l l a  a r e  i den t i ca l ,  and  (iii) tha t  f u n c t i o n a l  

d i f f e r e n c e s  o f  t r a n s p o r t  in o u t e r  c o r t e x  and  o u t e r  
m e d u l l a  w h i c h  a re  o b s e r v e d  u n d e r  c e r t a i n  e x p e r i -  
m e n t a l  c o n d i t i o n s  a rc  d u e  to d i f f e r en !  m i c r o e n v i -  

r o n m c n t s  o f  t he  t r a n s p o r t e r .  

Materials and Methods 

outer medulla" were dissected [221. From both kidney regions 
brush-border membrane vesicles were isolated by differential 
centrifugation in the presence of Ca+, suspended in 10 mM tri- 
ethanolamine-HC1, pH 7.4, 150 mM NaCI, 5 mM EDTA disodium 
salt, 10% (vol/vol) glycerol and frozen in liquid nitrogen in 1-ml 
porlk)ns [2 I]. For binding and lransporl mcasnremcnls I-ml por- 
tions of vesicles were thawed at 37~ suspended in 20 ml (22~ 
of 20 mM imidazole cyclamate, pH 7.4, 0.1 mM magnesium cycla- 
mate, 100 mM potassium cyclamate (KC buffer) or of 20 mM 
imidazole cyclamate, pH 7.4, 0.1 mM magnesium cyclamate, 90 
mM sodium cyclamate, 50 mM potassium cyclamate (NaKC 
buffer), spun down by 20-min centrifugation at 48,000 x g (22~ 
and washed twice by suspending in 20 ml of KC buffer or NaKC 
buffer (22~ and centrifuging for 20 rain at 48,000 • ~,. 

Measurement of  Equilibrium Binding of Phlorizin 
in the Presence of Na + or K + 

The measurements were performed with membrane vesicles at a 
concentration of 6 to l0 mg of protein per ml. Before the mea- 
surements the vesicles which contained NaKC buffer (Fig. la) 
or KC buffer (Figs. lb and 2) were incubated for 5 rain at 30~ in 
the presence (Fig. la) or absence (Figs. lb and 27 of 20/xg valino- 
mycin per ml. For binding measurements 90 /zl of incubation 
buffer (30~ which contained NaKC buffer (Fig. la), KC buffer 
(Fig. lb) or 20 mM imidazole cyclamate, pH 7.4, 0.1 mM magne- 
sium cyclamate, 100 mM sodium cyclamate (NaC buffer) (Fig. 2) 
and in addition 0.05 /xM (3H)phlorizin or 0.05 /xM (3H)phlorizin 
plus different concentrations of nonlabeled ph[orizin, was added 
to 10/zl of membrane vesicles (30~ After the membrane vesi- 
cles were incubated for 10 min at 30~ with (3H)phlorizin in the 
presence of Na § and/or K § the reaction was stopped by the 
addition of 1 ml of ice-cold NaKC buffer (Fig. la) or NaC buffer 
(Figs. lb and 27. Then the sample was applied to 0.22-/~m cellu- 
lose acetate filters (Millipore GSWP), washed with 5 ml of the 
respective ice-cold stop solution and the radioactivity on the 
filters was measured 120]. The binding measurenaenls in Ihe pres- 
ence of Na + and K + were corrected for nonspecific phlorizin 
binding: First, (3H)phlorizin binding measured in the presence of 
5 mM nonlabeled phlorizin was subtracted. ~ Second, a fraction of 
nonspecific QH)phlorizin binding was subtracted which was not 
removed by 5 mM cold phlodzin. For the measurements per- 
formed in the presence of 90 mM Na* (Figs. la and 2) this frac- 
tion of nonspecific phlorizin binding was calculated fron~ mea- 
surements in which the linear nonsaturable increase of phlorizin 
binding, which could not be suppressed by the addition of 5 mM 
nonlabeled phlorizin, was measured in the range of phlorizin 
concentrations between 50 to 200 /XM. The amount of this non- 
specific phlorizin binding related to amount of membrane protein 
and phiorizin concentration was 5.33 +- 0.23 pmol �9 (rag of pro- 
tein) t �9 /~M-~. 2 In phlorizin binding measurements performed in 
the absence of Na + (Fig. lb) this second fraction of nonspecific 

METHODS 

Isolation of  Brush-Border Membrane Vesicles 

Porcine kidneys were obtained immediately after slaughter and 
the outermost 2 mm of the cortex was dissected. To obtain tissue 
from the outer medulla the white "inner medulla" and the red 
"inner stripe of the outer medulla" were carefully removed from 
the same kidneys and about 3 mm of the "'outer stripe of the 

t For the measurements of equilibrium binding in the pres- 
ence of Na + or K + (performed with phlorizin concentrations be- 
tween 0.04 and 100 p,M) this fraction of nonspecific phlorizin 
binding amounted to between 2 and 50% of the total phlorizin 
binding measured. 

2 In the equilibrium binding measurements reported in this 
paper (performed with phlorizin concentrations between 0.04 to 
100/xM) this fraction of nonspecific phlorizin binding amounted 
to between 2 and 30% of the total phlorizin binding measured. 
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phlorizin binding could not be determined? It was therefore as- 
sumed to be the same as in the presence of Na § In Figs. 1 and 2 
representative examples of three independent experiments are 
shown. 

Measurement of the Onset of Phlorizin Binding 

Membrane vesicles, at a concentration of 4 to 10 mg of protein 
per ml, which were preloaded with NaKC buffer (Fig. 3), with 20 
mg imidazole cyclamate, pH 7.4, 0.1 mM magnesium cyclamate, 
97 mg potassium cyclamate plus 3 mM sodium cyclamate (Figs. 
4 and 8), or with KC buffer (Figs. 6, 7 and 9) were incubated for 
10 rain at 30~ in the absence and presence of 20/xg valinomycin 
per ml. Membrane vesicles (10/~1) were incubated at 30~ with 
90/xl of 20 mM imidazole cyclamate, pH 7.4, 0.1 mM magnesium 
cyclamate containing different concentrations of sodium cycla- 
mate and potassium cyclamate plus different concentrations of 
(3H)phlorizin. After time intervals of 2 to 60 sec or after 10 min, 1 
ml of ice-cold NaKC buffer (Fig. 3) or NaC buffer (Figs. 4 and 6- 
9) was added and the samples were applied to filters, washed 
with the respective stop solutions and analyzed for radioactivity 
as described for equilibrium binding measurements. Phlorizin 
binding after the very beginning of incubation was measured by 
adding the membrane vesicles and the incubation buffer directly 
to the stop solution? In principle, phlorizin binding in the pres- 
ence of 90 or 3 mM Na + was corrected for nonspecific phlorizin 
binding as described in the equilibrium binding measurements: 
First, a phlorizin binding measured in the presence of 5 mM 
nonlabeled phlorizin was subtracted 5 and second, a fraction of 
nonspecific phlorizin binding was subtracted which could not be 
removed by the addition of 5 mg nonlabeled phlorizin. This 
latter fraction of nonspecific binding was calculated from the 
linear increase of phlorizin binding which was observed after the 
nonspecific phlorizin measured in the presence of 5 mM nonla- 
beled phlorizin had been subtracted. 6 Since the second fraction 
of nonspecific binding increased with time it was calculated sepa- 
rately for the different times of phlorizin incubation used in the 
experiments. 7 In Figs. 3, 4 and 6-9 the corrected amount of 

phlorizin binding is indicated by b. The binding measurements 
obtained after 10-min incubation were plotted according to Scat- 
chard and the total number of phlorizin binding sites (n) was 
determined by linear regression analysis from the low affinity 
branches of the curvilinear Scatchard plots and by fitting the data 
with a two-site model. The results obtained by both methods 
were not significantly different, in Figs. 3, 4 and 6-9 the data on 
the onset of phlorizin binding were presented as the fraction of 
nonoccupied phlorizin binding sites (n b)/n after different time 
intervals of incubation. In Figs. 3, 4 and 6-9 representative ex- 
amples of two or three independent experiments are presented. 

Measurement of  D-Glucose Uptake in the 
Presence of a Na+-Gradient 

Initial D-glucose uptake rates into membrane vesicles were mea- 
sured in the presence of an initial concentration gradient of 90 
mM Na + (out > in) and corrected for nonspecific glucose uptake 
which was determined by measuring uptake of L-glucose at K + 
equilibrium. The measurements were performed at 30 or 37~ 
To measure D-glucose uptake 10 gl of membrane vesicles con- 
taining KC buffer were added to 90/xl of NaC which contained 
different concentrations of (3H)o-glucose. Nonspecific uptake 
was measured by adding 10/xl of membrane vesicles containing 
KC buffer to 90/xl of KC buffer containing the respective con- 
centrations of (3H)L-glucose. After 2-sec incubation of the vesi- 
cles with (3H)D-glucose or (3H)L-glucose the reaction was 
stopped by adding 1 ml of ice-cold NaC or KC buffer, respec- 
tively. Then the samples were applied to a 0.22-/xm cellulose 
acetate filter (Millipore GSWP), washed with 5 ml of the respec- 
tive ice-cold stop solution and the radioactivity on the filters was 
measured 120]. D-glucose uptake at time (I, which was measured 
by adding the membrane vesicles and the incubation media to the 
respective ice-cold stop solutions, was at maximum 10% of the 
uptake measured after 2-sec incubation in the presence of Na +. 
The D-glucose uptake rates were calculated by subtracting the 
uptake rates of D-glucose in the presence of the inwardly di- 
rected Na + gradient from those of L-glucose measured at K + 
equilibrium. In Figs. 10 and 11 representative examples of three 
independent experiments are shown. 

3 This is because the presumed low affinity phlorizin bind- 
ing site is supposed to have a very low affinity in the absence of 
Na +, and intolerable high standard deviations were observed in 
phlorizin binding measurements performed with phlorizin con- 
centrations larger than 600/zM. 

4 These data showed that the amount of phlorizin binding 
which may occur during blocking and washing was always less 
than 1% of the measured binding. 

5 For the onset measurements of phlorizin binding (per- 
formed in the presence of 90 or 3 mM Na + with phlorizin concen- 
trations between 0.04 and 20 /zM) this fraction of nonspecific 
phlorizin binding amounted to between 2 and 25% of the total 
phlorizin binding measured. 

6 In measurements performed in the presence of 90 or 3 mM 
Na § this fraction of nonspecific phlorizin binding was identical. 
For measurements at 90 and 3 mM Na + it was determined from 
the linear increase of phlorizin binding measured at phlorizin 
concentrations between 50 and 200 /~M or between 400 and 600 
/xM, respectively. 

7 For the onset measurements this fraction of nonspecific 
binding amounted to between 0.2 and 12% of the total phlorizin 
binding measured. 

