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Summary. In order to elucidate the mechanism by which the electrochemical Na + 
gradient energizes glucose transport, the energy-dependence of high affinity phlorizin bind- 
ing to isolated renal microvitlus membrane vesicles was examined. Phlorizin is a competitive 
inhibitor of glucose transport but is not itself transported. 

Extravesicular Na § accelerated the rate of phlorizin binding and inhibited the rate of 
dissociation of bound glycoside. Maneuvers to enhance intravesicular electronegativity stim- 
ulated phlorizin uptake and those to enhance intravesicular electropositivity inhibited. How- 
ever, alterations in electrical potential were without effect on the rate of retease of bound 
phlorizin. Intravesicular Na § inhibited the phlorizin uptake rate. 

The results are consistent with a model of the glucose transporter in which (i) Na § 
increases the binding affinity of the carrier, (ii) the free carrier is negatively charged, 
and (iii) the translocation of the carrier is inhibited by the binding of Na § in the absence 
of sugar. The electrochemical Na § gradient thus energizes both glucose transport and 
phlorizin binding through its effect on the affinity and appearance of the free carrier 
at the membrane surface rather than through an effect on sugar translocation per se. 

Recen t  s tudies  indica te  tha t  the e lec t rochemica l  N a  + g rad ien t  ener-  

gizes uphil l  D-glucose t r a n s p o r t  by i so la ted  renal  and  intes t inal  mic ro -  

villus m e m b r a n e s  [2, 3, 4, 16, 18, 21]. The  un id i rec t iona l  flux o f  sugar  

into m e m b r a n e  vesicles is s t imula ted  by ex t raves icu la r  N a  § and  inhibi ted  

by  in t raves icu la r  N a  § [2, 3, 16, 18]. M a n e u v e r s  tha t  enhance  in t raves icu-  

lar e lec t ronega t iv i ty  a u g m e n t  g lucose  u p t a k e  [4, 21]. Howeve r ,  the mecha -  

n i s m  by  which  g lucose  t r a n s p o r t  is coup l ed  to the N a  § g rad ien t  r ema ins  

u n k n o w n .  

The re  are  two poss ib le  steps at  which  coup l ing  be tween  sugar  t rans-  

p o r t  and  an  ion g rad ien t  m igh t  occur.  The  in t e rac t ion  o f  sugar  wi th  

its b ind ing  site at the m e m b r a n e  surface  cou ld  be ene rgy -dependen t .  

Such wou ld  be the case if e i ther  the a p p e a r a n c e  or b ind ing  aff ini ty  
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of a sugar carrier was linked to the electrochemical ion gradient. Alterna- 
tively, the t ranslocat ion of sugar across the membrane  might  be energy 
dependent .  In studies of the coupling between the electrochemical H + 
gradient  and lactose t ranspor t  in Escherichia coli membrane  vesicles, 
it has been observed that  membrane  binding of nont rans located  t ransport  
inhibitors is energy-dependent ,  thus suggesting that  it is the binding 
step rather than  the t ranslocat ion step which is energized by the H + 
gradient  [23, 25]. The present study examines the energetics of phlorizin 
binding in an a t tempt  to similarly identify the step at which glucose 
t ransport  is coupled to the electrochemical Na + gradient in renal micro- 
villus membrane  vesicles. 

Phlorizin is a competi t ive inhibitor of proximal  tubular  [33] and intes- 
tinal [11] glucose t ranspor t  but  is not  itself t ranslocated across the brush 
border  membrane  by the glucose t ransporter  [27, 30]. Two classes of 
phlorizin binding sites on isolated renal microvillus membranes  have 
been identified. High affinity phlorizin binding (K~ 0.2-8 gM) is Na +- 
dependent  and competi t ively inhibited by D-glucose and those sugar 
analogs which share the glucose t ransport  system [7, 12, 14, 28]. Low 
affinity phlorizin binding (Kv > 100 gM) is Na+- independen t  and less spe- 
cific [7, 14]. Only the high affinity phlorizin binding site, therefore, has 
been though t  to be identical with the D-glucose t ransporter  [7, 12, 14, 
28, 33]. 

