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Effect of phosphonoformic acid, dietary phosphate and the Hyp 
mutation on kinetically distinct phosphate transport processes 
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We examined the kinetics of phosphate transport in mouse renal brush-border membrane vesicles under initial rate (6 
s), t rans zero, voltage clamp conditions. Two kinetically distinct Na+-dependent phosphate transport processes were 
identified: a high-affinity, low-capacity system (K m, 0.09-t-0.02 raM; Vn,a~, 539-t- 50 p m o l / m g  protein per 6 sl and a 
low-affinity, high-capacity system ( Kin, 1.28 q- 0.35 mM; Vma x , 1677 ± 198 pmol / mg protein per 6 s). The high-affinity 
system was inhibited competitively by I mM phosphonoformle acid (PFA) (apparent Kt, 0.31 + 0.03 raM) and 
completely abolished by 20 mM PFA; the low-affinity system was insensitive to ! mM PFA and was inhibited 
competitively by 20 mM PFA (apparent K~, 9.03-I- 1.21 mM). Dietary. phosphate deprivation elicited a significant 
increas~ in Vma ~ of both high- and low-affinity phosphate transport systems whereas the X-linked t l y p  mutation caused 
a 50% decrease in l/ma x of the high-affinity system with no change in the I,}w-affinity system. Phosphate deprivation of 
H y p  mice elicited a 3.5-fold increase in gmi ~ of the high-affinity system. Neither diet nor mutation significantly altered 
the apparent K~ values of either phosphate transport proce~.  We conclude that (1) mouse kidney brush-border 
membranes have two distinct Na+-dependent phosphate transport systems which differ in affinity and capaciD,': (2) both 
processes participate in the adaptive response to dietary phosphate restriction; (3) only the high-affinlty system is 
impaired by the X-linked H y p  mutation. 

Introduction 

The reabsorption of filtered phosphate  by the kidney 
is a major determinant  of phosphate homeost~tsis and, 
therefore, crucial to normal  growth and bone develop- 
ment  [1]. Evidence from micropuncture and microperfu- 
sion studies indicates that the bulk of filtered phosphate  
is reabsorbed in the proximal tubule, with the S~ seg- 
ment,  or  proximal convoluted tubule, exhibiting a higher 
capaci ty  for phosphate  reabsorption than the more dis- 
tal S 2 and S.~ segments, comprising the proximal straight 
tubule or pars  recta [2]. Studies in renal cortical brush- 
border  membrane vesicles isolated from a number  of 
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mammalian species have established that the initial step 
in phosphate reabsorption across the luminal surface is 
concentrative, Na ' -dependen t ,  and mediated by a 
high-affinity, phosphate transport  system [3,4]. In  ri tro 

measurement of phosphate transport  into brush-border 
membrane vesicles has been shown to accurately reflect 
the phosphate  reabsorptive capacity of the whole kidney 
as assessed by in v/co clearance studies [5]. Accordingly, 
brush-border membrane phosphate transport  has been 
widely used to characterize renal phosphate transport  
and its regulation by hormonal  [6], environmental [7], 
and genetic factors [8]. 

Recent studies have provided evidence for more than 
one phosphate transport  system in brush-border mem- 
branes of rat [9,10] and pig kidney [11]. In addit ion to 
the previously described high-affinity system [3,4], a 
low-affinity, high-capacity system was also identified 
[9-11]. The demonstrat ion that both systems reside in 
the outer cortex of pig kidney while only the high-affin- 
ity system is found in the outer medulla suy::~ested that 
the low-affinity, high-capacity system is located in the 
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early proximal tubule (S t), where the bulk of filtered 
phosphate is reabsorbed whereas the high-affinity, 
low-capacity system is situated throughout the proximal 
tubule, where it reclaims residual tubular phosphate 
Ill] .  

The present study was undertaken to characterize 
further the two phosphate transport  processes in mouse 
renal brush-border membrane vesicles. The interaction 
of each phosphate transport  system with phosphonofor-  
mi, acid (PFA). a specific inhibitor of brush-border  
membrane phosphate transport [12], was examined. In 
addition, we studied the effects of environmental and 
genetic determinants, namely dietary phosphate restric- 
tion and the X-linked Hyp mutation, on the expression 
of the kinetically distinct brush-border membrane phos- 
phate transport processes. The phosphate-deprived 
mouse exhibits an adaptive renal response which is 
characterized by a striking and specific increase !n renal 
brush-border membrane phosphate transport  activity 
[13]. The X-linked Hyp mouse is a murine homologue 
of X-linked hypophosphatemic rickets in man and ex- 
hibits a specific reduction in renal brush-border  mem- 
brane phosphate transport  function [8,14]. 