Analysis of  Time Courses of Phlorizin Binding 

The nine families of experimental curves presented in Figs. 3, 4 
and 6-9 were fitted to the time courses of the following six puta- 
tive reaction schemes (Eqs. (1-6)) of phlorizin binding. In these 
E, E~ and E2 represent phlorizin binding sites which are accessi- 
ble for phlorizi,n; E* is a phlorizin binding site that is not accessi- 
ble for phlorizin added to the outside of the membrane vesicles; 
S indicates phlorizin; E. S, E:S, E~ . S, E~ :S and E2 �9 S repre- 
sent transporter-phlorizin complexes at the respective binding 
sites. In E �9 S, Et �9 S and E2 �9 S phlorizin is bound to one 
attachment point; in E: S and EI:S phlorizin is bound to two 
attachment points. 

One site: 

e + s ~ E .  s; (1) 
k2 

two states, one site: 

E ~E* 'E+ S ~ E . S ;  (2) 
k~- ' k4 
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Table 1, Eigenvalues and amplitudes of the time courses for models (1) to (6) 

~LI,2 Ao 

(1) One site /[J~l = -(klS0 + k2) k, 
(monophasic) 

(2) Two states, / u  2 
u ~ /~- -k2k3So k z k 4  klk4 one site bt~,2 = - ~ -+ - - 

where u = k~ + k2 + k3So + k4 

(3) Two ~1 = -(klS0 + k~) 
independent  /~2 = -(k3S0 q- k4) 
sites 

(4) Two 
dependent  
sites 

(5) One site, 
two-step 
binding 

z 

k2 
where z = ki + - -  + k3S0 + k4 

1 + ksS0 

v /*~,2 = - ~ -+ - (k3 + k4)klSo - k4k2 

where v = klSo + k2 q- k3 + k4 

(6) Two /*l = --(W + k3) 

independent  /*2 = -(k4S0 + ks) 
sites, 

klk~S0 
two-step where w - ~ -  
binding 1 + k~S0 

ktSo + k2 

(ki + k2)k4 

1 ( k,  ksk 4 

1 + k5 k ~  + k2 ~- k3S0 + k4 / 

k2k3S 0 (kl + k2) 2 '  k4 

k~ kl) ~I/.t,2 1 + k,S0 ( ~  + 

k4(ktSo + k2) 
(k3 + k4)klSo + k4k2 

( 
1 + k6 + kaS0 + 

two independent  sites: 

EI + S ~ E~ . S; E,  + S ~ E~ . S; 
L4 (3) 

Ez(t = O)/E~(t = O) = ks; 

Two dependent  sites: 

El ~ E 2 ;  El + S ~ E ~  - S ;  Ez + S - ~ - E 2 " S ;  (4) 

one site, two-step binding: 

e + s ~ e .  s ~ e : s ;  (5) 
k,_ k4 

two independent sites, two-step binding: 

< - S ~ k4 
E~ + S - . - ' - E t  ~ T E t : S ;  E~+S~E~.S;_ /~s - 

E,_(t = O)/El(t = O) = k~. (6) 

Since semilogarithmic plots of our experimental data 
showed biphasic behavior, the considered reaction models were 
set up not to require more than two exponential terms. To 
achieve this for the " two  dependent  sites model"  and for the 
" two  independent  sites, two-step binding model"  a quasisteady- 
state assumption had to be made for one reversible reaction step 

(see k5 in Eq. (4) and k~ in Eq. (6), For the six reaction schemes 
the differential equations according to the mass action law were 
solved analytically. Thereby the concentration of phlorizin (S) 
was assumed to be constant.  This assumption was justified since 
phlorizin was applied in sufficiently high concentrations ~ so thai 
the phlorizin concentration could be regarded as independent of 
time. Therefore,  the kinetic equations of  all tested models were 
of  first order. For the best fitting model ( - two  independent sites, 
two-step binding," see Eq. (6)) the following equations were 
derived. 

The first step of  the reaction is assumed to be very fast 
(quasisteady state), therefore the quantity c = El + E~ �9 S can be 
considered as a useful variable and it follows: E~ = c/(1 + k~So) 
and E~ �9 S = k~Soc/(1 + k~So). Here, So stands for ~he time- 
independent concentration of  phlorizin. This concentration was 
high enough to be regarded as constant,  S(t)  = So. Two equa- 
tions are obtained: 

dc 
d--} = -(k2 + k3)c + k3el0 (7) 

dE2 
-- (k4So + ks)E~ + ksk6e~o (8) 

dt 

s The excess of phlorizin in the incubation buffer over the 
amount of  phlorizin bound to the membrane was usually 100-fold 
or more. Caused by phlorizin binding to membrane vesicles the 
phlorizin concentrations were maximally reduced by 5% during 
the binding measurements .  



H .  Koepsell  et al.: Two Substrate Binding Sites in Na+-D-Glucose Cotransporter  

T a b l e  1. C o n t i n u e d  

117 

A~ A2 

klSo 
kiSo + k2 

/~1 + kt + k2 + k4 + - -  
(kl + k2)k4 

#i 

# t  - /*2 

1 klS0 
l + k s  k l S 0 + k 2  

Ao#2 + #1 q- Y 
#1 - /'2 

where 

k2k4 ] (k3So + k, 
(kl + k2)(k, + k2 + 1 + ksS O] + ki ~ )  

Y =  k2 

k2 + ktS0 
--/'2 + k 4 -  

#1 
/'1 - #2  

W 
(1 + k6)(w + k3) 

1 + ksS0 
- - + k ~  

0 

(monophasic) 

( m  + k, + k~ + k4 + - -  

\ /.1 - #2  

1 ksk3S 0 
1 + k5 k3S0 + k4 

_ ( A 0 / * ,  + /*2 + Y) 

\ #l -- /.2 

k, + k~S0 
/*1 - -  k 4  - 

/*2 
/*j - -  /*, 

k6k4S0 
(1 + k6)(k4S0 + ks) 

em is the concentration of Et at t = 0, the concentration of  E,_ at 
t = 0 equals k6gl0. The conservation of  the total enzyme concen- 
tration is included in Eqs. (7) and (8). The solutions of  c and E2 
are of  the form 

f ( t )  = Ao + A~e ~*~' + A2e t*2t. (9) 

The amplitudes A0, A~ and Az and the eigenvalues (exponents)/.1 
and/*2 are functions of  the kinetic constants k~, . . . , k6. The 
functions of amplitudes (Ai) and eigenvalues (/*~,2), which were 
obtained for the six models tested in the paper, are presented in 
Table 1. 

In order to fit the experimental data with the tested reaction 
models, a nonlinear least-squares curve fitting routine was em- 
ployed. All curves of  a family of  time courses were considered in 
one fit. The experimental data have been weighted according to 
the reciprocals of  their standard errors. Each point is the mean of 
three measurements .  It is assumed that large standard errors 
bear large uncertainties which are considered with low weights. 
The curve fitting routine utilized a s teepest-descendent  tech- 
nique which had been applied for analyses of enzyme inactiva- 
tion [8, 9]. By means of  the initial and the improved estimates a 
vector of descent  is constructed in the parameter space. By a 
repeated application of  this procedure the minimum of  the sum of  
squares is found. Since the iteration described a zig-zag pathway 
in the parameter  space and yielded unstable convergence,  a zig- 
zag prevention was invoked. This was achieved by a built-in 
memory in the curve fitting routine which averaged the zig-zag 

trajectory over a few iteration steps and constructed a new effec- 
tive vector of  descent.  The criteria for good models are: (i) Low 
values of  the goodness parameter Q2 = s2/(k  _ p) ,  where s 2 is the 
sum of the least squares, k the number of experimental data 
points and p the number of  fitted parameters [24]. Q2 includes 
not only the least-squares sum but also the number of  experimen- 
tal data and the number of  fitted parameters;  it allows a qualita- 
tive comparison of  the models even if they assume different 
numbers of  parameters to be fitted. (ii) Similar values of  Q2 and 
experimental variance (Q2 smaller than the experimental vari- 
ance, i.e., over-determined models did not occur); (iii) Mean 
residuals (differences between experimental data and corre- 
sponding fitted values) approach a Gaussian distribution; (iv) 
Only weak correlation of residuals (i.e., not too many neigh- 
bored experimental points lie on one side of the fitted curve); and 
(v) stable convergence of roughly good initial estimates. 

Analysis of Concentration Dependent Phlorizin 
Equilibrium Binding and D-Glucose Uptake 

Data on phlorizin equilibrium binding (Fig. la) and on D-glucose 
uptake (Figs�9 10 and 11) were represented according to Scat- 
chard [29) or Hofstee [13J, respectively. In these representations 
the experimental points are weighted evenly and deviations from 
linearity which may occur, if, e.g.,  different transport or binding 
sites exist, may be detected easily. The data obtained at different 
experimental conditions (30~ absence of  valinomycin; 37~ 
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absence of valinomycin; 37~ presence of valinomycin) were 
analyzed by assuming two independent types of phlorizin bind- 
ing or D-glucose transport sites. The corresponding equation 
reads: 

Sb nOI H02 

S/ K1 + ~ ' +  /s + ~ / "  (10) 

The meanings of the symbols, which in the following are 
given without and with parenthesis for phlorizin binding or D- 
glucose transport measurements, respectively, are: Sr, concen- 
tration of free phlorizin (concentration of free D-glucose); Sb, 
measured concentration of bound phlorizin (measured Vm~ of D- 
glucose uptake rate); K~ and K2, dissociation constants of the 
phlorizin binding sites type 1 and 2 (Michaelis-Menten constant 
of p-glucose transport at sites 1 and 2); n0~ and n02, total number 
of phlorizin binding sites type 1 and 2 (Vm~x at D-glucose trans- 
port site type 1 and 2). 

The four constants K~, K2, n0z and n02 were estimated by 
employing the curve fitting routine described above. The data 
were weighted according to their experimental error. 

MATERIALS 

D-(3H)glucose (33 Ci/mmol), L-(3H)glucose (11 Ci/mmol) and 
(3H)phlorizin (55 Ci/mmol) were obtained from New England 
Nuclear (Dreieich, FRG). Tetra(3H)phenylphosphonium bro- 
mide (26 Ci/mmol) was supplied by Amersham Buchler 
(Braunschweig, FRG) and diethylthiadicarbocyanine iodide by 
Eastman Kodak (Rochester, NY). Phlorizin was purchased from 
Roth GmbH (Karlsruhe, FRG) and valinomycin from Boehringer 
GmbH (Mannheim, FRG). All other chemicals were of highest 
grade and were supplied as described earlier [201. 