The present study demonstra tes  that  high affinity phlorizin binding 
to renal microvillus membrane  vesicles is indeed influenced by the electro- 
chemical Na + gradient.  The findings concerning the electrical dependence 
of phlorizin binding have been presented in abstract fo rm previously 
[1]. An effect of Na + salt gradients on the binding of phlorizin to intesti- 
nal brush borders  has also recently been reported [31]. 

Materials and Methods 

Membrane Preparation 

Rabbit renal microvillus membranes were isolated by the Mg-aggregation method 
of Booth and Kenny [6] with the following modifications: (i) Kidneys were freshly removed 
from male New Zealand white rabbits (2-3 kg) sacrificed by intravenous air injection; 
(ii) the homogenizing solution consisted of 300 mM mannitol, 1 mM Tris-Hepes 1 pH 7.5, 
rather than hypotonic buffer; (iii) homogenization was performed by completing 10 full 

1 The abbreviations used are: Hepes, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic 
acid; Mes, 2-(N-morpholino) ethanesulfonic acid; FCCP, carbonyl cyanide p-trifluoro- 
methoxyphenylhydrazone. 
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strokes with a Potter-Elvehjem pestle (clearance 0.15 mm) at 2000 rpm; (iv) MgSO~ was 
substituted for MgC12; (v) three aggregation steps were performed rather than two; the 
slow speed centrifugations to sediment aggregated material were at 2500, 3100 and 3700 x g 
for 12 min and the higher speed microvillus collections at 27,000 x g for 20 min; (vi) the 
purified membranes were suspended in 300 mg mannitol, 10 mM MgSO4, 1 mM Tris-Hepes 
pH 7.5 at a concentration of 5-15 mg protein/ml. 

The purpose of these modifications was to isolate membrane vesicles that were fully 
equilibrated with an isosmotic mannitol solution in the absence of permeant anions. Purity 
of the membranes was equivalent to that produced by the original method. The enrichment 
in specific activity (final pellet/homogenate) of the luminal membrane marker 7-glutamyl 
transpeptidase [13] was 11 16 x,  while that of the basolateral marker Na, K-ATPase [15] 
was consistently < 1.0. Electronmicroscopy revealed that the preparation consisted predomi- 
nantly of individual microvilli with intact core structures, as reported by Booth and Kenny 
[6], suggesting that the membranes were isolated in a "  right-side-out" configuration. Prelimi- 
nary experiments using these membranes demonstrated no significant differences in the 
characteristics of the Na+-dependent D-glucose transport system from those described previ- 
ously using rabbit renal brush borders isolated by a different method [3]. Glucose was 
found to equilibrate with an intravesicular volume of approximately 1.5 Ixl/mg membrane 
protein in the present preparation. Isolated renal plasma membranes contain no phlorizin 
hydrolase activity [7, 14]. 

Binding Measurements 

Uptake of [3H] phlorizin was assayed by modification of the Millipore filtration tech- 
nique previously utilized to study glucose transport [3]. In general, 10 ~tl of membrane 
suspension were preincubated for 1 min at 20 ~ and then incubation at 20 ~ initiated 
by the addition of 40 p.1 of buffered mannitol medium containing [3 H] phlorizin (2 • 105 cpm) 
and other constituents as required. Replacement of mannitol in the incubation medium 
by salts was always performed isosmotically. All solutions contained 10 mM MgSO~ and 
1 mM Tris-Hepes pH 7.5 unless otherwise indicated. Incubations were terminated after 
the desired interval by rapid addition of 3.5 ml of an iced "s top"  solution consisting 
of 150 mM NaC1, 10 mM MgSO4 and 1 mM Tris-Hepes pH 7.5. The mixture was immediately 
poured on a 0.65 gm Millipore filter (DAWP) prewetted with distilled water. The incubation 
tube was washed once with 3.5 ml of iced "s top"  solution, which was poured on the 
filter, and then the filter itself washed with an additional 7 ml of "s top"  solution. The 
entire termination and washing process was completed in 13-15 sec. The rate of release 
of bound phlorizin into the iced "s top"  solution was found to be approximately 10% 
per 60 sec. Filters were dissolved in Aquasol (New England Nuclear Corp.) and the radioac- 
tivity measured in a scintillation counter. Values for the nonspecific retention of radioactivity 
by the filters were subtracted from the values of the incubated samples [3]. Any deviations 
from the procedures are noted. 