Part of this work was presented at the Annual  Meet- 
ing of the American Society of Bone and Mineral 
Research, New Orleans, LA, June 4 -7 ,  1988. 

Materials and Methods 

Mice. C57BL/6  male mice (2 -4  months old), main- 
tained on Wayne Lab Blox containing 1% phosphate  
and 1.2% calcium, were used in all experiments except 
where otherwise indicated. To test the effect of dietary 
phosphate restriction on renal brush-border membrane 
phosphate transport,  C57BL/6  mice were fed a low 
phosphate diet containing 0.03% phosphate and  1% 
calcium for 4 days. Control mice were fed the identical 
diet supplemented wi:h 1% phosphate for 4 days. Mice 
were killed by decapitation and trunk blood was col- 
lected. Plasma phosphate,  determined as described pre- 
viously [14], fell from 2.68 _+ 0.11 mM on the control 
diet to 1.71 +0 .08  mM on the low phosphate  diet 
(,.mean + S.E., n = 10, P < 0.001). 

Mutant  Hyp mice (male, Hyp/Y; female, Hyp/ + ) 
and normal littermates (male, + / Y ;  female, + / +  ) 
were obtained by crossing C57B1./6J  males with 
Hyp/+ females [141. Breeders were maintained on 
Wayne Mouse Breeder Blox containing 0.98% phos- 
phate and 1.2% calcium. Pups were weaned at 25 days 
of age and switched to Wayne Lab Blox. Mice were 
used for experiments at 3 - 4  months of age. Hyp mice 
were significantly hypophosphatemic when compared to 
normal littermates (plasma phosphate  of 1.40 +0 .05  
mM vs. 2.70 +_ 0.07 mM, mean + S.E., st = 10, P < 
0.1301). Hyp mice fed the control and low-phosphate 

diets for 4 days had a plasma phosphate of 1.70 + 0.08 
mM and 0.98 + 0.05 raM, respectively (mean + S.E., 
n =  10, P < 0.001). 

Brush-border membrane isolation and transport studies. 
Brush-border membrane vesicles were prepared from 
fresh kidney cortex, or from kidney cortices which had 
been quick-frozen in liquid nitrogen and  stored at 
- 8 5 ° C ,  by the Mg 2+ precipitation procedure a~5 de- 
scribed previously [8]. No differences in yield, enrich- 
ment or transport  activity could be found between 
brush-border membrane  vesicles prepared from frozen 
and fresh kidneys. Membrane vesicles were suspended 
in 20 mM KCI, 260 mM mannitol ,  20 mM Hepes-Tris 
(pH 7.4) to a final protein concentrat ion of 4 - 6  m g / m l .  
Valinomycin, dissolved in 100% dimethylsulphoxide 
(DMSO), was added to the vesteles to yield a final 
valinomycin concentrat ion of 62.5 p g / m l .  The con- 
centration of DMSO did not exceed 0.25%. Alkaline 
phosphatase activity, assayed at p H  10.0 using 5 mM 
p-nitrophenyl phosphate  in 1.0 M diethanolamine,  was 
used to estimate brush-border  membrane  enrichment  
[i5]. Enrichments of 8-10-fold  were routinely obtained 
and were similzr for brush-border  membrane  vesicles 
prepared from normal,  phosphate-deprived,  and  mutan t  
Hyp mice. Protein concentrat ions of homogenates  and  
brush border  membrane  vesicles were measured by the 
procedure of Lowry et al. [16] with bovine serum al- 
bumin as the standard.  

The uptake of 32p inorganic phosphate  was measured 
at 6 s at  2 2 ° C  under  voltage-clamp, zero-trans sodium 
and phosphate  conditions, by the rapid filtration tech- 
nique using 0.45 t tm Millipore filters [81. Transpor t  
studies were performed in quadruplicate,  in both 100 
mM KCI, 100 mM mannitol ,  20 mM Hepes-Tris, (pH 
7.4) and  100 mM NaCI, 20 mM KCI, 60 mM mannitol ,  
20 mM Hepes-Tris (pH 7.4) over a phosphate  con-  
centration range of 0.01 mM to 10.0 raM. The reaction 
was stopped by the addit ion of  ice-cold stop solution, 
containing 100 mM NaCI, 100 mM mannitol ,  1 mM 
NaN 3, 10 mM N a 2 H A s O  4 and  20 mM Hepes-Tris (pH 
7.4). In experiments with PFA, the inhibitor was added 
to the 32 P-containing uptake medium. 