Results 

EQUILIBRIUM BINDING OF PHLORIZIN IN THE 

PRESENCE OF Na + OR K + 

Membrane vesicles were prepared from the outer- 
most 2 mm of porcine renal cortex and loaded with 
90 mM Na + plus 50 mM K + (Fig. la) or with 100 mM 
K + (Fig. lb). Phlorizin binding was measured when 
the vesicles were incubated (10 rain, 30~ with dif- 
ferent phlorizin concentrations in the presence of 
valinomycin plus 90 mM Na + and 50 mM K + (Fig. 
la) or in the presence of 100 mM K + (Fig. Ib). In the 

p r e se nc e  of 90 mM Na + plus 50 mM K + a curvilinear 
Scatchard plot was obtained (Fig. la) and the bind- 
ing measurements could be fitted to a model, in 
which two phlorizin binding sites are assumed (Fig. 
la). For  the total number  of phlorizin binding sites 
and for the ratio between low and high affinity 
phlorizin binding sites respective values of 238 -+ 9 
pmol �9 (mg of protein) -1 and 1.23 -+ 0.06 were calcu- 
lated. Kmvalues of 0.42 +- 0.01 and 7.91 -+ 0.68/,M 
were obtained. The goodness parameter  was not 
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Fig. 1. Phlorizin binding to brush-border membrane vesicles in 
the presence of Na + or K +. The measurements were performed 
with brush-border membrane vesicles from outer cortex of pig 
kidneys which contained (a) 90 mM Na +, 50 mM K + and 20/,g 
valinomycin per ml or (b) 100 mM K +. (a) Phlorizin binding was 
measured after 10-min incubation of membrane vesicles with dif- 
ferent phlorizin concentrations in the presence of 90 mM Na + and 
50 mM K + . (b) Phlorizin binding was measured after 10-rain incu- 
bation in- the presence of 100 mM K +. The measurements were 
corrected for nonspecific binding as described under Materials 
and Methods. In the presented Scatchard plots mean values of 
three measurements with standard deviations are shown. The 
line in a was calculated by assuming the existence of two phlor- 
izin binding sites. The line in b was calculated by assuming that 
in the presence of K + only one phlorizin binding site is detected 
in the measured concentration range 

significantly different when the ratio between low 
and high affinity binding sites was fixed to one or 
not. However ,  the fit became worse when the ratio 
was fixed to 2 or 0.5 (data not shown). A worse fit 
was also obtained when one type of phlorizin bind- 
ing site with negative cooperat ivi ty was assumed 
(data not shown). The binding measurements in the 
presence of K + could be fitted sufficiently with only 
one type of phlorizin binding site (Fig. lb). For  this 
binding site an apparent Ko-value of 13.0 -+ 0.4/~M 
was calculated. The total number of phlorizin bind- 
ing sites (201 -+ 4 pmol �9 (mg of  protein) -1) was 
slightly smaller than that measured in the presence 
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Fig. 2. Competitive inhibition of phlorizin equilibrium binding at 
a high affinity phlorizin binding site measured in the presence of 
Na +. The measurements  were performed as in Fig. l a. Mem- 
brane vesicles from outer cortex were incubated for 10 rain in 
the presence of 90 mM Na § and 10 mM K + with phlorizin concen- 
trations between 0.05 and 1 txM. The incubation was performed 
either in the absence of phloretin (�9 or in the presence of 25 (O), 
100 ( I )  or 200 /xM phloretin (Ik), Ill the Scatchard plots mean 
values of three measurements  with standard deviations are pre- 
sented. The lines were calculated by linear regression analysis 
(r 2 > 93) 

of 90 mM Na + plus 50 mM K +. The phlorizin binding 
measurements in the presence of 100 mM K § do not 
exclude the existence of two types of phlorizin 
binding sites. In fact a slightly better fit was ob- 
tained if a two-site model was employed (data not 
shown). 

INHIBITION OF PHLOR1Z1N E Q U I L I B R I U M  B I N D I N G  

BY P H L O R E T I N  

Since the phloretin moiety in the phlorizin molecule 
is required to observe high affinity binding to the 
Na+-o-glucose cotransporter it has been proposed 
that phlorizin may interact with two points at the D- 
glucose binding site [1, 6]. To test this hypothesis 
we measured whether phloretin, which is a non- 
competitive inhibitor of Na+-D-glucose cotransport 
[7], is able to competitively inhibit phlorizin binding 
to brush-border membrane vesicles from outer renal 
cortex. To investigate competition of phloretin at 
the presumed high affinity phorizin binding site, 

binding measurements with different phloretin con- 
centrations were performed by incubating vesicles 
in the presence of 90 mM Na + plus 10 mM K + with 
phlorizin concentrations between 0.05 and 1 p,M. 
Figure 2 shows that in the presence of Na + phlorizin 
binding to a high affinity site was competitively in- 
hibited by phloretin. For the inhibition by phloretin 
a Ki value of 98.4 + 4.8 /xg was calculated. By 
measuring the D-glucose inhibition of phlorizin 
binding in the same preparation, a competitive inhi- 
bition was observed also for D-glucose (data not 
shown). For the inhibition by D-glucose a Ki value 
of 12.3 +- 0.8 mM was calculated. These data are 
consistent with the assumption that at a high affinity 
phlorizin binding site (in the presence of Na § phlor- 
izin interacts at two points with the Na+-D-glucose 
cotransporter: with the D-glucose moiety at a D- 
glucose binding site and with the phloretin moiety at 
a closely associated protein domain. 

O N S E T  OF P H L O R I Z I N  B I N D I N G  IN THE PRESENCE 

oF 90 mM Na + 

To investigate the mechanism of phlorizin binding 
in the presence of 90 mM Na + on both membrane 
sides at zero membrane potential, membrane vesi- 
cles from outer cortex and outer medulla were pre- 
pared which contained 90 mM Na + plus 50 mM K + 
and 20/xg valinomycin per ml. The vesicles were 
incubated (30~ with seven different phlorizin con- 
centrations (0. t6-20.0/XM) in a buffer containing 90 
mM Na + plus 50 mM K +, and phlorizin equilibrium 
binding and the onset of phlorizin binding was mea- 
sured. Curvilinear Scatchard plots similar to Fig. la 
were obtained for phlorizin equilibrium binding (in- 
cubation time 10 min). By fitting these binding 
curves to a two-site model 252 _+ 5 and 250 -+ 15 
pmol �9 (mg of protein) -~ total phlorizin binding sites 
were determined for outer cortex and outer me- 
dulla. To measure the time course of phlorizin bind- 
ing after addition of seven phlorizin concentrations 
binding measurements were performed at eight dif- 
ferent time intervals (Fig. 3). The various kinetic 
models were analyzed by solving the derived ki- 
netic equations and by tilting them to the time 
courses of phlorizin association (see Materials and 
Methods). By a "one-site model" with two kinetic 
parameters the experimental data could not be fitted 
satisfactorily (Table 2). The fits could not be im- 
proved significantly by a "two-state, one-site 
model" (four parameters), in which an equilibrium 
between inactive and active phlorizin binding sites 
was assumed (Table 2). This suggests that recruit- 
ment of nonaccessible phlorizin binding sites did 
not significantly influence the binding measure- 
ments. This means that under the employed experi- 
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F i g .  3. Families of curves which were fitted to data, in which the 
onset of phlorizin binding to vesicles from outer cortex and outer 
medulla was measured in the presence of 90 mM Na + on both 
membrane sides. Membrane vesicles from (a) outer cortex and 
(b) outer medulla were prepared which contained 90 mM Na + 
plus 50 mM K + and 20/xg/ml of valinomycin. The vesicles were 
incubated with different concentrations of phlorizin in the pres- 
ence of 90 mM Na + and 50 mM K + (30~ and the onset of phlor- 
izin binding was measured. In the graph the relative number of 
free phlorizin binding sites (n - b/n) after different incubation 
times is plotted, b Represents the amount of bound phlorizin and 
n the total number of phlorizin binding sites which was deter- 
mined by measuring phlorizin binding at equilibrium. The /~M 
concentrations of phlorizin in the incubation media during the 
experiments are indicated on the right side of the curves. In the 
graph mean values of triplicate measurements are shown. The 
standard deviations are smaller than the symbol size. For clarity 
some phlorizin binding measurements obtained after 1 and 2 sec 
of incubation are not shown. The binding measurements were 
fitted according to the "two independent sites, two-step binding 
model." In the fit the KD of the low affinity site (k/k4) was fixed 
to a value of 7.9//~M which was determined from measurements 
of phlorizin equilibrium binding in membrane vesicles from outer 
cortex (see Fig. la). Furthermore k6 was fixed to a value of 1 
which implies a 1 : 1 stoichiometry of high and low affinity phlor- 
izin binding sites. The goodness of the fits were 0.0041 for outer 
cortex and 0.0033 for outer medulla. The constants for kl, k2 and 
k3 are given in Results 

menta l  condi t ions  (presence  of N a  + on both  mem-  
b rane  sides, ab sence  of D-glucose) mos t  of the 
phlor iz in  b ind ing  sites are or iented  outward .  With  a 
" t w o  i n d e p e n d e n t  sites m o d e l "  requir ing five pa- 
rameters  s ignif icantly be t t e r  fits were  ob ta ined  (Ta- 

Table 2. Evaluation of kinetic models for phlorizin binding to 
brush-border membrane vesicles from outer cortex and outer 
medulla a 

Model Goodness parameters 

Outer cortex Outer medulla 

One site 0.0142 0.0096 
Two states, one site 0.0142 0.0089 
Two independent sites 0.0048 0.0033 
Two dependent sites 0.0070 0.0040 
One site, two-step binding 0.0070 0.0046 
Two independent sites, 
two-step binding 0.0038 0.0029 

a The onset of phlorizin binding in the presence of seven different 
phloriziu concentrations and 90 mM Na + plus 50 mM K + was 
measured at 30~ as described in Fig. 3. The vesicles contained 
90 mM Na + plus 50 mM K + and were preincubated with 20/~g/ml 
of valinomycin. The relative numbers of free phlorizin binding 
sites after eight different times of incubation were calculated and 
the data were fitted with the six kinetic models described in 
Materials and Methods and Results. The goodness parameters of 
the fits were calculated from the weighted data (see Materials 
and Methods). 

ble 2). In  this mode l  it is a s s u m e d  that  two phlor izin 
b ind ing  sites, which  ma y  be on  the same or on  dif- 
fe rent  pro te ins ,  do no t  i n t e r conve r t  dur ing  the incu-  
ba t ion  with phlor iz in .  Tes t ing  whe the r  the b ind ing  
sites ma y  in t e rconver t ,  the " t w o  de pe nde n t  sites 
m o d e l "  with five pa ramete r s  was applied (Table 2). 
With this model  very  s low c onve r ge nc e  was ob- 
served and  the fit was infer ior  to that  found  with the 
" t w o  i n d e p e n d e n t  sites m o d e l . "  Since in the " t w o  
d e p e n d e n t  sites m o d e l "  the rate cons tan t s  for the 
conve r s ions  of Et to E2 and  of E2 to E1 were  ra ther  
small  (<0.00004 sec-1), this suggests that  the two 
phlor iz in  b ind ing  sites do not  conver t  after phlor iz in  
has been  added.  