All incubations were performed in triplicate using membranes prepared the same day. 
An initial phtorizin concentration of 0.2 gM was employed in all experiments. Protein 
was assayed by the method of Lowry et al. [20]. While absolute phlorizin binding expressed 
per mg membrane protein varied over a twofold range from day to day, relative changes 
resulting from experimental manipulations were extremely reproducible. Data from repre- 
sentative experiments are illustrated. 

Materials 

[3H] phlorizin (5.2 Ci/mmol) was obtained from New England Nuclear Corp. with 
radiochemical purity > 98% by thin layer chromatography. Unlabeled phlorizin and valino- 
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mycin were purchased from Sigma Chemical Co. and FCCP from Boehringer-Mannheim. 
Other chemicals were of the highest purity available from commercial sources. All water 
used for preparing media was distilled, deionized, and filtered through 0.45 gm Millipore 
filters. As valinomycin and FCCP were stored in 95% ethanol, equivalent volumes of 
ethanol were added to control incubations. 

Results 

Verification of High Affinity Binding Site 

A Scatchard plot [24] of  equilibrium phlorizin binding in the presence 

of  120 mM Na + is illustrated in Fig. 1. In the range of  phlorizin concentra- 

tions 0.09-1.3 ~M, only a single high affinity binding site was identified. 

The KD (1.0 gM) was within the reported range {7, 12, 14, 281, although 

the concentrat ion of  receptor sites (265 pmoles/mg membrane  protein) 
was 3 20 x higher than that previously described. The uptake of  0.2 gM 

phlorizin was inhibited > 90% by removal  of  Na + from the incubation 
medium (Fig. 2), consistent with the known Na+-dependence  of the high 
affinity phlorizin binding site [7, 12, 14, 28]. 

The data in Fig. 2 also clearly indicate that accumulat ion of free 
glycoside in the intravesicular space can account, at most, for a trivial 

component  of  measured phlorizin uptake. The intravesicular volume in 
these membranes,  as determined by steady state glucose uptake, is ap- 
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Fig. 1. Scatchard plot of phlorizin binding. Incubations were performed for 36 min at 
20 ~ in a medium containing 60 mM Na2SO~ 
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Fig. 2. Effect o f  N a  § on  equi l ibrium phloriz in binding.  The  uptake o f  0.2 gM phloriz in 
at 20 ~ was assayed in the presence (z~) or absence ( o )  o f  60 mM Na2SO4 

proximately 1.5 gl/mg membrane protein. Equilibration of  0.2 gM phlori- 
zin into this volume would account for a measured phlorizin uptake of 
only 0.3 pmole/mg membrane protein. Thus < 1% of the phlorizin up- 
take in the presence of Na + and < 10% of the uptake in the absence 
of Na § can be attributed to accumulation of free glycoside in the intrave- 
sicular space. Indeed, as will be addressed in the Discussion, it is extremely 
unlikely that any phlorizin is transported across the microvillus mem- 
brane. 

Effect of  Extravesicular Na + on Unidirectional Rates 

of Phlorizin Association and Dissociation 

The effect of  extravesicular Na + on the initial rate of phlorizin associ- 
ation was estimated from incubations performed for 5 sec after the simul- 
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Table 1. Effect of extravesicular Na § salts on initial rate of phlorizin binding 

Incubation medium (mM) Phlorizin bound (pmoles/mg) 

300 Mannitol 
60 NazSO4+ 120 mannitol 

120 NaC1 + 60 mannitol 
120 NaSCN + 60 mannitol 

0.71 + 0.02 
7.87 _+ 0.06 

10.92+_0.36 
14.38+_0.42 

The uptake of 0.2 gM phlorizin for 5 sec at 20 ~ was measured _+ the addition of 
Na + salts at the initiation of the incubation. Results are expressed as the mean pmoles 
bound per mg membrane protein + the SE for three determinations. 

taneous addition of [3H] phlorizin and replacement of mannitol  by each 

of the Na § salts indicated in Table 1. The rate of glycoside binding 

was stimulated > 10-fold by the addition of  120 mM Na +, even with 
an impermeant accompanying anion such as SO2. 

