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ABSTRACT. The oligomeric size of the rat renal sodium/phosphate symporters was estimated in brush-
border membrane vesicles submitted to radiation inactivation. Altering the electrochemical conditions
under which phosphate transport was measured resulted in different molecular size determinations. The
radiation inactivation size (RIS) obtained from the radiation-induced loss of transport activity measured
in the presence of a sodium gradient was 200 kDa. Under sodium equilibrium conditions, in the presence
of a phosphate gradient as the only driving force, transport fell to 13% of the activity measured in the
presence of a sodium gradient, and the RIS was 62 kDa. Addition of an outwardly-directed proton gradient
increased the transport activity to 29% of that measured in the presence of a sodium gradient. The RIS
measured under these conditions was 124 kDa. Under all conditions tested, phosphate uptake by irradiated
vesicles was significantly reduced but remained linear during the first 5 s of incubation. The radiation-
induced loss of transport activity was thus attributable to a direct inactivation of the transporter rather
than to a decrease in the physical integrity of the vesicles. These results are consistent with a tetrameric
structure composed of subunits of about 62 kDa and suggest that phosphate transport involves both
monomers and tetramers.

The kidney plays a major role in maintaining the plasma 1995), rat (Magagnin et al., 1993), human (Magagnin et al.,
level of inorganic phosphate within narrow limits (Berndt 1993; Chong et al., 1993), mouse (Collins & Ghishan, 1994;
& Knox, 1992; Dennis, 1992). Phosphate ions are reab- Hartmann et al., 1995; Chong et al., 1995), and flounder
sorbed from the glomerular filtrate predominantly across the (Werner et al., 1994b) kidney cortex, and from the opossum
cells of the proximal convoluted tubule. Phosphate transport kidney (OK) (Sorribas et al., 1994) and NBL-1 bovine renal
across the luminal brush-border membrane of these cells is(Helps et al., 1995) epithelial cell lines. Based on deduced
mediated by sodium-dependent symporters and constitutesamino acid sequence comparisons, these transporters were
the rate-limiting step of this process (Bonjour & Caverzasio, classified into two distinct groups of highly homologous
1984; Mizgala & Quamme, 1985; Gmaj & Murer, 1986). proteins (Biber & Murer, 1994), type | and type Il, although
Several aspects of this transport activity, including its kinetics the flounder and bovine symporters diverge somewhat from
and regulation, have been studied extensively (Hammermanthe other members of type Il and may belong to different
1986; Murer et al., 1991; Murer & Biber, 1992). The main sub-groups (Helps et al., 1995). Both types of phosphate
driving force for phosphate transport is the *Nalectro- symporters differ in sequence homology and in size: the
chemical gradient. Phosphate is also transported, albeit at goredicted molecular mass of type | cotransporters is&4
slower rate, into renal brush-border membrane vesicles, wherkDa, and that of type Il cotransporters ranges from 69 to 75
sodium concentrations are equilibrated across the membranekDa. In contrast with type | cotransporters (Biber et al.,
In addition, in the presence of Naan outwardly-directed  1993; Delisle et al., 1994a), type Il cotransporters are
proton gradient increases the rate of phosphate transporexpressed at higher levels during dietary phosphate depriva-
(Sacktor & Cheng, 1981; Amstutz et al., 1985; S&g et tion (Werner et al.,, 1994a; Verri et al., 1995). Type Il
al., 1990) without affecting the affinity of the cotransport cotransporters are also regulated by parathyroid hormone

system for phosphate (Sacktor & Cheng, 1981). (Kempson et al., 1995) and expressed at lower levels in the
Recently, a number of renal phosphate symporters havegenetically deficienHyp mouse (Tenenhouse et al., 1994).
been cloned from rabbit (Werner et al., 1991; Verri et al., The size of the functional unit of renal phosphate sym-

porters has also been studied extensively with the radiation
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the phosphate cotransporters of ratl{B=au et al., 1988a), 3.0

rabbit (Delisle et al., 1994b), mouse (Tenenhouse et al., £_ 55l

1990), and cow (Delisle et al.,, 1992) kidney cortex, Eg_.g ]

respectively. Taken together with the above-mentioned %é’§ 2.0- o]
molecular masses of their constituent polypeptides, these §_~‘= & 5] ©

results indicate that renal sodium/phosphate symporters 222 7

function as oligomeric proteins, probably homotetramers. wBg 1.0

Further evidence for such an oligomeric structure was derived Zgg 0.5

from the measurement of the loss of labeling intensity of o ]

the polypeptide recognized by antibodies directed against the 0.0 -
NaPi-1 transporter (Werner et al., 1991) as a function of the 0 2 4 6 8 10
radiation dose (Delisle et al., 1994b). Target sizes of 165 Time (s)

and 184 kDa thus obtained for the rabbit and rat phosphatericure 1: Effect of irradiation on the time course of phosphate
cotransporters indicate considerable energy transfer betweeniptake in the presence of a sodium electrochemical gradient.