To determine the Na+-dependent  component  of 
transport ,  diffusional uptake, derived from pooled ex- 
periments (n = 14) conducted in the presence of the 
KCI medium, was subtracted from total uptake, derived 
from individual experiments measured in the NaCI 
medium. The combined results of all diffusion measure- 
ments clearly belonged to a single populat ion in which 
uptake was a linear function of phosphate  concentra-  
tion, with a slope equal to 130.  (phosphate concentra-  
tion, mM) .  (mg protein)-  i .  (6 s ) -  i. 

Eadie-Hofstee t ransformation of the data  was used 
to calculate kinetic parameters.  The plots were not 
linear but could be resolved into two straight lines: one, 
at low concentrat ions of phosphate,  corresponding to 



the high-aff ini ty  sys tem only and  one, at high con- 
centra t ions  of  phosphate ,  cor responding  to the sum of  
the high-aff ini ty  and low-aff ini ty processes (see Fig. 2). 
Th i s  was  accompl ished  with an i terat ive process which 
min imized  the sum of  the squares  of  the s tandard  
devia t ions  of  the exper imenta l  points  f rom the lines• In 
all cases, the best fit was  obta ined when the junc t ions  of  
the two lines occurred at a phospha te  concentra t ion 
be tween  0.5 m M  and  1.0 m M ,  indica t ing  that the contri-  
bu t ion  of  the low-aff ini ty sys tem to the combined  sys- 
t ems  line becomes  negligible below this range. The  
appa ren t  K m and V ~  of  the two processes were ob- 
ta ined directly f rom the slopes and  intercepts  of  the two 
l inear port ions,  i.¢. K m (high a f f i n i t y ) =  slope of  the 
r ight  l imb:  V ~  (high aff ini ty)  = ext rapola ted  intercept 
o f  the right l imb, V / S  = 0: K m (low aff ini ty)  = slope of  
the  left l imb - s lope of  r ight  l imb:  1 ~  (low aff ini ty)  = 

intercept  o f  left l imb - Vn~ of  high-aff ini ty  process  (see 
Fig. 2 for corrected left l imb), T h e  s tandard  errors  of  
the slopes and  intercepts  were calculated wi th  the help 
of  publ ished equat ions  [17]. The  slopes (apparen t  Km)  
and  intercepts  (V~o~) of  regression lines were compared  
independent ly  by S tudent ' s  t-test. 

Materials. P F A ,  t r i sod ium salt,  was  purchased f rom 
Sigma.  W e  de te rmined  that  con tamina t ion  of  P F A  by 
inorgan ic  phospha te  was  less than 0,05%. Therefore ,  
inhibi t ion  o f  t ranspor t  by P F A  could not be a t t r ibuted  
to di lut ion of  32p specif ic  activity.  O u r  initial b reed ing  
pa i r s  ( C 5 7 B L / 6 J  males  and  H y p / +  females)  were 
ob ta ined  f rom the Jackson  Labora tory ,  Bar Harbor ,  
ME.  C 5 7 B L / 6  mice  were  purchased  f rom Char les  River  
C a n a d a ,  Inc., St. Cons tan t ,  Quebec ,  W a y n e  diets  f rom 

All ied Mills, Inc., Chicago,  IL,  low phospha te  (No.  
86128) and  control  (No.  86129) diets  f rom Teklad ,  
Mad i son ,  WI ,  carr ier-free 32p f rom Dupon t ,  Canada ,  
a n d  va l inomycin  f rom Boehr inger  M a n n h e i m ,  Mann-  
helm,  F .R .G.  

Results 

Kinetie studies 
A t ime course  for phospha te  up take  in mouse  renal 

b rush -borde r  m e m b r a n e  vesicles is shown in Fig. I .  The  
results  indicate  that,  under  the present  assay condi t ions  
( 2 2 ° C ,  pH  = 7.4), phospha te  up take  is l inear as a func- 
t ion of  t ime  for at least 6 s in both  N a C l  and  KCI  
incubat ion  media .  The  N a + - d e p e n d e n t  componen t  of  
phospha te  t ranspor t ,  used to der ive  kinetic parameters ,  
is also l inear for 6 s. 