Since in the above  repor ted  inhib i t ion  experi-  
ments  with D-glucose and  phlore t in ,  phlor iz in  inter-  
acts at two poin ts  with the Na+-D-glucose cot rans-  
por ter ,  also a "one - s i t e ,  two-s tep  b ind ing  m o d e l "  
(four paramete rs )  was tried. Table  2 shows that with 
this mode l  fits were  ob ta ined  which were signifi- 
can t ly  be t te r  than  those  found  with the "one - s i t e  
m o d e l "  and  the " two-s t a t e s ,  one-s i te  m o d e l . "  For  
the vesicles  f rom both  k idney  regions the first b ind-  
ing step was rapid whereas  the second  step was 
slow. Since  for the first b ind ing  step the rate con- 
s tant  of assoc ia t ion  or that  of  d issocia t ion  could be 
fixed to high va lues  wi thout  impair ing the fit, this 
model  is sufficiently descr ibed  with three parame-  
ters. F ina l ly ,  s ince the "one-s i t e ,  two-s tep  b inding 
m o d e l "  is cons i s t en t  with the two-po in t - in te rac t ion  
hypothes is  of phlor iz in  and  since the onset  of  phlor-  
izin b ind ing  in the p re sence  of an  ins ide-negat ive  
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membrane potential could not be fitted by the " two 
independent sites model"  when the rate constants 
of dissociation were fixed to values obtained with a 
clamped membrane potential (see below), both 
models were combined to the " two independent 
sites, two-step binding model ."  The reaction se- 
quence of this model is presented in Materials and 
Methods (see Eq. (6)). 

With this model the best fits were obtained for 
the phlorizin binding to membrane vesicles from 
outer cortex and outer medulla (see Table 2, good- 
ness parameters: 0.0038 for outer cortex, 0.0029 for 
outer medulla). In outer cortex, the goodness pa- 
rameter (0.0038) obtained for the " two independent 
sites, two-step binding model"  was significantly 
better than the goodness parameter (0.0048) ob- 
tained for the " two independent sites model ."  
When the data were fitted with the " two indepen- 
dent sites model"  systematic deviations between 
experimental data and fitted curves became appar- 
ent. Good fits with the " two independent sites, two- 
step binding model"  were also obtained for outer 
cortex (goodness parameter 0.0041) and outer me- 
dulla (goodness parameter 0.0033) if the dissocia- 
tion constant for the low affinity phlorizin binding 
site (KD ~ow = ks/k4) and the ratio between low and 
high affinity phlorizin binding sites (k6) w e r e  fixed to 
the respective values of 7.9/.tM and 1.23 which were 
determined from the equilibrium measurements in 
membrane vesicles from outer cortex (see Fig. la). 
Figure 3 shows that fits of identical quality were 
obtained for outer cortex and outer medulla if kJk4 
and k6 w e r e  fixed to 7.9 /_tM and l, respectively 
(goodness parameters: 0.0041 for outer cortex, 
0.0033 for outer medulla). When k6 was  fixed to 
0.66, 0.5 or 0.33 the fits became worse whereas fits 
of similar quality were obtained when k6 was  fixed 
to 2 or 3. The KD values of the high affinity binding 
site in outer cortex and outer medulla calculated 
after fixing of k6 to 0.66, 0.5 or 0.33 were signifi- 
cantly higher, and the KD values calculated after 
fixing of k6 to 2 or 3 were significantly lower than 
those obtained from equilibrium binding measure- 
ments (data not shown). Only after fixing of k 6 to  1, 
for the low and the high affinity phlorizin binding 
sites in outer cortex and outer medulla KD values 
were calculated which did not differ significantly 
from those obtained from equilibrium binding mea- 
surements (for outer cortex, see below and Fig. la; 
for outer medulla, data not shown). Thus, our data 
suggest a I : 1 stoichiometry of low and high affinity 
phlorizin binding sites in outer cortex and outer me- 
dulla. After fixing of k5/k4 to 7.9/XM and of k6 to 1, 
for kl, k2 and k3 the following constants were deter- 
mined for outer cortex and outer medulla (with 
standard deviations expressed as percentages): kl 
(/xM -1) 1.52 (27%), 0.40 (14%); k2 (sec i) 0.027 

(7%), 0.048 (5%); k3 (sec -~) 0.013 (34%), 0.013 
(27%). The dissociation constants of the high affin- 
i ty phlorizin binding site in outer cortex and outer 
medulla which can be calculated from these con- 
stants (kDhigh = k3 " k~ 1 �9 k~ 1) are 0.32 -+ 0.14 and 
0.66 -+ 0.20/zM, respectively. 

ONSET OF PHLORIZING BINDING 
IN THE PRESENCE OF 3 m M  N a  + 

The effect of Na + was investigated by measuring 
the onset of phlorizin binding to brush-border mem- 
brane vesicles from renal outer cortex in the pres- 
ence of 97 mM K +, 20 /xg/ml of valinomycin and 3 
mM Na + on both membrane sides. The measure- 
ments were performed at 30~ with six different 
phlorizin concentrations (0.16-20 /xM). The total 
number of phlorizin binding sites, which was mea- 
sured after 10 min incubation and calculated by fit- 
ting the curvilinear Scatchard plot with a two-sites 
model, was 250 -+ 18 pmol �9 (mg of protein) -1. Try- 
ing to fit the data to different models, the respective 
goodness parameters were obtained: "one-site 
model"  0.0050; "two-states,  one-site model"  
0.0050; " two  independent sites model"  0.0028; 
" two dependent sites model"  0.0032; "one-site, 
two-step binding model"  0.0036; " two independent 
sites, two-step binding model"  0.0023. Again the 
best fit was obtained with the " two independent 
sites, two-step binding model ."  Furthermore, with 
the " two independent sites, two-step binding 
model"  an optimal fit (goodness parameter of 
0.0023) was also obtained if a 1 : 1 stoichiometry of 
low and high affinity binding sites was assumed by 
fixing k6 to 1 (Fig. 4). Since fixing of k6 to 1 gave 
optimal fits with all experiments described in this 
paper (see below) and since only after fixing of k6 to 
1 the same KD values were obtained from onset 
curves of phlorizin binding measured in the pres- 
ence of 90 mM Na § and from equilibrium binding 
measurements in the presence of 90 mM Na + (see 
above), low and high affinity phlorizin binding sites 
in brush-border membranes are supposed to be 
present at a ratio of 1 : 1. Therefore, in the follow- 
ing, constants will be reported which were obtained 
when k6 was fixed to 1. From the the binding mea- 
surements performed in the presence of 3 mM Na § 
on both membrane sides (Fig. 4) the following con- 
stants were calculated: k~ = 0.107 _+ 0.009 ~M -~, 
k2 = 0.062 + 0.003 sec -~, k3 = 0.024 +- 0.004 sec -1, 
k5/k4 = 112.1 _+ 28.0/ZM. The dissociation constants 
for the low and high affinity phlorizin binding sites 
were 112.1 _+ 28.0 /xM (kJk4) and 3.63 -+ 0.70/xM 
(k3 �9 k~ ~ �9 k~_ J), respectively. Thus the affinities of 
both the low and the high affinity phlorizin binding 
sites are increased after binding of Na +. To identify 
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Fig. 4. Family of curves fitted to data, in which the onset of 
phlorizin binding to membrane vesicles from outer cortex was 
measured in the presence of 3 mM Na + on both membrane sides. 
Membrane vesicles from outer cortex were prepared which con- 
tained 97 mM K + plus 3 mM Na + and were incubated with 20/zg/ 
ml of valinomycin. The vesicles were incubated with different 
concentrations of phlorizin in the presence 97 m~ K + plus 3 mM 
Na § G0~ The measurements were performed and the data are 
presented as in Fig. 3. The curves were fitted according to the 
"two independent sites, two-step binding model." In the fit k6 
was fixed to 1. The goodness of the fit was 0.0023. The constants 
calculated for kl, k2, k3 and ks~k4 are given in Results 

the cons tan t s  of the " t w o  i n d e p e n d e n t  sites, two- 
step b ind ing  m o d e l "  which  are changed  by Na  + 
b inding  to the t r anspor t e r s  the data  measu red  in the 
p resence  of  3 mM N a  + were  fitted when  k6 was fixed 
to 1 and  the o ther  cons tan t s  were  fixed to the values  
which had b e e n  ob ta ined  in the p resence  of 90 mM 
Na  + (see Fig. 3a). W h e n  in addi t ion  to k6 different 
cons tan t s  were  fixed the fol lowing goodness  param-  
eters were  calculated:  no addi t ional  cons t an t  fixed, 
0.0023; kt fixed, 0.0050; k2 fixed, 0.0027; k3 fixed, 
0.0025; kJk4 fixed, 0.0244. The data  demons t r a t e  
that  the affinity of bo th  phlor iz in  b ind ing  sites is 
increased  by N a  +. They  suggest that Na  + increases  
the affinity of phlor iz in  b ind ing  to the high affinity 
b ind ing  site by  increas ing  the first b ind ing  step (k0. 

ONSET OF PHLORIZIN BINDING TO MEMBRANE 
VESICLES-MEASURED IN THE PRESENCE 

OF Na+-GRADIENTS 

To inves t iga te  whe the r  N a  + b ind ing  to the outs ide 
or to the ins ide  of m e m b r a n e  vesicles  has an effect 
on phlor iz in  b ind ing  the onse t  of phlor iz in  b inding  
was also inves t iga ted  w h e n  init ial ly ei ther  90 or 3 
mM N a  § was only  p resen t  on the outs ide  of the 
vesicles.  In  the first set of  exper imen t s  m e m b r a n e  
vesicles  f rom outer  cortex and  outer  medu l l a  were 
pre loaded with 100 mM po ta s s ium cyc lamate  and 

C0 

r- 

> ,  

t3 

0) 

e- 
O3 

00 

O 

I..1.. 

