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in an attempt to identify the renal N a ' / P ,  eotransl~'ter, X e m ~ ¢  laevis o6¢ytes were used to exiw-~s mI~NA 
isolated from the renal ¢orlex of  rat kidney. Na +-dependent uptake of  Pi in oo¢~es, i~,¢ted with miCJ~A, resulted ia 
an increase of 2-4-fold as compared to oocytes injected with water. Both the new expges.~l and 
Na ~ dependent P, uptage activity were inhibited with 2 mM p l m s p h ~ k  acid (PFA). E ~ i o n  of PI upmike 
into oocytes was dGse-depe~lent with the amount of mRNA injected. When mRNA was frnctiouated on a 
wadient~ a mRNA fraction of 2-q kilobases expressed the NI+/Pj  eotransport activity in mJcytes. Th~s fractiou 
resulted in a 6-fold stimnlation of Na*-dependent Pj transl~ort when compared to oocytes injected with w'ater. The 
K .  and g-_~ for No *-dependent P, m~take were 0AR mM and !18 g, mol/oocyte per 30 rain, reapectivety. 

introdnct|nn 

Phosphate rea0sorption in the proximal tnbules oc- 
curs through an active transccllular mechanism that 
involves a Na+-Pi cutransport system at the apical 
b:ush border membrane [I]. Pi entry across the brush 
border membrane (BBM) is driven by an electrochemi- 
cal gradient for Na +. in cont.rast Pi exits the cell via 
passive Na+-inde~,~..ndent transport through the baso- 
lateral membrane. The biochemical characterist'~cs of 
the renal Na4-pi cotransporter protein(s) are largely 
unknown, identification of the Na+-P. cotrpesporter 
pro~'ein(s) is hindered by the lack of specific cavalent 
labels. Peerce [2] used a fluorescent probe which ap- 
pears to label the intestinal Na+-Pi cotransporter and 
repot-ted an approximate molecuiar mass of 145 kDa. 
N-Acetylimidazole which interacts with proline and/or 
lysine residue, has been used ~u label the Na+-P, cu- 
transporter in established renal epithelial cell line (OK 
cells). Four differen t proteins with molecular mass of 
31-176 kDa have t~en reported to bc involved in 
Na+-Pi cotransport in OK cells [5]. 

Corrcsp6ndence: H.A. AI-Mahrouq, Department of Physiology and 
Biophysics, Indiana University School of Medicine, 035 Bamhill 
Drive, Indlaaapolis, IN 46202-5120, USA. 

When an azido derivative of NAD was used to 
photolabel the renal Na+-P~ cotransport, proteins with 
approximate molecular mass of 70 and 97 kDa ware 
idcnt'fied as likely candidates for the Na÷-Pi cotrans- 
porter in BBM vesicles vrepared from rats [3]. 

Recent a~'ances i~ molecular biology have made 
possible the identification and isolation of clones from 
cDNA libraries t~ using expression cloning techniques. 
F reparatk'e purification of  specific mRNA and expres- 
sion cl~n.;::g have been u~d (o clone the Na+-glucose 
cotranspo~er from rabbit intestinal BBM [4,11]. Two 
clones from the humalJ renal Na+-g~ucose cotrans- 
porter also have been isolated by the use of the clone 
encoding the huhJan intestina! Na+-glucose cotrans- 
porter [6]. Bed, cDNA, encoding for the rca',d and 
intestinal Na+-glucos,~ cotranspo~er, showed >99% 
identity in their nucleetide sequences [13]. 

Preparative purification of specific mRN A from rab- 
bit kidney col~ex has been used to selectively express 
the Na+-Pi coi:transportcr activity in oocytes. Wemer 
et ai. [7] have shown expression of Na+-dependent Pi 
transport in Xenopus lae~.is c,t¢3,tes injected with 
mRNA isolated from rabbit kidney cortex. They re- 
po~ed a fraction of mRNA, with an average size of 3A 
hilobases, produced a mammum st,mulauon of Na+-d¢ - 
pendent Pi uptake when injected into oocytes. 

?v-'=ost of ~he physiological studies, concerning the 
reguI0tion of the renal Na+-P~ cotrans.r~,,ic:, has been 
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performed on rat kidneys. Therefore a rat clone is 
likely be more useful than rabbit for studying regula- 
tory mechanisms of the renal phosphate transport sys- 
tem. In this report, we sil.,~w injection of oocytes with 
rat kidney mRNA induce0 expression of . a  unique 
Na+-dcpe ndent Pi transport system which also is inhib- 
ited by PFA. 

°l~is study has been published in part. in abstract 
form in J. Am. ~ c .  Nepnrol. I, 57~ (19~0~,. 