O u r  earl ier  s tudies  of  Na+-dependen t  phospha te  
t r anspor t  in mouse  renal b rush-border  m e m b r a n e  
vesicles, pe r fo rmed  ove r  a concent ra t ion  range  of  
0 .015mM to 0.8 m M  phosphate ,  revealed a single trans- 
por t  sys tem with an  apparen t  K m and  Vm~ of  0.05 m M  
and  722 p m o l / m g  prote in  per  15 s, respectively [13], in  
the present  s tudy,  initial rate  phospha te  fluxes were  
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Fig. L T ime  course of  ' - 'P- inorganic phosphate uptake int;~ brush- 
border membrane veslcle~ prepared from normal mouse kidney cortex. 
Uptake was measured at 22 ° (' as described in Materials and Meth- 
ods. Uptake media contained 100 mM KCI, tO0 mM mannitol. 20 
m M  Hepes-Tris. p H  7.4 (, ~) and 100 m M  NaCI. 20 m i  KCI .  60 m M  

mannitol, 20 mM Hepes-Tris, pEI 7.4 (O). The stxlium-dependent 
component of phosphate transport, obtained by subtracting uptake in 

KCI medium from uptake in NaCI medium, is als~ shown (&). 
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Fig. 2. Eadie-Hofstee plot of the Na '-dependent component of phos- 
phate transport. Renal brush-border membrane phosphate transport 
was measured at 6 s at phosphate concentrations between 0.01 mM 
and lO mM. Uptake measured in the presence of KCI was subtracted 
from that in the presence of NaCI to obtain the Na*-dependent 
component of phosphate flux. Computer transformation of the data 
was used to determine the regression lin~.~ and calculate the k inet ic 
parameters as described in Materials and Methods. Data shown were 
derived from 10 different brush-border membrane preparations from 
normal mouse kidney cortex, with uptake measurements performed in 
quadruplicate. The corrected line depicting the low-affinity, high- 

capacity process is shown. 
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Fig. 3. Effect of phosphonoformic acid on the Na+-dependent component of phosphate transport. Normal  mouse renal brush-border membrane 
vesicles were prepared and kinetics of phosphate transport was examined as described in the legend to Fig. 2. (A) The Na+.dependent component 
of phosphate transport was determined in the presence ( o )  and absence (o) of I mM PFA. (B) The Na+-dependent component of phosphate 
transport was determined in the presence (o )  and absence (O) of 20 mM PFA. Results are means of two representative brush-border membrane 

preparations, with uptake m,~asurements performed in quadruplicate. 

m e a s u r e d  o v e r  a w i d e r  r a n g e  o f  p h o s p h a t e  c o n c e n t r a -  

t i o n s  (0.01 m M  t o  10  r a M ) .  F i g .  2 d e p i c t s  a n  E a d i e -  

H o f s t e e  p l o t  o f  t h e  d a t a  d e r i v e d  f r o m  t e n  s e p a r a t e  

b r u s h - b o r d e r  m e m b r a n e  g r e p a r a t i o n s .  T h e  p l o t  i s  c l e a r l y  

n o n - l i n e a r  a n d  c a n  b e  r e s o l v e d  i n t o  t w o  l i n e a r  s e g m e n t s .  

T h e  b e s t  f i t  w a s  o b t a i n e d  w h e n  t h e  j u n c t i o n  o f  t h e  t w o  

s e g m e n t s  o c c u r r e d  a t  a p h o s p h a t e  c o n c e n t r a t i o n  b e -  

t w e e n  0 .5  m M  a n d  1.0 r a M .  T h e  k i n e t i c  c o n s t a n t s  o f  t h e  

t w o  s a t u r a b l e  c o m p o n e n t s  w e r e  d e t e r m i n e d  a s  d e s c r i b e d  

TABLE 1 

Effect of phosphonoformic acid on kinetically distinct phosphate trans- 
port .~'stems in mouse renal brush-border membrane vesicles 

Uptake studies were performed in quadruplicate in mouse renal 
brush-border membrane vesicles as described in Materials and Meth- 
ods over a phosphate concentration range of 0.01 mM to 10.0 mM. In 
experiments with PFA, values are means+S.E,  of three separate 
brush-border membrane vesicle preparations. Kinetic parameters for 
experiments in the absence of PFA are means4-S.E, of ten membrane 
preparations. Control v s  PFA: i p < 0.001; 2 p < 0.05. 