Figure 3 illustrates the effect of extravesicular Na + on the rate of 

release of phlorizin that had previously been bound to the high affinity 

site. In this experiment, membranes were equilibrated with [3H] phlorizin 

in the presence of  120 m s  Na + and then diluted 1:20 into either the 

standard Na +-free mannitol  medium, or a medium containing 

150 mM Na § The rate of dissociation of bound phlorizin, measured 

after dilution, was inhibited 75% by high extravesicular Na § 

These findings concerning the effects of extravesicular Na + are consis- 

tent with the results of equilibrium binding studies which indicate that 

Na + increases the affinity (reduces the Kv) of the phlorizin receptor 

with no significant change in the total number of high affinity binding 

sites [7, 12, 14]. The increased affinity induced by Na § may thus be 

attributed to stimulation of the association rate constant and inhibition 

of the dissociation rate constant. 

Effect of Transmembrane Electrical Potential 
on the Unidirectional Rate of Association 

In the experiment shown in Table 1, imposition of out > in anion 

gradients was observed to modify the rate of phlorizin binding measured 

in the presence of 120 mM Na § Uptake was stimulated 39% by CI- 
and 83% by SCN-  when these anions were substituted for SO2. Similar 
sensitivity to anion gradients has been described for the Na+-dependent  
glucose transport  system in renal [4, 18] and intestinal [21] brush border 
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Fig. 3. Effect of extravesicular Na + on the rate of release of bound phlorizin. Membranes 
were equilibrated with 0.2pM phlorizin for 60min at 20 ~ in the presence of 
60 mM Na2SO4, then diluted 1:20 with either phlorizin-free mannitol medium (�9 or 
75 mM NazSO4 (zx), and the release of phlorizin assayed during reincubation at 20 ~ 

The zero time (100%) phlorizin binding was 27.2 pmoles per mg protein 

m e m b r a n e s  and  has been t hough t  to represent  an effect  o f  the t r ansmem-  

b rane  electrical po ten t ia l  difference on  sugar t ranspor t .  P resumably ,  im- 

pos i t ion  o f  an out  > in gradient  of  a pe rmean t  an ion  renders  the intrave-  

sicular space relat ively more  e lec t ronegat ive  than  does a similar gradient  

o f  a poo r ly  p e r m e a n t  an ion  such as SO2.  The  grea ter  effectiveness o f  

S C N -  than  CI -  in this regard  is expla ined  by the fact tha t  the S C N -  

co nduc t a nc e  exceeds tha t  of  C1 , as recent ly  f o u n d  to be the case in 

isolated intest inal  microvi l lus  membranes  [19]. These results conce rn ing  

an ion  sensitivity the re fore  suggest tha t  the rate of  high aff ini ty phlor iz in  

b inding is s t imula ted  when  int ravesicular  e lec t ronegat iv i ty  is enhanced .  
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Fig. 4. Effect of valinomycin on the rate of phlorizin binding. K2 > K} : Uptake of 0.2 gM 
phlorizin at 20 ~ in the presence of 30 mM Na2SO4 and 30 mM K2SO4 was determined 
using membranes preincubated for 60 min in mannitol medium with (�9 or without (zx) 
valinomycin (9.Sbtg/mg membrane protein). K~>K+: Uptake in the presence of 
50mM Na2SO4 and 7.5 mMK2SO4 was determined using membranes preincubated in 

37.5 mM K i S O  4 with (�9 or without (~) valinomycin 

To test this further, the effect of ionophores on phlorizin uptake 

was evaluated. As illustrated in Fig. 4, the K + ionophore valinomycin 

inhibited the rate of phlorizin binding (by 51% at 5 sec) in the presence 

of an out > in K + gradient. Under these conditions, the effect of valino- 

mycin on t ransmembrane potential should be to enhance intravesicular 

electropositivity. Supporting the interpretation that the inhibition by vali- 

nomycin was due to an electrical effect is the observation, also indicated 

in Fig. 4, that valinomycin stimulated the initial phlorizin association 

rate (by 69% at 5 sec) when the direction of the K § gradient was reversed. 