polypeptides following a radiation hit and suggest that the gesi&'?_'f wer(/eTisol?tid;n5§4%évg&glyl\c/lerol, 1-.‘30/'0 (W/c\i/)' Soz?itt‘)'a
: . : m epes/lris (p .9), an mivVi mannitol, anda Irradiate
subunits are closely associated (Delisle et al., 1994b). at 0 (O) and 5 @) Mrad. Phosphate uptake was measured in 14%

In the present study, the radiation inactivation size (RIS) (w) glycerol, 1.4% (w/v) sorbitol, 5 mM Hepes/Tris (pH 7.5),
was estimated from the radiation-induced loss of transport 150 mM NaCl or KCI, and 20@:M [32P]orthophosphate (8Ci).
activity measured under different driving forces. The The Na-dependent phosphate transport activity was calculated as
molecular sizes obtained suggest that different levels of the d]ﬁgrenl\cl:ecf)en/\aezle(nClthi uptake values measured 'c;‘ media
association of monomers are involved in phosphate transportgzgtdar'gmi%ateais Sa;]nown_ - A representative experiment done in
across the renal brush-border membrane.

EXPERIMENTAL PROCEDURES experimental errors mentioned in the text and shown in the
figures are standard deviations.

Materials [*?P]Orthophosphate (carrier free) was pur-  Phosphate TranspartPhosphate uptake was measured at
chased from ICN Biomedicals, and leucimaitroanilide and 25 °C with a rapid filtration technique (Hopfer et al., 1973).
p-nitrophenyl phosphate were from Sigma. Other chemicals The incubation medium contained 14% (w/v) glycerol, 1.4%
were of the highest purity available commercially. (wiv) sorbitol, 5 mM Hepes/Tris (pH 7.5), 150 mM NacCl

Preparation of Brush-Border MembranesAll experi- or KCI, and 200uM [3?%P]orthophosphate (&Ci). The
ments were performed on renal brush-border membranereaction was initiated by the addition of 8020 ug of
vesicles prepared from adult Sprague Dawley male ratsmembrane protein and stopped, after 5 s unless noted
(250-300 g) fed on normal Purina lab chow (0.8% (w/w) otherwise, by dilution (1/60) with an ice-cold stop solution
phosphate). After decapitation, the kidneys were perfused composed of 14% (w/v) glycerol, 1.4% (w/v) sorbitol, 5 mM
with 0.85% (w/v) NaCl, and brush-border membranes were Hepes/Tris (pH 7.5), and 150 mM KCI. The vesicle
purified with an MgC} precipitation method (Booth &  suspension was filtered under vacuum through a @m5-
Kenny, 1974). The final pellet was washed and resuspendedpore size nitrocellulose filter. The filters were washed with
in 14% (w/v) glycerol, 1.4% (w/v) sorbitol, 5 mM Hepes/ 8 mL of ice-cold stop solution and processed for liquid
Tris (pH 7.5), and 150 mM NaCl or KCI. For pH gradient scintillation counting. Nonspecific binding to the filters was
experiments, Mes/Tris (pH 5.5) was used instead of Hepes/determined with the same procedure, but omitting the
Tris, and, to generate a sodium electrochemical gradient, KClyesicles, and subtracted from the raw data.
and NaCl were replaced by 300 mM mannitol. After
incubation at £C for 45 min, the membrane vesicles were RESULTS
stored in liquid nitrogen until use. Enrichment for alkaline C .
phosphatase was $12-fold. Alkaline phosphatase (Kelly The effect of irradiation on the time course of phosphate
& Hamilton, 1970) and aminopeptidase N (George & Kenny, uptake by brush-border membrane vesicles was measured,

1973) were assayed as described, and protein concentratioifder Zero trans conditions, in the presence of a transmem-
was measured with the method of Lowry et al. (1951). brane sodium electrochemical gradient (Figure 1). Phosphate

Irradiation Procedure Irradiation was carried out at78 uptake by the irradiated vesicles was significantly reduced,