High-affinity system 

Control l mM PFA 

Vm= , ( p m o l / m g  pro- 
te;n per 6 s) 539 + 50 629 + 109 

K m (mM) 0.09+ 0.02 0.37_+ 0.03 I 
K, (mM) 0.314. 0.03 

Low-affinity system 

Control 20 mM PFA 

V~,,~ (pmol/mg pro- 
tein per 6 s) 1677 _+ 198 2244 +_ 609 

K m (mM) 1.28_+ 0.35 3.13+ 0.732 
K, (mM) - 9.03+ 1.21 

in  M a t e r i a l s  a n d  M e t h o d s .  O n e  s y s t e m  w a s  o f  h i g h  

c a p a c i t y  (Vma ~, 1 6 7 7  __. 1 9 8  p m o l / m g  p r o t e i n  p e r  6 s )  

a n d  r e l a t i v e l y  l o w  a f f i n i t y  ( a p p a r e n t  K m, 1 . 28  4 - 0 . 3 5  

m M )  a n d  t h e  o t h e r  o f  l o w e r  c a p a c i t y  (1/0,,~. 5 3 9  + 50  

p m o l / m g  p r o t e i n  p e r  6 s)  a n d  h i g h e r  a f f i n i t y  ( a p p a r e n t  

K m, 0 . 0 9  + 0 . 0 2  r a M ) .  

TABLE 11 

Effect of low-phosphate diet on kinetically distinct phosphate transport 
systems in mouse renal brush-border membrane vesicles 

Brush-border membrane vesicles were prepared from mice fed either a 
control or low-phosphate diet for 4 days; Uptake studies were per- 
formed in quadruplicate as described in Materials and Methods over a 
phosphate concentration range of 0.Ol mM to tO raM. I In another 
series of experiments. Vm,~ of the Iow-affinlty system was examined in 
the presence of 10 mM or 20 mM P::,',, in order to inhibit the 
contribution of the high-affinity system. Values are means + S.E. of at 
least four brush-border membrane vesicle preparations. Control vs. 
10w.P~ diet: z p < 0.00l, 3 p < 0.03. 

High-affinity system 

Control diet Low-P~ diet 

Vm= ~ ( p m o l / m g  protein 
per 6 s) 518 4- 54 1288 4-126 2 

K m (raM) 0.17+ 0.03 0.It_+ 0.02 

Low-affinity system 

Control diet Low-P, diet 

Vma ~ ( p m o l / m g  protein 
per 6 s) 1 239 ± 183 1751 4- 401 

Km (raM) 1.254. 0.43 1.09+ 0.50 
Vma ~ . with PFA I ( p m o l /  

mg protein per 6 s) ] 897 _+ 367 3105 +_ 325 3 
K re,with PFA j (raM) 3.15+ 0.80 3.76+ 0.90 



Effect of PFA 
We examined the effect of PFA on these kinetically 

distinct phosphate transport processes in mouse renal 
brush-border membrane vesicles. 1 mM PFA inhibited 
the high-affinity system competitively, affecting Km but 
not V ~  (apparent K i, 0.31 + 0.03 raM, Table l). I mM 
PFA had no effect on the low-affinity component (Fig. 
3A). 20 mM PFA completely eliminated the high-affin- 
ity system and inhibited the low-affinity process compe- 
titively (apparent K i, 9.03 + 1.21 mM, Table !, Fig. 313). 

Effect of phosphate deprivation 
Table I1 compares kinetic parameters of renal 

brush-border membrane vesicles prepared from phos- 
phate-deprived and control mice. Restriction of dietary 
phosphate elicited a 2.5-fold increase in Vma,~ of the 
high-affinity system. Phosphate deprivation also in- 
creased V,,,~, of the low-affinity process, although the 
diet-induced increase did not reach statistical signifi- 
cance. The apparent /~m values of both systems were 
not changed by dietary phosphate restriction (Table I1). 

To further examine the effect of phosphate restric- 
tion o ,  V,,~ of the low-affinity transport process, ad- 
ditional kinetic studies were performed in the presence 
of 10 mM or 20 mM PFA. Under these conditions, the 
competitive inhibitor completely suppressed the contri- 
bution of the high-affinity system {data not shown and 
Fig. 3B). (In the absence of P[ ~ubtraction of the 
high-affinity system from the low-affinity system is 
achieved r.,athematically, as described in Methods and 
Mater';ai~). In the presence of high concentrations of 
PFA, low-phosphate diet elicited a significant increase 
in V,,~ and no change in apparent K m of the low-affin- 
ity system, confirwing the results obtained in the ab- 
sence of inhibitor (','able II). 