Under these conditions, valinomycin should enhance intravesicular elec- 

tronegativity. Valinomycin causes comparable stimulation of Na § 

dent glucose transport  into renal [4] and intestinal [21] microvillus mem- 

brane vesicles in the presence of in > out K + gradients. 
Analogous experiments using pH gradients and the H + ionophore 

FCCP are illustrated in Fig. 5. FCCP inhibited the initial rate of phlorizin 

binding (by 36% at 5 sec) in the presence of an out > in H'- gradient, 
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Fig. 5. Effect of FCCP on the rate ofphlorizin binding. Ho + > H~ : Uptake of 0.2 pM phlorizin 
at 20 ~ in the presence of 60 mM Na2SO4, 50 mM Tris-Mes, 4 mM Tris-Hepes, pH 5.8 
with (o) or without (zx) 15 gM FCCP was determined using membranes preincubated for 
60 rain in mannitol medium containing 21 mM Tris-Hepes pH 7.4. ~ > Ho + : Uptake in 
the presence of 60 mM Na2SO4, 4 mM Tris-Mes, 50 mM Tris-Hepes, pH 7.4 with (�9 or 
without (z~) FCCP was determined using membranes preincubated in mannitol medium 

containing 20 mM Tris-Mes, 1 mM Tris-Hepes, pH 5.6 

but  s t imula ted  up t ake  (by 73% at 5 sec) when  the H + gradient  was 

reversed.  However ,  unde r  the lat ter  c i rcumstance ,  the effect o f  F C C P  

was short- l ived,  being no  longer  evident  at 60 sec. P r e su m ab ly  the N a  § 

H § exchange  system which exists in the microvi l lus  m e m b r a n e  [22] 

caused a rap id  diss ipat ion of  the in > out  H + gradient  since an out  

> in N a "  gradient  was also imposed  at  the ini t ia t ion of  the incubat ion .  

S t imula t ion  o f  N a ' - d e p e n d e n t  glucose t r anspo r t  by p r o t o n  conduc to r s  

in the presence  o f  in > out  H-- gradients  has been previous ly  r epo r t ed  

[4, 21]. 

The  effects o f  F C C P  on phlor iz in  up t ake  are cons is tent  with the 

results concern ing  an ion  gradients  and  va l inomyc in  n o t ed  earlier. In 

every  case, maneuver s  to enhance  in t ravesicular  e lec t ropos i t iv i ty  caused 

inhibi t ion,  and  those to enhance  in t raves icular  e lec t ronegat iv i ty  caused 

s t imulat ion,  o f  the initial rate of  ph lor iz in  associat ion.  
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Fig. 6. Effect of valinomycin on the rate of release of bound phlorizin. Ko + > K + : Membranes 
were equilibrated with 0.2 ~tM phlorizin for 60 min at 20 ~ in the presence of 60 mM Na2SO~ 
with (�9 or without (a) valinomycin (8.9 gg/mg membrane protein), then diluted 1:20 
with phlorizin-free medium containing 75 mM K2SO4 and release assayed during reincuba- 
tion. Zero time (100%) phlorizin binding was 31.4 and 33.8 pmoles per mg protein, with 
and without valinomycin, respectively. K~ > Ko + : Membranes were equilibrated with phlori- 
zin in the presence of 30 mM Na2SO4 and 30mM K2SO4 with (�9 or without (z~) 
valinomycin, then diluted 1:20 with phlorizin-free mannitol medium and reincubated. Zero 
time (100%) phlorizin binding was 22.4 and 24.7 pmoles per mg protein, with and without 

valinomycin, respectively 

Effect o f  Transmernbrane Electrical Potential 
on the Unidirectional Rate o f  Dissociation 

In  the e x p e r i m e n t  i l lus t ra ted  in Fig. 6, v a l i n o m y c i n  and  K + grad ien t s  

were  e m p l o y e d  to exam i ne  the effect  o f  the t r a n s m e m b r a n e  electr ical  

po ten t i a l  d i f ference  on  the ra te  of  d i s soc ia t ion  of  p rev ious ly  b o u n d  phlor i -  

zin. T o  eva lua te  the effect  o f  e n h a n c e d  in t raves icu la r  e lec t ropos i t iv i ty ,  

the poss ib le  inf luence o f  v a l i n o m y c i n  on ph lo r iz in  release was d e t e r m i n e d  

in the p resence  o f  143 mM ex t raves icu la r  K + a n d  in the absence  of  

in t raves icu la r  K +. N o  effect  o f  v a l i n o m y c i n  was noted .  I t  shou ld  be 

recal led  (Fig. 4) tha t  a p p r o x i m a t e l y  the s ame  v a l i n o m y c i n  c o n c e n t r a t i o n  

m a r k e d l y  inh ib i ted  the ra te  o f  ph lo r iz in  u p t a k e  in the p resence  of  only  

60 mM ex t raves icu la r  K +. 