%% 
%% 

c 

m 

2'0 J 4t0 

tim'e [s] 

Fig. 5. Estimation of the membrane potential of K+-containing 
brush-border membrane vesicles with and without valinomycin 
which were incubated in buffers containing K + or Na +. Brush- 
border membrane vesicles from outer cortex, at a protein con- 
centration of 5 mg/ml, were preloaded with 100 mM K + (KC 
buffer) and incubated for 10 min (30~ in the absence (experi- 
ments a and b, solid lines) and presence of 20 /~g per ml of 
valinomycin (experiments c and d, broken lines). At time 0 (see 
arrow) 20 /~1 of the membrane vesicles was added to a stirred 
cuvetle which was filled with 2 ml of buffers (28-30~ Io which 3 
/ZM of diethyllhiadicarbocyanine iodide had been added. The 
buffers contained 20 mM imidazole cyclamate, pH 7.4, 0. I mM 
magnesium cyclamate plus either 100 mM potassium cyclamate 
(a and c)or plus 10 mM potassium cyclamate and 90 mM sodium 
cyclamate (b and d). Excitation was at 622 nm and emission at 
670 nm. A representative example of three independent experi- 
ments is presented 

incuba ted  (30~ in buffers  con ta in ing  90 mM so- 
d ium cyc lamate ,  10 mM po tass ium cyc lamate  and 
different  phlor iz in  c o n c e n t r a t i o n s  (0.04, 0.22, 0.49, 
0.94, 1.94 and 4.54/ZM). Phlor izin b ind ing  was m e a -  
sured at five different  t ime in tervals  (1 to 10 sec) 
after the addi t ion  of phlor iz in  (see Fig. 6). Employ-  
ing the c ya n i ne  dye d ie thy l th i ad ica rbocyan ine  io- 
dide it was found  that  no significant  m e m b r a n e  po- 
tent ial  was genera ted  by the Na  + gradient  (Fig. 5). 
Cont ro l  exper imen t s ,  in which  22Na+ was employed  
to measu re  the in t raves icu la r  Na  + concen t ra t ion ,  
revealed  that  the Na  + c o n c e n t r a t i o n  in the vesicles  
was 10.0 + 1.1 mM after  10-sec i ncuba t i on  of the 
vesicles  with 90 mM N a  + (data not shown). The 
total n u m b e r s  of  phlor iz in  b ind ing  sites in these ex- 
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Fig. 6. Family of  curves  fitted to data, in which the onset  of  
phlorizin binding to membrane  vesicles from outer  cortex and 
outer  medulla was measu red  in the presence of an inwardly di- 
rected initial gradient  of  90 mM Na +. Membrane  vesicles from (a) 
outer  renal  cortex and (b) outer  medulla containing 100 mM K + 
were incubated (30~ with different concentrat ions  of phlorizin 
in the presence  o fg0  mM Na + plus 10 mM K +. The measurements  
were performed and the data are presented as in Fig. 3. The data 
were fitted according to the " two  independent  sites, two-step 
binding mode l"  and a I : 1 s toichiometry of low and high affinity 
phlorizin binding sites was a s sumed  (k(, was fixed to l ). kJk4 was 
fixed to 7.9/LM and k~ to 0.013 sec n. These  values were obtained 
from measu remen t s  in which 90 mM Na + was present  on both 
membrane  sides (see Fig. la ,  Fig. 3). The goodness  of  the fit was 
0.0080 for outer  cortex and 0.0038 for outer  medulla.  The con- 
s tants  calculated for kE and k, are given in Results  

periments which were determined from equilibrium 
binding measurements  were 222 _+ 9 pmol �9 (mg of 
protein) ~ in outer cortex and 223 _+ 7 pmol �9 (rag of 
protein) -1 in outer medulla. Since these experi- 
ments were performed over  a short time period and 
the Na § concentrat ion in the vesicles changed dur- 
ing the course of the experiments,  the measure- 
ments were not used to distinguish between the dif- 
ferent phlorizin binding models but fitted to the 
" two  independent  sites, two-step binding model"  
and the constants obtained in this model were com- 
pared with those obtained in the presence of Na § 
equilibrium. The goodness parameters of  the fits ob- 

tained with the " tw o  independent sites, two-step 
binding mode l"  were 0.0079 for outer cortex and 
0.0040 for outer  medulla. Identical goodness param- 
eters were obtained if a 1 : 1 stoichiometry of high 
and low affinity phlorizin binding sites was assumed 
(k6 was fixed to 1). Figure 6 shows fits in which k6 
was fixed to 1 and ks~k4 (dissociation constant of the 
low affinity phlorizin binding site) plus k3 were fixed 
to the values which were obtained at equilibrium of 
90 mM Na + (see Fig. 3, ks~k4 = 7.9/XM, k3 = 0.013 
sec 1). Under  these conditions about the same 
goodness parameters (outer cortex 0.0080; outer 
medulla 0.0038) were obtained as without fixing of 
constants (see above). The values which were cal- 
culated for kl (outer cortex,  kl = 0.20 +- 0.01/XM-1; 
outer medulla, kl = 0.13 -+ 0.01 /xM -J) were lower 
and the values which were calculated for k2 (outer 
cortex k~ = 0.13 -+ 0.01 sec -1, outer medulla k2 = 
0.23 + 0.01 s e c  - l )  w e r e  higher as those calculated 
from the measurements  performed at Na + equilib- 
rium. For  the dissociation constants of the high af- 
finity phlorizin binding sites in outer cortex and 
outer medulla ( g D h i g  h = k3 �9 ki -1 �9 k~ 1) about the 
same values were obtained (outer cortex,  0.48 • 
0.17 /xM; outer medulla, 0.44 • 0.12 /XM) as in the 
presence of Na + equilibrium (see above, outer cor- 
tex 0.32 _+ 0 .14/xg;  outer medulla 0.66 -+ 0.20/XM). 

In a second set of experiments,  phlorizin bind- 
ing in the presence of an initial Na § concentration 
difference of 3 mM (out > in) was compared with 
that in the presence of 3 mM Na + inside and outside 
the vesicles (compare experiments in Figs. 4 and 7). 
Membrane vesicles from outer cortex containing 
100 mM K + were incubated (30~ with 3 mM Na +, 
97 mM K § and different phlorizin concentrations 
(0.2-20/$M). The total number of  phlorizin binding 
sites, which was determined from Scatchard plots 
obtained after 10-rain incubation (30~ with phlor- 
izin, was 250 -+ 12 pmol �9 (rag of protein) -1. The 
onset of  phlorizin binding was measured after five 
time intervals (1 to 10 sec) after the incubation with 
phlorizin. With the " tw o  independent sites, two- 
step bindin~ model"  a good fit of  the data was ob- 
tained which was not changed if a 1 : 1 stoichiome- 
try of high and low affinity phlorizin binding sites 
was assumed by fixing k6 to 1 (goodness parameter  
0.0022). Figure 7 shows that a good fit was also 
obtained (goodness parameter  0.0025) when k6, 
ks/k4 and k 3 w e r e  fixed to the values which were 
obtained for phlorizing binding in the presence of 3 
m g  Na + on both membrane sides (see Fig. 4, k6 = 1, 
ks~k4 = 112.1 /XM, k3 = 0.024 sec-I). Under these 
conditions a value of 0.010 • 0.004/xM -~ was calcu- 
lated for kl and a value of 0.76 -+ 0.03 sec -s for k2. 
As was observed with 90 mM Na +, kl was signifi- 
cantly lower and k2 was significantly higher as in the 
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Fig. 7. Family of  curves fitted to data, in which the onset of 
phlorizin binding to membrane vesicles from outer cortex was 
measured in the presence of inwardly directed initial gradient of 
3 mM Na +. Membrane vesicles from outer renal cortex contain- 
ing 100 mM K + were incubated (30~ with different phlorizin 
concentrations in the presence of 97 mM K + and 3 mM Na +. The 
measurements were performed and the data are presented as in 
Fig. 3. The data were fitted according to the "'two independent 
sites, two-step binding model"  and a 1 : I stoichiometry of low 
and high affinity phlorizin binding sites was assumed (k6 was 
fixed to I). kJk4 and kz were fixed to respective values of 112.1 
~M and 0.024 sec i which were obtained for phlorizin binding in 
the presence of 3 mM Na + on both membrane sides (see Fig. 4). 
The goodness of  the fit was 0.0025. The constants calculated for 
k~ and k2 are given in Results 

presence of Na + equilibrium (compare with Fig. 4, 
kl = 0.107/XM -~, k2 = 0.062 sec l). For the dissocia- 
tion constant of the high affinity phlorizin binding 
site (KD high = k3 �9 ki -J " k21) a value of 3.13 -+ 1.36/xM 
was calculated which was not significantly different 
from the value of 3.63 -+ 0.70 /XM which was ob- 
tained at equilibrium of 3 mM Na +. 

The data suggest that the observed Na+-in - 
duced affinity increase at the low and at the high 
affinity phlorizin binding site (compare Figs. 3 and 6 
with Figs. 4 and 7) is due to Na + binding to the 
extracellular side of the brush-border membrane 
which corresponds to the outside of the membrane 
vesicles [11]. Although Na + binding to the intracel- 
lular side of the brush-border membrane does ap- 
parently not alter the KDhigh significantly, it may 
have an effect on the two-step binding mechanism 
at the high affinity phlorizin binding site. 

E F F E C T  OF THE M E M B R A N E  POTENTIAL 

ON PHLORIZIN B I N D I N G  

It has been reported previously that by an inside- 
negative membrane potential, the rate constant for 
phlorizin association to membrane vesicles from 

kidney and intestine is increased, whereas the rate 
constant of dissociation is not altered [2, 32, 33]. 
Thus, to further test the validity of the "two 
independent sites, two-step binding model" the as- 
sociation of phlorizin to membrane vesicles was 
compared in the absence and presence of an inside- 
negative membrane potential. First we investigated 
the potential effect on phlorizin binding measured in 
the presence of 3 mM Na + on both membrane sides, 
and then the potential effect on phlorizin binding 
measured in the presence of an initial Na + concen- 
tration difference of 90 mM Na+(out > in). 

Membrane vesicles from outer cortex contain- 
ing 97 mM K + plus 3 mM Na + and 20 /xg/ml of 
valinomycin were incubated at 30~ with 97 mM 
choline +, 3 mM Na +, 20/xg/ml of valinomycin plus 
six different concentrations of phlorizin (0.16-20 
/XM) and phlorizin binding was measured after eight 
different time intervals (1 to 15 sec). From phlorizin 
equilibrium binding measurements the total number 
of phlorizin binding sites was determined to be 242 
-+ 15 pmol �9 (mg of protein) -~. For the different 
phlorizin binding models the following goodness pa- 
rameters were obtained: "one-site model" 0.0080; 
"two-states, one-site model" 0.0076; "two inde- 
pendent sites model" 0.0038; "two dependent sites 
model" 0.0030; "one-site, two-step binding model" 
0.0053; "two independent sites, two-step binding 
model" 0.0028. Note that also these data could not 
be fitted by models with one binding site including 
the "two-states, one-site model" which is able to 
describe a recruitment of inaccessible phlorizin 
binding sites. The best fit was obtained with the 
"two independent sites, two-step binding model." 
The goodness of the fit with this model (0.0028) re- 
mained identical if a 1 : 1 stoichiometry of high and 
low affinity phlorizin binding sites was assumed (k6 
fixed to 1). We next tested whether the binding 
models are in agreement with the observation that 
the dissociation of bound phlorizin is not affected 
by the membrane potential [2, 33, H. Koepsell, un- 
published observation in brush-border membrane 
vesicles from porcine renal cortex]. Thus, the 
phlorizin binding curves measured in the presence 
of a K + diffusion potential were fitted to different 
models when the rate constants for dissociation (see 
reaction schemes in Materials and Methods) were 
fixed to values which were obtained in the absence 
of a membrane potential. In the following the good- 
ness parameters which were obtained without and 
with fixation of rate constants are presented: "one- 
site model," 0.0080 (k2 fixed: 0.0146); "two-states, 
one-site model," 0.0076 (k4 fixed: 0.0076); "two in- 
dependent sites model," 0.0038 (k2 and k 4 fixed: 
0.0078); '~two dependent sites model," 0.0030 (k4 