°C in a Gammacell Model 228Co irradiator at a dose rate .bUt. remained Iinea}r duri'ng the first 5 s of incubation. This
of approximately 1.5 Mrad/h as described previously (Beau- |nd|ca_tes _that _th? Integrity of the me_mbran_e was pres_e_rved
regard et al., 1983; Bigeau et al., 1988a). The following following irradiation since an altere_mo_n o_f its permeabll!ty
empirical equation was used to relate the radiation inactiva- WOUI_d have resulted in a faster dissipation of th sodium
tion size (RIS) to [, the radiation dose (in Mrad) at which Qrad"?”t’ a red_up_ed driving force, and a deviation from
the measured activity has been decreased to 37% of its initial "€ty Of the initial uptake.

value, and to t, the temperature (i6) (Beauregard et al., Phosphate uptake measured in the presence of a trans-
1987): membrane sodium electrochemical gradient in vesicles

exposed to various doses of radiation decreased progressively
log RIS= 5.89— log D;;, — 0.0028 as a function of the dose (Figure 2A). In contrast, thé-Na
independent phosphate influx, which is mainly due to
Ds7; values were obtained from semi-logarithmic plots of diffusion, was unaffected at the doses used. The-Na
transport versus irradiation dose using a least-squares fit. Thedependent influx was calculated as the difference between
these two fluxes, and a semi-logarithmic plot of these data
1 Abbreviation: RIS, radiation inactivation size. revealed a simple exponential decay of activity as a function
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FIGURE 2: M.()Iecular.size of the oligomer responsible for sodium Fcure 3: Molecular size of the oligomer responsible for pH
electrochemical gradient-driven phosphate transport. (A) Phosphategradient-driven sodium-dependent phosphate transport. (A) Phos-
uptake was measured as described in the legend of Figure 1, in thephate uptake was measured in the presefice) or absence®,
presence of NaCl&) or KCI (). (B) The Na-dependent phosphate  m) of a pH gradient in vesicles preequilibrated with NaC| @)
transport activity @) was calculated as the difference between the or KCI (00, W) as described in the legend of Figure 4. To avoid
uptake values measured_ln media containing NaCl and KCI._The formation of NaCl or KCI gradients, phosphate uptake was
uptake values measured in the presence of a phosphate gradient ageasured in incubation media similar to the intravesicular media
the only driving force (Figure 3A) were subtracted from these data except that each assay was performed with 5 mM Hepes/Tris (pH
to estimate Fhe sodium gradlenq-drlven transport aptmt)t (I'he_ 7.5) and 200uM [32P]orthophosphate (%Ci). (B) The Na-
data are derived from four experiments, each done in quadruplicate.dependent phosphate transport activity was calculated as the
difference between the uptake values measured in the presence of

of the radiation dose (Figure 2B). The RIS obtained in the NaCl and KCl for the data obtained in the preserpdr absence

presence of a sodium gradient was 2008 kDa (®) of a pH gradient. The uptake values measured in the absence
) of such gradient were subtracted from those measured in its presence

The initial rate of Nd-dependent phosphate uptake g estimate the pH gradient-driven transport activiky.(The data
measured under sodium equilibrium conditions (Figure 3A) are derived from five @) or six (O) experiments, each done in
was considerably lower than in the presence of a sodium quadruplicate.
gradient (Figure 2A): 0.1% 0.03 vs 1.33£ 0.07 nmol (Mg of each other. The proton gradient-dependent phosphate
of protein)™ (5 sy™*. Imposition of an outwardly-directed  transport activity was therefore calculated as the difference
proton gradient enhanced the uptake of phosphate, undepetween the sodium-dependent uptake values measured in
sodium equilibrium conditions, by a factor of 2 [0.38  the presence and absence of a proton gradient. The RIS
0.04 nmol (mg of protein)* (5 s)™] (Figure 3A). Under  derived from a semi-logarithmic plot of these values (Figure
both conditions, irradiation reduced phosphate uptake without3B) was 237+ 54 kDa. Similarly, the sodium-dependent
affecting the linearity of the curve during the first 5 s of yptake values obtained with a phosphate gradient as the only
incubation (Figure 4). driving force (Figure 3A) were subtracted from those