To  eva lua te  the effect  o f  e n h a n c e d  in t raves icu la r  e lec t ronega t iv i ty ,  

the inf luence of  v a l i n o m y c i n  on release was d e t e r m i n e d  in the p resence  

o f  3 mM ex t raves icu la r  K § us ing  m e m b r a n e s  t ha t  h a d  been K § p r e l o a d e d  

by i n c u b a t i o n  in 60 mM K + .  Again ,  no effect  o f  v a l i n o m y c i n  was no ted  
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Fig. 7. Effect of  intravesicuJar Na + on the rate of  phlorizin binding. Uptake  of 0.2 gM 
phlorizin at  20 ~ in the presence of 75 rmu NaC1 was determined using membranes  

preincubated for 5 min in either manni to l  medium (zx) or 75 mM NaC1 (o)  

despite the previous observation (Fig. 4) that valinomycin markedly stim- 
ulated phlorizin uptake in the presence of 15 mM extravesicular K § 
using membranes that had been K § preloaded in 75 mM K +. 

Not illustrated are other phlorizin release experiments in which 10- 
fold greater valinomycin concentrations still failed to affect the glycoside 
dissociation rate. Similar experiments were also performed at high extra- 
vesicular Na § and, although the rate of phlorizin release was slower 

than that observed in Fig. 6, valinomycin was again without effect. 

Effect o f  Intravesicular Na + on the Unidirectional Rate o f  Association 

To determine the effect of intravesicular Na + on phlorizin-,uptake, 
membranes were preincubated for 5 rain in the presence or absence of 
75 mM NaC1 and then binding assayed in a medium with a final NaC1 
concentration of 75 mM. As indicated in Fig. 7, the initial rate of phlorizin 
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Table 2. Effect of intravesicular Na + on phlorizin binding in valinomycin-treated mem- 
branes 

Preincubation medium (mM) Incubation medium (raM) % Inhibition of binding 

15 KzSO~ 60 NaC1 0 
15 K2SO4 

15 K2804 30 NazSO4 13.7_+ 3.2 
15 K2SO 4 

60 NaC1 60 NaC1 33.3_+ 2.7 
15 K2SO 4 15 K2SO 4 

Membranes containing valinomycin (8.5gg/mg protein) were K + loaded in 
15 mM K2SO4 for 60 min at 20 ~ The 5 sec uptake of 0.2 gm phlorizin at 20 ~ was 
then determined in the presence of either 60 mM NaC1 or 30 mM Na2SO4 using membranes 
preincubated for 5 min in either mannitol medium or 60 mM NaCI. All media contained 
15 mM K2SO4 and mannitol to maintain isotonicity. The control uptake (0% inhibition) 
was 1.83 pmoles per mg protein. Each datum is the mean + the sE for three determinations. 

b inding  was inhibi ted  (by 39% at 5 sec) in the N a  § p re loaded  membranes .  

Trans inh ib i t ion  by Na  § is also a charac ter i s t ic  o f  glucose t r an sp o r t  in 

isola ted microvi l lus  m e m b r a n e  vesicles [2, 3, 16, 18]. 

In view of  the electrical dependence  o f  phlor iz in  binding,  however ,  

an  a l te rna te  exp lana t ion  for  the inh ib i t ion  resul t ing f r o m  NaC1 pre load ing  

is tha t  the effect  is p r imar i ly  electrical  and  arises f r o m  obl i t e ra t ion  of  

the out  > in C1- gradient .  Such an exp lana t ion  would  be un tenab le  

if t rans inh ib i t ion  by NaC1 was still obse rved  unde r  condi t ions  where  

a l te ra t ions  in m e m b r a n e  po ten t ia l  were minimized.  In theory ,  va l inomy-  

cin should  serve to fix the m e m b r a n e  po ten t ia l  close to the K + dif fusion 

poten t ia l  and  the reby  minimize  a l te ra t ions  tha t  cou ld  arise f r o m  varia-  

t ions in the C I -  gradient .  