fixed: 0.0119); "one-site, two-step binding model," 
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Fig. 8. Family of  curves  fitted to data, in which the onset  of  
phlorizin binding to membrane  vesicles f rom outer  cortex was 
measured  in the presence  of 3 mM Na + on both membrane  sides 
and of an inside-negative membrane  potential. Membrane  vesi- 
cles from outer  renal  cortex which contained 97 mM K + plus 3 
mM Na + and were preincubated with 20/xg/ml  o f  valinomycin 
were incubated (30~ with different phlorizin concentrat ions in 
the presence of 97 ml choline + plus 3 m g  Na  +, The measure-  
ments  were performed and the data are presented as in Fig. 3. 
The data were fitted according to the " two  independent  sites, 
two-step binding mode l "  and a 1 : 1 s toichiometry of  low and 
high affinity phlorizin binding sites was a s sumed  (k6 was fixed to 
1). The rate cons tan ts  of  dissociation k3 and k5 were fixed to 
respect ive values of  0.024 sec -t and 2349 sec 1 . /J~M I which 
were obtained in the absence  of  the val inomycin- induced mem- 
brane potential (see Fig. 4). The goodness  of  the fit was 0.0031. 
The cons tan ts  calculated for k~, k2 and kJk4 are given in Results  

0.0053 (k2 and k4 fixed: 0.0080); " two independent 
sites, two-step binding model ,"  0.0028 (k3 and k5 
fixed: 0.0028). Only with the "two-states,  one-site 
model"  and with the " two  independent sites, two- 
step binding model"  the quality of the fit was not 
reduced. Since with the "two-states,  one-site 
model"  the quality of the fit was significantly lower 
than with the " two  independent sites, two-step 
binding model"  the data are best described with the 
" two independent sites, two-step binding model ."  
Figure 8 shows a fit with this model when (i) the rate 
constants of dissociation k3 and k5 were fixed to the 
values of 0.024 sec J and 2349 sec J - ~ M  - I  which 
were obtained in the absence of the membrane po- 
tential (see Fig. 4) and (ii) a l : l  stoichiometry of 
low and high affinity phiorizin binding sites was as- 
sumed (k6 was fixed to I). The fit was nearly as good 
(goodness parameter 0.0031) as without fixation of 
any constant. For k�91 k2 and ks~k4 the following val- 
ues were calculated: k~ = 0.35 -+ 0.05 /XM-~; k~ = 
0.037 -+ 0.002 sec-~; ks~k4 = 20.6 _+ 1.8/XM. Thus in 
the presence of 3 mM Na + the dissociation con- 
stants of the high affinity phlorizin binding site 
(kD high = k3 " k / I  " k2  I) a n d  o f  t h e  l o w  a f f i n i t y  p h l o r -  

izin binding site (kl)lo~ = k5 �9 k4 ~) were 1.87 _+ 0.42 

p~M and 20.6 + 1.8/xM in the presence of an inside- 
negative membrane potential, whereas the dissocia- 
tion constants of the high and low affinity binding 
sites were 3.63 -+ 0.70/xM and 112.1 _+ 28.0/xM in 
the absence of a membrane potential (see Fig. 4). 
The experiments suggest that the affinity of low and 
high affinity phlorizin binding sites is increased by 
an inside-negative membrane potential. 

In an attempt to investigate the effect of the 
membrane potential on phlorizin binding under con- 
ditions in which Na + gradient-dependent D-glucose 
uptake is measured, phlorizin binding measured in 
the presence of an initial concentration difference of 
90 mM Na + (out > in) plus a valinomycin-induced 
diffusion potential of K + (Fig. 9) was compared 
with phlorizin binding measured in the absence of 
valinomycin (Fig. 6). Figure 5 shows that a vesicle 
inside-negative membrane potential was generated 
when the vesicles from outer cortex containing 100 
mM potassium cyclamate were incubated with 90 
mM sodium cyclamate plus 10 mM potassium cycla- 
mate and valinomycin was present, whereas the 
membrane potential did not change when valinomy- 
cin was absent. Measurements of valinomycin in- 
duced uptake of (3H)tetraphenylphosphonium bro- 
mide into membrane vesicles from outer cortex and 
outer medulla showed that the valinomycin-induced 
inside-negative K + diffusion potential was identical 
in membrane vesicles from both kidney regions 
(data not shown). Figure 5 shows that during the 
first 10 sec of incubation with Na+-containing buffer 
the height of membrane potential which was gener- 
ated in the presence of valinomycin changed only 
about 10% (Fig. 5). In the presence of valinomycin 
the Na + influx into the vesicles from outer cortex 
and outer medulla was slightly more rapid than in 
the absence of valinomycin. Thus after 10-sec incu- 
bation of the vesicles with 90 m u  Na § the Na § 
concentration in the vesicles from outer cortex and 
outer medulla was 16.5 -+ 2.5 and 17.6 -+ 2.2 mM, 
respectively. For the total numbers of phlorizin 
binding sites estimated from equilibrium binding 
measurements similar values as in the absence of 
valinomycin (see above, Fig. 6) were obtained: 
outer cortex 223 _+ 7 pmol �9 (mg of protein) -1, outer 
medulla 229 _+ 7 pmol �9 (mg of protein) -1. 

The phlorizin binding measurements in outer 
cortex and outer medulla performed in the presence 
of valinomycin within 10 sec after incubation of the 
vesicles with Na + plus different phlorizin concen- 
trations could be fitted with the " two independent 
sites, two step-binding model"  (goodness parame- 
ters: outer cortex 0.059; outer medulla 0.0103). Fig- 
ure 9 shows that about the same goodness parame- 
ters were obtained (outer cortex 0.0060, outer 
medulla 0.0106) if a 1 : 1 stoichiometry of the low 
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of  0.52 -+ 0.15 and 1.6 -+ 0.3/XM for  outer  medulla.  
A compar i son  of  these  data  with the dissociat ion 
cons tan t  ob ta ined  at equil ibrium of  90 mM N a  § (Fig. 
3) or  in the p resence  o f  an initial concen t ra t ion  dif- 
ference  o f  90 mM N a  + (out > in) in the absence  o f  
va l inomycin  (Fig. 6) reveals  that the affinity o f  the 
low affinity phlorizin binding site in outer  medulla 
and probably  also in the outer  cor tex  was increased 
by the inside-negative m e m b r a n e  potential  whereas  
the high affinity phlorizin binding sites were appar-  
ent ly not affected by the m e m b r a n e  potential .  
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Fig. 9. Families of curves fitted to data, in which the onset of 
phlorizin binding to membrane vesicles from outer cortex and 
outer medulla was measured in the presence of an inwardly di- 
rected Na+-gradient plus a valinomycin-induced inside-negative 
membrane K+-diffusion potential. Membrane vesicles from (a) 
renal outer cortex and (b) outer medulla, which contained 100 
mM K § and were preincubated with 20/xg/ml of valinomycin, 
were incubated (30~ with different phlorizin concentrations in 
the presence of 90 mM Na + plus 10 mM K +. The measurements 
were performed and the data are presented as in Fig. 3. The data 
were fitted to the "two independent sites, two-step binding 
model" and a 1 : 1 stoichiometry of low and high affinity phlor- 
izin binding sites was assumed (k6 was fixed to 1). The rate con- 
stants of dissociation k3 and k5 were fixed to the values which 
were obtained in the absence of the valinomycin-induced mem- 
brane potential (see Fig. 6, outer cortex: k 3 = 0.013 sec -~, k5 = 
0.29 sec-~; outer medulla: k3 = 0.013 sec -~, k5 = 0.16 sec-t). The 
goodness parameters were 0,0060 for outer cortex and 0.0103 for 
outer medulla, The Ko values calculated for the high and low 
affinity phlorizin binding site are given in Results 

and high affinity phlorizin binding sites was  as- 
sumed (k6 was fixed to 1) and the rate constants  o f  
phlorizin dissocia t ion were  fixed to the same values 
which were  obta ined  in the absence  o f  va l inomycin  
(see Fig. 6, ou te r  cor tex:  k3 = 0.013 sec -1, k5 = 0.29 
sec-1;  ou ter  medulla:  k3 = 0.013 sec -1, k5 = 0.16 
sec-~). Fo r  the dissocia t ion cons tan t s  o f  high and 
low affinity phlorizin binding sites (KD high = k3 " k l  I 

�9 kz 1, kDlow = ks~k4) values o f  0.31 -+ 0.14 and 5.6 -+ 
0 .6 /xN were  ca lcula ted  for  outer  cor tex  and values 

CHARACTERISTICS OF Na+-DEPENDENT 
D-GLucOSE UPTAKE IN MEMBRANE VESICLES 
FROM OUTER CORTEX AND OUTER MEDULLA OF 
PORCINE KIDNEY 