Effect of the Hyp mutation 
Both phosphate transport systems were expressed in 

renal brush-border membrane vesicles prepared from 
Hyp mice (Table iii). Kinetic parameters characterizing 
these pr0ces~es are compared with those derived from 
brush-border membrane vesicles of normal littermates 
(Table liD. The Hyp mutation significantly decreases 
the V~,,, of the high-affinity system but does not appear 
to affect the Vm~ ~ of the low-affinity system. Table Ill  
also shows that the Hyp mutation does not significantly 
alter the apparent K m of either transport process. 

The effect of phosphate dcprivation on phosphate 
transport kinetics in brush-border membrane vesicles 
front Hyp mice was also examined. Phosphate restric- 
tion increased the Vm~ ~ Of the high-affinity system from 
267 + 34 to 962 + 62 p mo l /mg  protein per 6 s (n = 4, 
P < 0.001) but did not significantly alter the apparent 
K,, (0.06 + 0.02 vs. 0.07 _-+ 0.01 mM for the ,.ontrol and 
low-phosphate diets, respectively). It is not yet clear 
whether phosphate deprivation influences the V,,,~, of 
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T A B L E  I l l  

Effi,,t , , f  I l rp  ,,n,tatt,,n ,,n kt,wti,'alh" distinct ph,,sphate transport .~.x- 
terns in nlolt~'e renal hru~h-l,orth,r membrane resicles 

Brush-border membrane vesicles were prepared from I(vp mice and 
normal littcrmates. Uptake studies were permrmed ill quadruplicate 
as described in Materials and Methods over a phosphate concentra- 
tion range of 0.01 mM to I0 mM Values are means_+S.E, of four 
separate brush-border membrane vesicle pzcparalions derived from 
t(vp mouse kidney and eight membrane preparations from kidneys of 
normal littermates. Normal vs. I.tlp: ~ P < 0.0Ol. 

High-af f in i ty  system 

N o r m a l  I h ~  

v (pmol/mg protein 
per 6 s) 53 t} + 50 253 ÷ 30 i 

K,,, (raM) 0.09~ 0.02 0.0g +_- 0.02 

Low-affinity system 

Normal ii~.p 

v..,  (pmol/mg protein 
per 6 s) 1677 _+193 1868 _+352 

K,,, (raM) 1.28+ 0.35 3.45_+ 1.15 

the low-affinity phosphate transport process in brush- 
border membranes ~)f t(vp mice since kinetic analyses 
in the presence of h;gh concentrations of PFA were not 
performed in the mutant strain. These conditions were 
necessary to demonstrate a significant diet-induced in- 
crease in V,.,,, of the low-affinity system in brush-border 
membrane vesicles of normal mice (Table ii). 

Discussion 

Two kinetically distinct phosphate transport proc- 
esses have been identified in brush-border membranes 
of rat [9,10] and pig kidney [11]: a low-affinity, 
high-capacity system, present only in the early proximal 
tubule in a position to reabsorb the bulk of filtered 
phosphate, and a high-affinity, low-capacity system 
located throughout the proximal tubule to reclaim resid- 
ual filtered phosphate [11]. In the present study, we 
provide evidence for both phosphate transport processes 
in brush-border membranes of mouse kidney. We dem- 
onstrate that both systems are competitively inhibited 
by PFA. In addition, we demonstrate that the adaptive 
response to phosphate restriction involves both the 
high-affinity and low-affinity systems whereas the X- 
linked Hyp mutation impairs only the high-affinity 
process. 

Several reports indicate that the detection of multiple 
phosphate transport pro teges  in renal brush-border 
membranes is dependent on the ambient temperature at 
which uptake studies are performed [9,10]. in rat renal 
brush-border membranes, the low-affinity system was 
less evident at 25°C than at 35°C [19], and in another 
study, only a slight deviation from the linear Michaelis- 
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Menten kinetics was observed at 25 ° C  [20]. In contrast,  
two phosphate transport systems were demonstrated in 
brush-border membranes of pig outer renal cortex at 
21°C [l l] .  In the present study, both the high- and  
low-affinity phosphate transport  processes were also 
clearly identified in mouse renal brush border mem- 
branes at 22 ° C. The reasons for these discrepancies are 
not understood but may be related to the relative pro-  
portion of S~, S 2 and S 3 segments in the tissue used to 
isolate brush-border membrane vesicles, to species vari- 
ations, or to pH and counter anions present in the 
uptake medium. 