F o r  the exper iments  descr ibed  in Tab le  2, va l inomyc in - t r ea t ed  mem-  

b rane  vesicles were K § loaded  in 15 mM K2SO 4, the same c o n c e n t r a t i o n  

o f  which  was ma in t a ined  in all exper imenta l  media.  U n d e r  these condi-  

t ions,  NaC1 p r e incuba t i on  caused  twice the inhib i t ion  (33% vs. 14%) 

as did e l imina t ion  of  the CI -  g rad ien t  by SO4 for  C1- subst i tu t ion.  

This  f inding d e a r l y  indicates  tha t  ph lor iz in  u p t ak e  is inhibi ted  by intrave-  

sicular Na  + per  se. 

Discussion 

The  significance of  these f indings rests on  the a s sumpt ion  tha t  mea- 

sured ph lor iz in  up t ake  represents  b inding to the microvi l lus  m e m b r a n e  
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itself rather than to an intravesicular structure. A possible trivial explana- 
tion for the observed energy-dependence of phlorizin uptake is that bind- 
ing only occurs subsequent to translocation of the glycoside via the 
Na + gradient-dependent D-glucose transport system. This possibility is 
highly unlikely for several reasons. First, saturable binding of [3H] phlori- 
zin to intestinal brush borders, without intracellular accumulation, has 
been demonstrated by radioautography [30]. Second, [3H]phlorizin 
bound to the renal microvillus membrane in vivo can be quantitatively 
recovered in the urine after flushing doses of cold phlorizin, suggesting 
that phlorizin is bound at the membrane surface [27]. Third, while some 
accumulation of phlorizin by renal cortical slices may occur after 
prolonged incubation, such uptake is Na§ nonsaturable, 
not inhibited by sugars, and thus not mediated by the Na+-dependent. 
glucose transport system [7]. Fourth, cold phlorizin displaces bound [3H]- 
phlorizin from isolated renal microvillus membrane vesicles [7] but in- 
hibits the efflux of [14C]glucose [2, 3, 16, 18]. This indicates that the 
site of phlorizin binding must be external to the site of glucose sequestra- 
tion and thus external to the intravesicular compartment. Fifth, if phlori- 
zin gains access to its binding site only after electrogenic transport, 
then electrical dependence of phlorizin release should have been observed, 
and it was not. 

Another important assumption is that the high affinity phlorizin re- 
ceptor is identical with the Na§ glucose transporter. This 
is primarily based on the fact that high affinity phlorizin binding is 
Na +-dependent, inhibited by D-glucose, and inhibited by only those sugar 
analogs which inhibit glucose transport [7, 12, 14, 28]. Moreover, phlori- 
zin analogs demonstrate the same specificity for high affinity binding 
in isolated membranes [5] as for inhibition of glucose transport in the 
intact tubule [33]. Finally, phlorizin, at concentrations < 10 gM, is a 
competitive inhibitor of glucose transport in both isolated membranes 
[3] and the intact tubule [33]. 

Membrane Model for Phlorizin Binding 

The general model of carrier-mediated cotransport described by 
Schultz and Curran [26] can be adapted to the problem of phlorizin 
binding, as illustrated in Fig. 8. The details of the model will be discussed 
in relation to the experimental findings. 

1) Effect of extravesicular Na +. The stimulation of phlorizin uptake 
by extravesicular Na § implies that k2, the rate constant for association 
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Fig. 8. Membrane model for phlorizin binding. See text  for details 

of phlorizin with the Na +-carrier complex, is greater than kr the constant 
for phlorizin association with the free carrier. Similarly, the inhibition 
of release of bound phlorizin by extravesicular Na + implies that k_r > k 2. 
Taken together, k z / k  2 >~k4/k 4, which is to say that binding of Na + 
increases the affinity of the carrier for phlorizin. This is consistent with 
the known effect of  Na + to reduce the KD for equilibrium phlorizin 
binding [7, 12, 14]. An effect of  Na + on the binding affinity of the 
carrier is also consistent with the observation that extravesicular Na + 
reduces the apparent  K,,, without an effect on Umax, for glucose transport  
in renal microvillus vesicles [3]. 