It was  invest igated whe the r  the he terogenei ty  o f  
Na+-dependen t  D-glucose t ranspor t  descr ibed for 
outer  cor tex  and ou te r  medul la  o f  rabbit  k idneys  
[35-37] exists also in pig. Measur ing  the substrate  
dependence  o f  N a  § g rad ien t -dependent  D-glucose 
uptake  in m e m b r a n e  vesicles f rom pig at 30~ (Fig. 
I0) and at 37~ (Fig. 11) in the absence  and pres- 
ence  o f  va l inomycin  different kinetic propert ies  
were  obse rved  in ou te r  cor tex  and outer  medulla.  
Since the phlorizin binding data  suggest  that  the 
Na+-D-glucose  co t ranspor t e r  in outer  cor tex  and 
outer  medul la  is identical  and contains  two types  o f  
substrate  binding sites, we tested whe the r  the trans- 
por t  measu remen t s  in outer  cor tex  and outer  me- 
dulla could be fitted, when  in outer  cor tex  and outer  
medul la  low and high affinity t ranspor t  sites are as- 
sumed which have  identical  K~ values but different 
t ranspor t  rates in ou te r  cor tex  and ou te r  medulla.  
Figures 10 and 11 show that  this could be demon-  
strated in measu remen t s  which  were  pe r fo rmed  un- 
der  different exper imenta l  condit ions.  For  D-glu- 
cose  up take  in outer  cor tex  and outer  medulla  
measured  at 30~ in the absence  o f  va l inomycin  and 
in the p resence  o f  an initial concen t ra t ion  difference 
o f  90 mM N a  + (out > in) and 90 mM K + (in > out) 
apparen t  Km values o f  0.37 -+ 0.09 and 3.94 -+ 0.21 
mM were  obta ined  (Fig. I0). In  the p resence  o f  va- 
l inomycin  (30~ for  outer  cor tex  apparen t  Km val- 
ues o f  0.37 -+ 0.04 and 3.94 _+ 0.15 mM and for  outer  
medulla  apparent  Km values o f  0.2 -+ 0.01 and 3.94 
_+ 0.20 mM were  calculated (Fig. 10). Thus ,  the 
m e m b r a n e  potent ia l  did not  alter the apparent  Km 
values o f  low and high affinity t ranspor t  in outer  
cor tex  but  dec reased  the apparen t  K,, o f  high affin- 
ity t ranspor t  in ou te r  medulla.  In outer  cor tex  
( 3 0 ~  Vmax(total) was  slightly st imulated by valino- 
myc in  (absence  o f  va l inomycin :  1193 -+ 26 pmol �9 
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Fig. 1@. Substrate  dependence  of Na  + gradient-dependent  D-glu- 
cose uptake into me mbrane  vesicles from outer  cortex and outer  
medulla (30~ absence  and presence of  inside-negative mem- 
brane potential), which was fitted by a s suming  two apparent  
t ransport  sites in both kidney regions. Brush-border  membrane  
vesicles f rom (a) outer  cortex and (b) outer  medulla  of  pig kid- 
neys were loaded with 100 mM K § and preincubated without and 
with val inomycin.  At 30~ initial L-glucose uptake rates were 
measured  at K + equil ibrium and initial D-glucose uptake rates 
were measured  in the presence  of initial concentrat ion differ- 
ences o f  90 mM Na + (out > in) and 90 mM K + (in > out). The 
uptake rates which were s t imulated by the Na* gradient over  
those measured  at K + equilibrium were calculated. Open and 
filled symbols  represent  data  obtained in the absence  and pres- 
ence of  val inomycin,  respect ively.  Mean  values of  three mea- 
surements  with s tandard deviat ions are shown,  The data which 
are presented according to Hofstee [13] were tilted as described 
in Materials and Methods .  It was a s sumed  that in each prepara- 
tion two apparent  t ranspor t  sites are present .  The fits were ob- 
tained when  in both kidney regions a Km value of 3.9 mM was 
a s sumed  for the low affinity t ransport  site (absence and presence 
of valinomycin).  For  the high affinity t ransport  site a K~ value of 
0.37 mM (outer cortex,  absence  and presence of val inomycin;  
outer  medulla,  absence  o f  val inomycin)  or  a K~ value of  0.18 mM 
(outer medulla,  presence  of  valinomycin) was obtained 
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Fig. 11. Substra te  dependence  of Na  § gradient-dependent  D-glu- 
cose uptake into m e m b r a n e  vesicles f rom outer  cortex and outer  
medulla (37~ absence  and presence of  inside-negative mem- 
brane potential), which was fitted by assuming  two apparent  
t ransport  sites with Km values which are identical for both kidney 
regions. Brush-border  membrane  vesicles f rom (a) outer  cortex 
and (b) outer  medulla  were loaded with 100 mM K § At 37~ 
initial L-glucose uptake rates at K + equilibrium and initial D- 
glucose uptake rates in the presence  of  initial concentrat ion dif- 
ferences  of  90 mM Na + (out > in) and 90 mM K + (in > out) were 
measured  in the absence  or presence of valinomycin.  Uptake 
rates of  D-glucose s t imulated by the Na  + gradient over  those of  
L-glucose measured  at K + equilibrium were calculated and the 
data  are presented as in Fig. 10. The data obtained in the absence 
of val inomycin (open symbols)  and presence of  val inomycin 
(filled symbols)  were fitted separately.  For  the fit it was a s sumed  
that two apparent  t ransport  sites are present  in outer  cortex and 
outer  medulla.  In the absence  of  val inomycin in outer  cortex 
only one Km value of 3.7 mM could be detected (a, open symbols)  
whereas  for the outer  medulla one K,, value of 3.7 mM and an- 
o ther  of  0.4 mM was est imated (b. open symbols) .  In the pres- 
ence of  val inomycin (filled symbols)  for outer  cortex and outer  
medulla a K,, value of  3.7 mM was obtained for the apparent  low 
affinity t ransport  site whereas  for the apparent  high affinity trans- 
port site a K,,, value of  0.14 mM was calculated 

mg -~ - sec 1; p re sence  o f  va l inomycin :  1382 +_ 44 
pmol  � 9  -J �9 sec 1) whereas  va l inomycin  did not  
significantly alter Vmax(tota[) in ou te r  medul la  (ab- 
sence  o f  va l inomycin :  1449 +- 33 pmol  �9 mg -I �9 
s ec - l ;  p r e sence  o f  va l inomycin :  1423 _+ 47 pmol  �9 
mg i . sec- l ) .  In ou te r  cor tex  gmax of  high and low 

affinity t ranspor t  was  s t imulated by va l inomycin  
(high affinity t ranspor t :  f rom 44 +_ 4 to 108 + 7 pmol  
�9 mg -1 �9 sec -1, low affinity t ranspor t :  f rom 1149 + 22 
to 1275 -+ 37 p m o l .  mg -1 �9 sec-1). In  outer  medulla  
Vrnax of  high affinity t ranspor t  was  st imulated 
whereas  Vmax of  low affinity t ranspor t  was de- 
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creased (high affinity transport: from 159 -+ 5 to 361 
-+ 5 pmol �9 mg -1 �9 sec- l ;  low affinity transport: from 
1291 _+ 27 to 1062 _+ 42 pmol �9 mg -1 �9 sec-l).  

Na + gradient-dependent D-glucose uptake in 
outer cortex measured at 37~ in the absence of 
valinomycin could be fitted with one Km value of 
3.69 -+ 0.10 mM (Fig. I l a ,  open symbols). In con- 
trast D-glucose uptake in the outer medulla mea- 
sured in the absence of valinomycin at 37~ had to 
be fitted with two Km values (Fig. l lb ,  open sym- 
bols). One value was the same as in outer cortex 
(3.69 -+ 0.11 raM) and the other was about 10 times 
lower (0.40 -+ 0.02 mM). Note that the K~ values 
obtained in the absence of  valinomycin at 37~ were 
not significantly different from those estimated at 
30~ (absence of valinomycin). The Vmax values of 
D-glucose transport  calculated at 37~ in the ab- 
sence of valinomycin were 1137 -+ 21 pmol .  mg -~ �9 
sec -1 in outer  cortex and 1169 -+ 29 pmol �9 mg -~ �9 
sec -~ in outer medulla. Figure 11 shows that at 37~ 
the Vmax values of D-glucose uptake in outer me- 
dulla and also in outer  cortex were not increased by 
valinomycin. Thus, as was observed for outer me- 
dulla at 30~ already in the absence of  valinomycin 
the driving force of D-glucose uptake was maximal. 
After addition of  valinomycin the Km of the appar- 
ent low affinity transport  site (3.7 -+ 0.3 mM) re- 
mained unchanged in outer cortex and outer me- 
dulla. As was observed at 30~ in outer medulla 
also at 37~ the Km value of high affinity transport in 
the outer  medulla was increased by valinomycin 
(absence of valinomycin, 0.40 + 0.02 mM; presence 
of valinomycin 0.14 -+ 0.01 mM). Note that the ap- 
parent K,,, value estimated at 37~ for the high affin- 
ity transport site in outer cortex and outer  medulla 
(presence of valinomycin) was about the same as 
the K,,, value estimated at 30~ for high affinity 
transport in outer medulla (presence of valinomy- 
cin, 0.18 -+ 0.01 mM). With the addition of valino- 
mycin the Vm~ at the high affinity transport sites 
increased (outer cortex: from 0 to 86 +- 3 pmol �9 
mg -1 - sec-~; outer medulla: from 32 + 2 to 231 -+ 7 
pmol �9 mg -j �9 sec -~) whereas the V .... of  the low 
affinity transport site decreased (outer cortex: from 
1137 _+ 20 to 1027 -+ 23 pmol - mg J �9 sec- l ;  outer 
medulla: from 1003 -+ 24 to 928 -+ 42 pmol �9  -j - 
sec-I). 

Discussion 

In membrane vesicles from renal proximal tubules 
the luminal side of the  brush-border membranes is 
on the outer surface [11]. Phlorizin is a competitive 
inhibitor of Na+-D-glucose cotransport  and inter- 
acts only with the outer surface of the vesicles. This 

was shown in experiments where bound radioactive 
phlorizin could be removed within seconds (30~ 
presence of  90 mM Na +) when an excess of nonra- 
dioactive phlorizin was added to the outside (H. 
Koepsell,  unpublished data), and in experiments 
where Na + gradient-dependent D-glucose uptake 
could not be inhibited by 0.8 mM phiorizin when 
present inside the vesicles [19]. Phlorizin has a .  
more than 100-fo!d higher affinity than D-glucose to 
the Na+-D-glucose cotransporter  since its D-glucose 
moiety interacts with the D-glucose binding site and 
its phloretin moiety presumably with a hydrophobic 
protein domain near the D-glucose binding site. This 
notion is strongly supported by the finding that 
phlorizin binding is competit ively inhibited by D- 
glucose and phloretin (Fig. 2). The exclusive high 
affinity phlorizin binding to the luminal side may be 
caused by an asymmetry  of the transporter.  During 
the transport  cycle the D-glucose binding site may 
be accessible from both membrane surfaces 
whereas the phloretin binding domain of the trans- 
porter  only from the luminal side. In the present 
study, families of onset  curves of phlorizin binding 
to the outside of  membrane vesicles from outer cor- 
tex and outer medulla could be fitted by a " two  
independent sites, two-step binding model"  in 
which two types of Na+-dependent phlorizin bind- 
ing sites were assumed which are present at a ratio 
of 1 : 1. It was shown that phlorizin binding to both 
sites was Na § dependent  and that the association 
rate of  phlorizin to both sites was dependent  on the 
membrane potential. Our observation in pig that 
low and high affinity phlorizin binding sites are 
present at a ratio of 1 : 1 in outer cortex and in outer 
medulla is different to the observation of Turner  
and Moran in rabbit [37] who observed mainly high 
affinity phlorizin binding sites in outer cortex and 
high plus low affinity phlorizin binding sites in outer 
medulla. The different results in rabbit and pig may 
reflect species differences in phlorizin binding, 
however,  they also may have been generated by the 
different experimental  conditions which were em- 
ployed for the phl0rizin binding measurements.  
Turner  and Moran [37] analyzed phlorizin binding 
in the presence of 60 mM Na § and subtracted non- 
specific phlorizin binding measured in the absence 
of Na § In our investigation phlorizin binding was 
measured in the presence of 90 mM Na § and non- 
specific phlorizin binding was subtracted which was 
measured in the presence of 5 mM nonradioactive 
phlorizin (for details, see Materials and Methods). 
We have shown (see Fig. lb) that phlorizin binding 
to the Na+-D-glucose cotransporter  does not only 
occur in the presence of Na § but, with a more than 
10-fold lower affinity, also in the absence of Na +. 
Thus, we do not believe that low affinity phlorizin 
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Fig. 12. Dimer model of Na+-D-glucose cotransporter in renal 
outer cortex and outer medulla. This model assumes that the 
functional Na+-D-glucose cotransporter contains a low affinity 
and a high affinity phlorizin binding site which are localized on 
two polyl~eptides (H and L) of the Na+-D-glucose cotransporter. 
It is further assumed that each polypeptide with a phlorizin bind- 
ing site also contains a Na § binding site. Phlorizin is indicated by 

where [] represents the D-glucose moiety and ~ the 
phloretin moiety of phlorizin. Na + is represented by ~'. Each 
phlorizin binding site contains a binding domain for D-glucose 
and phloretin. Phlorizin may bind to both binding sites in the 
absence and presence of Na +. Binding of Na + to the transporter 
increases the affinity of both phlorizin binding sites mainly by 
increasing the rate constants of phlorizin association (symbol- 
ized by the thickness of arrows). After saturation of the Na + 
binding sites (presence of 90 mM Na +) the phlorizin association 
to the low affinity site and the KD of this site may be furthermore 
increased by an inside-negative membrane potential. 