Multiple transport  systems for solutes other than 
phosphate  have also been demonstrated in renal prox- 
imal tubule brush-border membranes. A topological 
separation of Na+-dependent D-glucose transport  sys- 
tems was obtained in rabbit  kidney: a low-affinity, 
high-capacity system in the outer cortex (early proximal 
tubule) and a high-affinity, low-capacity system unique 
to the ot;ter medulla (late proximal tubule [21]). In a 
more recent study, however, the high-affinity glucose 
transporter  was also identified in the early proximal 
tubule, suggesting that this transporter,  like the high-af- 
finity phosphate transporter,  reclaims filtered solute 
throughout the entire proximal tubule [11]. 

Our  results with PFA confirm those of a previous 
report which demonstrated that it acts as a competitive 
inhibitor of the high-affinity phosphate  transport  sys- 
tem in renal brush-border  membranes [12]. In addition, 
we show that at higher concentrations,  PFA can also 
competitively inhibit the low-affinity, high-capacity 
phosphate  transport  system. At these concentrations, we 
demonstrate  that  PFA also completely inhibits the 
high-affinity phosphate transport  process. Accordingly, 
ander  these conditions, direct comparisons of Vma ~ for 
the low-affinity process can be made. This approach 
was useful to establish whether or not the low phos- 
phate diet directly affected the low-affinity process. 

Dietary phosphate  is an  important  regulator of renal 
phosphate  handling [1]. Phosphate restriction elicits a 
significant rise in proximal tubule brush-border  mem- 
brane phosphate transport  [7,13]. Kinetic studies over a 
narrow phosphate concentration range demonstrated a 
diet-induced increase in Vm~ ~ and no change in apparent  
K m [13,22] of what  is now recognized as the high-affin- 
ity phospha te  t ranspor t  process,  which extends 
throughout  the proximal tubule. In the present study, 
we examined the effect of low phosphate diet on both 
phosphate  transport  processes, with part icular  emphasis 
on the low-affinity, high-capacity system in the early 
proximal segment. Our  data  on the effect of phosphate  
restriction on the high-affinity system are consistent 
with previous findings [13,22]. In addition, we demon- 
strate that the low-affinity system can be modulated by 
dietary phosphate. Although the apparent  Kn, was not 
altered, Vm~ ~ appeared to be increased under  s tandard 

uptake conditions. Moreover, statistically significant 
diet-induced increase in Vma ~ of the low-affinity process 
was apparent  in experiments conducted in the presence 
of 10 mM or 20 mM PFA. Under  these conditions, 
contribution of the high-affinity system to the phos- 
phate transport  process is negligible. Out  findings are 
consistent with micropuncture  studies which suggested 
that the proximal convoluted tubule may be less sensi- 
tive to phosphate  deprivation than the proximal straight 
tubule [23]. Our  data  also support  an  earlier demonstra-  
tion that phosphate  restriction appears  to influence V,~  
of a low-affinity, high-capacity system in brush-border  
membranes isolated from superficial nephrons of rat 
kidney [9]. 

In the present study, we also examined the effect of 
the X-linked l~vp mutation on brush border  membrane  
phosphatc  transport  kinetics. The X-linked Hyp mouse 
is a murine homologue of X-linked hypophosphatemia,  
the most common form of inherited rickets in man [24]. 
A previous study reported a 50~ reduction in Vm~ ~ of 
the putative high-affinity t ransport  process in brush- 
border membranes derived from Hyp mice [18]. How-  
ever, that  study measured phosphate  t ransport  over a 
narrow range of concentrat ions and  did not examine the 
low-affinity t ransport  system. In. the present study, we 
examined both phosphate  t ranspor t  processes indepen- 
dently and  demonstra ted directly that the Hyp muta-  
tion affects only the high-affinity system, leaving the 
low-affinity system intact. These results are physio- 
logically relevant since they indicate that  hypophos-  
phatemia and ensuing rachitic bone disease associated 
with the Hyp mutation can be at t r ibuted entirely to a 
defect in the high-affinity, low-capacity brush-border  
membrane  phosphate  t ransport  process. The underlying 
mechanism for impaired renal brush-border  membrane  
phosphate  t ransport  in Hyp mice is not  understood.  It 
is r o t  clear whether  the 50% decrease in Vm~ ~ of the 
high-affinity t ransport  process reflects a decrease in the 
number  of phosphate  t ranspor t  units or  a decrease in 
the functional activity of existing carriers within the 
brush-border  membrane  of the mutan t  strain. More- 
over, it has not yet been established whether  the mutan t  
Hyp gene encodes the phosphate  t ransporter  per  se or a 
regulator of the renal phosphate  t ransport  process. 