2) Ej]ect o J transmembrane electrical potential. Phlorizin uptake was 
stimulated by increasing intravesicular electronegativity and inhibited 
by increasing intravesicular electropositivity. One explanation for these 
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findings is that the free carrier is negatively charged and thus that the 
appearance of free carrier at the external membrane surface is potential- 
dependent. A possible alternate explanation is that the free carrier is 
electroneutral and that there is potential-dependent translocation of the 
positively charged ternary complex, NaXP, to an internal membrane 
site. However, such an explanation would necessarily predict that release 
of bound phlorizin also be potential-dependent and this was not observed. 
Finally, it is possible that alterations in membrane potential induce a 
conformational change in the phlorizin binding site such that the associa- 
tion rate constant, k2, is affected. Clearly, the dissociation rate constant, 
k_>  must be potential-independent. 

The observation that intravesicular glucose stimulates glucose uptake 
by isolated brush border vesicles [2, 16] implies that translocation 
of the free carrier is rate limiting for sugar transport [26]. Therefore, 
potential-dependent translocation of a negatively charged carrier provides 
a reasonable explanation for the known electrical dependence of glucose 
transport [4, 21]. Potential-dependent translocation of a positively 
charged ternary complex, as in the case of an electroneutral carrier, 
could not explain the electrical dependence of sugar flux. 

3) Effect of intravesicular Na +. The inhibition of phlorizin uptake 
by intravesicular Na + may be explained on the basis that m2, the mobility 
of the binary complex NaX, is smaller than ms, the mobility of the 
free carrier. Binding of Na + to the carrier at the internal membrane 
surface would therefore inhibit the appearance of free carrier at the 
external membrane surface. This mechanism will also account for the 
transinhibition by Na + of glucose transport [2, 3, 16, 18] since, as already 
discussed, translocation of the free carrier appears to be rate limiting 
for sugar flux. A very low m2 has the additional virtue of minimizing 
a possible pathway, via NaX translocation, for dissipating the Na + gra- 
dient without performing the work of energizing uphill glucose transport. 

4) General comments. The present model can account, at least qualita- 
tively, for the energization of phlorizin binding and glucose transport 
by the electrochemical Na + gradient. The key features of this scheme 
are that Na + increases the binding affinity of the carrier, that the free 
carrier is negatively charged, and that binding of Na + to the carrier 
in the absence of sugar inhibits carrier translocation. In essence, it is 
the appearance of free carrier at the membrane surface and affinity 
of the carrier to bind glucose, rather than the step of sugar translocation, 
which is affected by the Na + gradient. A similar model, also involving 
a negatively charged carrier, has been proposed by Kaback to explain 
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the coup l ing  of  lac tose  t r a n s p o r t  to the e l ec t rochemica l  H § g rad ien t  

in E. coli m e m b r a n e  vesicles [17]. 

It  shou ld  be  s t ressed tha t  this mode l  m a k e s  no  defini t ive s t a t e m e n t  

as to the unde r ly ing  m o l e c u l a r  s t ruc tu re  of  the t r a n s p o r t  sys tem.  The  

c o n c e p t  o f  c a r r i e r - m e d i a t e d  t r a n s p o r t  has  been  used  here,  as recent ly  

d iscussed by  C r a n e  [8], to indica te  a t r a n s p o r t  m e c h a n i s m  in which  

the subs t r a t e  b ind ing  site func t iona l ly  a l t e rna tes  be tween  the  two  surfaces  

o f  the m e m b r a n e .  Thus ,  func t iona l  t r a n s l o c a t i o n  o f  the  car r ie r  cou ld  

well be ach ieved  by  c o n f o r m a t i o n a l  change  in a t r a n s m e m b r a n e  p ro t e in  

r a the r  t h a n  by  m o v e m e n t  o f  a t ru ly  m ob i l e  ca r r ie r  [29]. M o r e  precise  

d e t e r m i n a t i o n  o f  m o l e c u l a r  s t ruc tu re  will u n d o u b t e d l y  emerge  f r o m  

studies invo lv ing  i so la t ion  [33] a n d  r econs t i t u t ion  [9, 10] o f  t r a n s p o r t  

p ro te ins  f r o m  the microv i l lus  m e m b r a n e .  
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