binding sites of the Na+-D-glucose cotransporter 
can be determined correctly if phlorizin binding 
measured in the presence of Na + is corrected for 
the amount of phlorizin binding measured in the 
absence of Na § Therefore it is very possible that 
the 1 : 1 ratio of low and high affinity phlorizin bind- 
ing sites observed in porcine outer cortex and outer 
medulla may also be present in rabbit and other 
species. Notwithstanding that in porcine outer cor- 
tex and outer medulla the presence of separate Na +- 
D-glucose cotransporters with either low and or 
high affinity phlorizin binding sites which are 
present at a ratio of 1:1 cannot be excluded we 
would like to raise the hypothesis that the observed 
low and high affinity phlorizin binding sites do not 
belong to different transporter populations from dif- 
ferent nephron regions but are localized on one 
functional Na+-D-glucose cotransporter molecule. 
This hypothesis is in agreement with data in which 
functional molecular weights of 230,000 and 110,000 
have been determined for phlorizin binding by tar- 
get size analysis [23, 31, 34] and polypeptides with 
the molecular weights of 75,000 and 47,000 have 
been identified as components of the renal Na+-D- 
glucose cotransporter which contain D-glucose 
binding sites [18, 26]. Thus, it may be assumed that 
both phlorizin binding sites are localized on two 
potypeptides which are components of one func- 

tional Na+-D-glucose cotransporter. Whether these 
polypeptides are transporter subunits with the mo- 
lecular weights of 75,000 and 47,000 or identical 
monomers with the molecular weights of either 
75,000 or 47,000 is not known since it has not been 
clarified whether the Mr 47,000 component of the 
Na+-o-glucose cotransporter is a transporter sub- 
unit or a proteolytic splitting product of the 75,000 
polypeptide [for discussion, see 10, 20]. Figure 12 
shows a model of the transporter in which two iden- 
tical polypeptide monomers are assumed which 
contain a high affinity and a low affinity phlorizin 
binding site (see L and H in Fig. 12). In the model, 
phlorizin binding to both binding sites occurs in the 
absence and presence of Na § To the high affinity 
site phlorizin binds in two steps. This binding is 
slow whereas phlorizin binding to the low affinity 
site is rapid. The experiments showed that sodium 
increased the affinity of both phlorizin binding sites 
(see Fig. 12). As has been described in membrane 
vesicles from rabbit kidney [2] we also observed in 
pig that the rate of phlorizin association to mem- 
brane vesicles was increased by Na +. Since this ef- 
fect was observed independently whether Na + was 
added to both membrane sides or to the outside of 
right side-out oriented m~mbrane vesicles (compare 
Figs. 4 and 3, and 7 and 6), Na + binding to the 
extracellular side of the transporter is apparently 
sufficient to increase the affinity of both phlorizin 
binding sites. 

Earlier it had been reported that the rate of 
phlorizin association to brush-border membrane 
vesicles from rabbit kidney and intestine was in- 
creased by an inside-negative membrane potential 
[2, 32, 33] whereas the membrane potential did not 
alter the dissociation rate of bound phlorizin [2, 32]. 
We were able to confirm and extend these observa- 
tions in measurements with brush-border mem- 
brane vesicles from pig kidney outer cortex and 
outer medulla (see above, H. K. Koepsell, unpub- 
lished data). Previously the effect of the membrane 
potential on phlorizin binding was explained as a 
potential effect on the recruitment of phlorizin bind- 
ing sites on the extracellular side of the brush-bor- 
der membrane and it was speculated that the un- 
loaded transporter or a part thereof is negatively 
charged [30, 33]. Our results show that this interpre- 
tation is not sufficient to explain the experimental 
data if only one type of phlorizin binding sites is 
assumed. Thus, the phlorizin binding measure- 
ments could not be fitted with the "two-states, one- 
site binding" model, which assumes that one popu- 
lation of phlorizin binding sites can be present in an 
inactive and in an active form. Although by the 
"two independent sites, two-step binding model" 
the effects of membrane potential on phlorizin bind- 
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ing can be explained without assuming recruitment 
of phlorizin binding sites, potential-dependent re- 
cruitment of the low and/or the high affinity phlor- 
izin binding sites cannot be excluded. Recently an 
alternative explanation was proposed [15]: Based 
on the observation that Na § binding to avian intesti- 
nal cells is potential dependent, it was suggested 
that the effect of the membrane potential on phlor- 
izin association may be secondary to a potential- 
induced increase of Na § binding to one of two Na § 
binding sites. Furthermore it was speculated that 
phlorizin debinding may not be influenced by the 
membrane potential since it may require potential- 
independent debinding of Na + from a second Na + 
binding site [15]. Our data are in accordance with 
this hypothesis since we observed that the affinity 
of low and high affinity phlorizin binding sites was 
increased when Na § was added and when in the 
presence of low Na § concentrations an inside-nega- 
tive membrane potential was applied. 

Since the data on phlorizin binding described in 
this paper suggest that identical types of Na+-D - 
glucose cotransporters are present in porcine outer 
cortex and outer medulla which contain each a low 
affinity and a high affinity phlorizin binding site, one 
would like to know (i) whether the D-glucose do- 
mains of the low and the high affinity phlorizin bind- 
ing sites are engaged in D-glucose cotransport and 
(ii) whether in outer cortex and outer medulla iden- 
tical or different Na+-D-glucose cotransporter mole- 
cules exist. In agreement with measurements per- 
formed on membrane vesicles from outer cortex 
and outer medulla of rabbit kidneys [36], we also 
found in porcine kidney that the substrate depen- 
dence of Na + gradient-dependent D-glucose uptake 
was different in membrane vesicles from outer cor- 
tex and outer medulla (Figs. 10 and 11). In addition 
we observed that the substrate dependence in outer 
cortex and outer medulla was altered when temper- 
ature and the membrane potential were changed. 
Some investigators primarily observed low affinity 
Na+-D-glucose cotransport in the outer cortex and 
high affinity transport in the outer medulla and pro- 
posed the existence of a low affinity, high capacity 
transport system in outer cortex and of a high affin- 
ity, low capacity transport system in outer medulla. 
They determined a Na+/o-glucose stoichiometry of 
approximately 1 : 1 in outer cortex and of 2 : 1 in the 
outer medulla [35-37]. Performing transport mea- 
surements over a broad range of D-glucose concen- 
trations, we detected both high plus low affinity 
transport in membrane vesicles from both outer cor- 
tex and outer medulla (see Figs. 10 and 11). A simi- 
lar observation was recently made by Blank and 
coworkers [3] who measured low affinity, high ca- 
pacity Na+-D-glucose cotransport plus high affinity, 

low capacity Na+-D-glucose cotransport in mem- 
brane vesicles from outer renal cortex of rat. 

From D-glucose uptake measurements one can- 
not distinguish between (i) transport sites on sepa- 
rate transporters, (ii) separate transport sites on one 
transporter, (iii) one transport site with changing 
affinity during the transport cycle or (iv) a transport 
site plus a regulatory Na+-dependent D-glucose 
binding site. Since we observed low and high aff• 
ity phlorizin binding sites with a stoichiometry of 
one in outer cortex and outer medulla, our working 
hypothesis was that one functional Na+-D-glucose 
cotransporter molecule has a low and a high affinity 
D-glucose transport site and we tried to fit Na + gra- 
dient-dependent D-glucose uptake by assuming two 
coexisting D-glucose transport sites. We observed 
that alterations of temperature or membrane poten- 
tial had differential effects on the maximal velocity 
of high or low affinity Na+-D-glucose cotransport. 
These observations do not contradict the hypothe- 
sis that high and low affinity transport is catalyzed 
by one transporter since temperature or membrane 
potential may have differential effects on either two 
transport sites or two operational modes of one 
transporter. Our phlorizin binding data suggested 
that the Na+-D-glucose cotransporter is identical in 
outer cortex and outer medulla. We therefore tried 
to fit Na+-D-glucose cotransport in outer cortex and 
outer medulla by assuming identical Km values for 
the respective low or high affinity transport sites. 
This was possible under nearly all experimental 
conditions. The only exception was that at 30~ an 
inside-negative membrane potential increased the 
affinity of high affinity transport in outer medulla 
but not in outer cortex. However, since in outer 
cortex the apparent Km value of high affinity trans- 
port measured at 37~ in the presence of an inside- 
negative membrane potential was about the same as 
the values obtained for outer medulla at 30 and 
37~ identity of the high affinity transport in outer 
cortex and outer medulla can be assumed. The ob- 
served differences in the kinetics of Na+-o-glucose 
cotransport in outer cortex and outer medulla may 
reflect different lipid environments of the trans- 
porters [5] or different associated proteins in both 
kidney regions. 

Our data are consistent with the hypotheses (i) 
that two populations of Na+-D-glucose cotranspor- 
ters with low and high affinity phlorizin binding 
sites are present at a ratio of 1 : 1 in porcine outer 
cortex and outer medulla and (ii) that the Na+-D - 
glucose cotransporter in porcine outer cortex and 
outer medulla contains two D-glucose transport 
sites and is identical in both kidney regions. Since 
we observed that in the presence of 90 mM Na + by 
an inside-negative membrane potential the KD of 
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low affinity phlorizin binding was decreased 
whereas the apparent Km of high affinity Na+-glu - 
cose cotransport was decreased our data suggest 
that the low and high affinity phlorizin binding sites 
represent high and low affinity D-glucose transport 
sites, respectively. 

This study was supported by the Deutsche Forschungsgemein- 
schaft (SFB 169). 
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