The present study also addresses the issue of renal 
adapta t ion  to phosphate  restriction by X-linked Hyp 
mice. Although increased phosphate  t ransport  was re- 
ported in brush-border  membranes  of phosphate-de-  
prived Hyp mice [13], in vivo studies [25] as well as 
experiments using cultured renal tubular  cells [26] failed 
to show a normal  adaptive response in the mutan t  
strain. It is clear from our  present kinetic da ta  that  
phosphate-deprivation of Hyp mice elicits a significant 
increase in Vm~ ~ of the high-affinity phosphate  t ransport  
process and  that the magnitude of the response is not 
less than that seen in phosphate-deprived normal mice. 



T h e  basis for the d iscrepancy between the present  in 
vitro da ta  and  the previous  in vioo and  cultured cell 
d a t a  is not  clear. 

It is of  interest  that bo th  die tary  phospha te  and the 
X-l inked Hyp muta t ion  exert  effects 6n the ~ , , ,  of  the 
high-aff ini ty  phospha te  t ranspor t  system, albeit  in op- 
posi te  directions.  These  results emphas ize  the relative 
impor tance  of  the high-aff ini ty  phospha te  t ranspor t  
process  in the r egu la t io ,  of  phospha te  homeostas is .  
Th i s  conclusion is suppor ted  by exper iments  localizing 
the site of  act ion of  P T H ,  a ma jo r  regulator  of  renal 
phospha te  t ransport ,  in isolated nephron  segments  pre- 
pared  f rom rabbi t  k idney  [27]. T h e  s tudy clearly demon-  
s t ra ted  that it was  the  low-capaci ty (high-aff ini ty)  phos-  
pha te  t ranspor t  sys tem of  the proximal  s t ra ight  tubule 
that  was  marked ly  inhibi ted by P T H  whereas  the high- 
capac i ty  ( low-aff ini ty)  phospha te  t ranspor t  sys tem of  
the proximal  convoluted tubule  was insenst i ive to the 
ac t ion  of  the h o r m o n e  [27]. 

T h e  molecular  m e c h a n i s m s  involved in the regulat ion 
of  renal b rush-border  m e m b r a n e  phospha te  t ranspor t  
have  not yet been elucidated.  Studies in cul tured kidney 
cells sugges ted  that two m e c h a n i s m s  par t ic ipa te  in the 

adap t ive  response  to low phospha te  in the growth  
m e d i u m :  (1) a r ap id  response involving recru i tment  or  
a c t i v a t i o n  of  exis t ing  t ranspor te rs  and  (2) a s lower 
response  involving new prote in  synthesis  [28]. In another  
study,  the adap t ive  increase in phospha te  t ranspor t  was  
a t t r ibu ted  to the decrease  in b rush-border  m e m b r a n e  
cholesterol  and  subsequen t  increase in m e m b r a n e  fluid- 
ity elicited by  phospha te  depri  Jat ion [29]. Finally, o ther  
repor ts  have  impl ica ted  pro te in  klnase A-dependen t  
phosphory la t ion  [30] and  ADP-r ibosy la t ion  [31] of  as  
yet  unident i f ied  b rush-borde r  m e m b r a n e  prote ins  in the 
regula t ion of  renal  phospha te  t ransport .  Clearly, until 
m e t h o d s  are  avai lable  to pur i fy  the phospha te  t ranspor t  
protein(s)  o f  renal b rush-border  m e m b r a n e s ,  thereby 

pe rmi t t i ng  the  p repa ra t ion  of  an t ibody  and  e D N A  

probes ,  the molecular  m e c h a n i s m s  whereby  die tary  
phospha te  a n d  the Hyp muta t ion  al ter  phospha te  trans-  
por t  funct ion  will r emain  obscure.  
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