Phosphate uptake measured under sodium equilibriumobtained in the presence of sodium and phosphate electro-
conditions in the presence or absence of a proton gradientchemical gradients (Figure 2A). The RIS calculated from
decreased progressively as a function of the radiation dosethese values (Figure 2B) was 23951 kDa.
while the Né&-independent uptake remained unaffected Because our experiments on the effects of a pH gradient
(Figure 3A). The Na-dependent uptake values were fitted were carried out on vesicles irradiated at a lower pH, control
by single exponentials. The RIS measured under sodiumexperiments were done to test whether acidic conditions
equilibrium conditions with and without a proton gradient could favor secondary inactivation by generating free
were 1244 19 and 62+ 18 kDa, respectively (Figure 3B).  radicals, for example, during irradiation. The radiation

The finding of different RIS values when transport is inactivation size of two marker enzymes was measured in
measured under different driving forces raises the possibility vesicles irradiated at pH 5.5 and 7.5. For aminopeptidase
that two transporters, or two oligomeric states of the same N, molecular sizes of 5% 12 and 58t 4 kDa were obtained
transporter, are operating simultaneously and independentlyfor vesicles irradiated at pH 5.5 and 7.5, respectively (Figure
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1.0 conditions, the RIS measurements for alkaline phosphatase
T 0.8 were respectively 99 10 kDa at pH 5.5 and 114 16
'5@5 ] kDa at pH 7.5 (Figure 5B). These values are not significantly
285 064 different from each other nor from the RIS previously
§§§ 0.4 reported for this enzyme (105 kDa) (Beau et al., 1988a).
288 o.] DISCUSSION
N 0.0 - The present study clearly demonstrates that the rate at
c 2z 4 6 8 10 which phosphate uptake into rat renal brush-border mem-
Time (s) brane vesicles is inactivated as a function of the radiation

FiIGURE 4: Effect of irradiation on the time course of phosphate dose depends strongly on the conditions under which this
uptake in the presence of a pH gradient. Vesicles were preequili- transport activity is measured. A 62-kDa protein thus
brated in 14% (w/v) glycerol, 1.4% (w/v) sorbitol, 5 mM Mes/Tris appears to be responsible for phosphate transport when a

H 5.5) ©, @) or Hepes/Tris (pH 7.5)1, W), and 150 mM NacCl - - L -
g; Kol l:))e(f)ore)irradiatri)on at OC%'?D) Or)ga (.), m) Mrad, Toavoid  Phosphate gradient is the only driving force. In view of the
formation of NaCl or KCI gradients, phosphate uptake was factthat the carbohydrate moiety of glycoproteins does not

measured in incubation media similar to the intravesicular media contribute to the size measured with the radiation-inactivation
except that each assay was performed with 5 mM Hepes/Tris (pH technique (Harman et al., 1985; Beauregard et al., 1987;
o S o e o Tyt PTeTL yUng, 1988) thissize s remarkably simia o hose reporte
uptake values measured in media containing NaCl and KCI. A Yor the cloned type | and type Il renal phpsphate cotrans-
representative experiment done in quadruplicate is shown. porters. When transport was measured in the presence of
an outwardly-directed proton gradient, the radiation inactiva-
A tion size was 124 kDa. In the presence of a sodium gradient,
the radiation inactivation size (200 kDa) was about 4-fold
higher than that obtained under sodium equilibrium condi-
tions in the sole presence of a phosphate gradient. In the
present study, the conditions used to impose a sodium
gradient also favored the generation of an electrical potential
across the membrane due to the diffusion of @ns into

2.0

1.4 mannitol-loaded vesicles. The measured RIS agrees reason-
1 ably well with the previously reported value of 234 kDa
1.2 which was obtained using similar conditions except that the

vesicles contained 150 mM KCl instead of 300 mM mannitol,
o 2 A & s 1o 12 thus avoiding the. presence of an anion gradieritiyBau
et al.,, 1988a). Similarly large RIS values have also been

Dose (Mrad) estimated from the loss of phosphate transport activity
measured in the presence of a sodium gradient, but in the
absence of an anion gradient, in mouse, cow, and rabbit renal
brush-border membrane vesicles (Tenenhouse et al., 1990;
Delisle et al., 1992, 1994). These results suggest that the
phosphate cotransporters function, in the presence of a
sodium gradient, as tetrameric proteins composed of 62-kDa
monomers and that a membrane potential has little influence
on their apparent size.

These molecular size estimates are based on the assump-
tion that the observed radiation-induced decline in transport

Log [Remaining activity (%)]
[+2]
1

-
o
1

Log [Remaining activity (%)]

1.2+ activity is due to the inactivation of transporter molecules
rather than to increasing damage of the vesicles. Irradiation
1. 04— T T does not appear to have caused a gross alteration in
0 2 4 6 8 to 12 membrane permeability since, under all conditions tested,
Dose (Mrad) the initial period during which transport remained a linear

o . function of time was similar in irradiated and control vesicles.
Ficure 5: Effect of pH on the estimation of the molecular size of

aminopeptidase N and alkaline phosphatase. Vesicles were iradiated? @9réement with this conclusion, the sodium-independent
in 14% (w/v) glycerol, 1.4% (w/v) sorbitol, 150 mM NaCl, and 5 Phosphate uptake was not altered by irradiation. Previous
mM Hepes/Tris (pH 7.5) @) or Mes/Tris (pH 5.5) @). (A) studies have also shown that the passive permeability of
Aminopeptidase N activity was measured in 300 mM mannitol, 20 similarly-prepared renal brush-border membrane vesicles
mM Hepes/Tris (pH 7.5), and 2Q@M leucine p-nitroanilide. (B) toward 22Na* is only slightly affected at radiation doses

Alkaline phosphatase activity was measured in 14.4 mM : .
nitrophenyl phosphate and 1.35 M propanolol buffer (pH 10). The comparable to those used in the present studyi&au et

results are derived from three experiments, each done in quadru-al., 1988a,b, 1990). Futhermore, during a study of the
plicate. molecular size of the renal NAH™ antiporter, it was shown

that sodium uptake, driven by an acidic intravesicular pH,
5A). These values are similar to the RIS reported for the remains linear during the first 10 s of incubation in both
aminopeptidase N of the rabbit intestinal brush-border irradiated and control vesicles, indicating that the driving
membrane (59 kDa) (Stevens et al., 1986). Under the sameforce of the proton gradient remains unaltered during this
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period (Bdiveau et al., 1988b). The integrity of irradiated from the measurement of phosphate uptake driven by proton
vesicles has also been previously tested by estimating theiror sodium gradients are therefore probably best explained
intravesicular volume from the uptake of glucose at equi- by assuming that these monomeric proteins continue to
librium (Béliveau et al., 1988a, 1990; Delisle et al., 1994b). function as sodium-dependent phosphate permeases inde-
Although a small decrease in intravesicular volume was pendently of the presence of such gradients. Subtraction of
observed, taking its effect into account (Beau et al., 1990)  the uptake values attributable to the free monomeric trans-
leads to modifications of the molecular size estimates which porters yields RIS estimates of 237 and 259 kDa for the
are small in comparison with the dramatic differences proton gradient-dependent and sodium gradient-dependent
reported here for different experimental conditions and the phosphate transport activities, respectively. Both values are
experimental error associated with such measurements. close to that expected for a tetramer composed of subunits
Although only one phosphate symporter (NaPi-2) has, so of about 62 kDa. This interpretation is also consistent with
far, been cloned from rat renal cortex (Magagnin et al., 1993), the fact that an outwardly-directed proton gradient is known
both type | and type Il cotransporters are probably present.to stimulate phosphate uptake both in the presence and in
Transporters of both types have been cloned from rabbit the absence of a sodium gradient (8&g et al., 1990).
(Werner et al., 1991; Verri et al., 1995), humans (Magagnin  The experimental data are thus consistent with the exist-
et al., 1993; Chong et al., 1993), and mouse (Collins & ence, in the rat renal brush-border membrane, of a 62-kDa
Ghishan, 1994; Hartmann et al., 1995; Chong et al., 1995), phosphate transporter which functions independently of the
and the presence of NaPi-2-related mMRNA species in thetransmembrane sodium and proton gradients. Although it
renal cortex of several animal species has been demonstratedannot be excluded that this protein may represent a new,
by Northern blot analysis (Magagnin et al., 1993). In hitherto unidentified phosphate transporter, it likely consists
addition, a 65-kDa protein was labeled specifically in of type | and type Il renal phosphate cotransporters. This
Western blots of rat kidney brush-border membrane proteinsstudy also contributes further evidence that the sodium and
with antibodies raised against the C-terminal portion of the proton gradient-dependent phosphate transport activities of
rabbit type | cotransporter (NaPi-1) (Delisle et al., 1994a,b), these cotransporters are mediated by tetramers.
a region in which NaPi-1 and NaPi-2 differ markedly
(Werner et al., 1991; Magagnin et al., 1993). The mono- ACKNOWLEDGMENT
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