MaterL~ls and Methods 

Total RNA and poly(A)+RNA were isolated as 
described [g,|0]. The outer cortex of  rat kidney was 
dissected and homogenized in guanidine thJocyanate 
buffer followed by extraction with phenol (water satu- 
ratcd)/chioroform/i, ' ,oamyl alcohol The aqueous 
phase was collected by centrifugation at 10000 x g for 
20 min at 4°C. The RNA was precipil'ated by adding 
isopropanol and incubation at -20°C. The precipi- 
tated RNA was resu~pended in 1 ml of 75% ethanol, 
~:ntrifuged for 5 rain and the pellet was dried under 
vacuum. The concentration of RNA was calculated at 
260 nm, and the ratio of A~)/2~) was greater then 1.8. 
Poly(A)+RNA was purified by chrcmatography or~ 
oligo(dT) ccllulosv and purified in the present r. of 0.3 
M sodium acetate [gJ. 

Linear sucrose gradient (5-25%, w/w)  of the mRNA 
was .,',efformed in the presence of 10 mM Tris buffer 
(pH 7.4), 9.25% (w/w)  sarcosyl, and 5 mM EDTA. The 
total mRNA was applied to the gradient and cen- 
trifuged for 4 h a t  20°C at 45000 rpm it; a SW 50.1 
rotor [9]. The sample was fractionated into 15 frac- 
tions. The concentration of RNA was dote*mined b), 
absorbanee at 260 nm, and the RNA was stored at 
-70°C until used. The integrity and the size of 
poly(,,~.) "~ R N A  was  c o n f i r m e d  by f o r m a l -  
dehyde/agarose gel electrophoresis and ethidium bro- 
mide staining. 

Oocytes were prepared from Xenopus laet'is ovary 
fragments by trea~.ment with eol!agenase as des~:ribe¢i 
by Hediger e t a  i. [11]. Oocvtes were :;elected and 
microinjected wiO 50 nl of water (controls) or 50 nl 
solution eontaininig RNA. "the injected ooq, tes were 
ma;.ntai,-.ed at 19°( ' in Barth's medium (100 mm NaCi, 
1.8 mM CaCI z, 2 mM KCI, 1 mM MgCl~, 2.6 mM 
sodium pyruvate, ::0 rag/!  gentamicin, 5 mM Hopes, 
pH 7.5) for 3 days. The medium was changed daily and 
damaged ,x~.-ytes were discarded. 

"l]~e Pi transport by oocytcs was assayed at low Pi 
con:cntrat."on (0.2 raM), which is ~n *he range of the 
K m for the renal Na+-dependent Pi contransporter. 
The uptake medium contained 2 mM KCI, 1 mM 
CaCI~, ! mM MgCI~, and 10 mM Hcpes-Tris buffer 
(pH 7.5), and either 100 mM ~:~CI or i00 mi~! choline 
chloride. After incubation for 30 min at ?..5°C, the 

uptake was terminated by washing the oocytes five 
times with 2-ml aliquots of ice-cold choline-CI buffer. 
Each oocyte was dissolved in 0.5 ml of 7% sodium 
dodecyl sulfate, sonicated briefly and the -~P was 
counted by liquid scintillation spectrophotometer. 

K m and i . ~  were determined by linear regression 
of the double-reciprocal plots of the uptake values vs. 
the Pi concentrations. The Student's :-test was used in 
comparing groups, and values for P > 0.05 were con- 
sidered not significant. 

Results and Discussion 

Endogenous Pi transport activ.~ty in oocytes was 
characterized. Uptake in oocytes is a Na+-dcp=ndent 
process. Na+-il,dependent Pi uptake was noticed in 
freshly isolated oocytes and after 3 days of incubation 
of oocytes in Barth's solution. Fig. 1 shows the Pi 
uptake by oocytes in the presence (100 mM NaCI) or 
absence (I00 mM choline chloride) of a Na + gradient. 
The amount of Na+-dependent uptake of Pi in non-in- 
jected oocytes ranges from 10-30 pmol/oocyte per h. 
Injection of oocytes with mRNA extracted from kidney 
c(,rtcx, re~.'lted in an enhancement of Na+-dependent 
P~ activity. PFA is a competitiw." inhiUitor of Na*-de- 
pendent Pi transport in renal BBM vesicles [12]. We 
examined the effect of PFA on Pi uptake into control 
oocytes and oocytes injected with mRNA. Both systems 
were sensitive to t"FA. The ¢0ncentration o~ PFA 
required to inhibit both activities was in the range of 
1-2 raM. The time . ' :on~ for P, transport was linear 
up to one hour. 

Expression of the Na+-P~ cotransport activity in 
oocy!es was de,-endent on the injected amount of 
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Fig. i. Exprc:,.~ion of rat kidney Pa Ir~'o~'P -~r! to) Y.enup:~ oo~Jtcs. 
Oocytes were i,iected with 50 ni of water or water containi~mg 50 ng 
mRNA. After 3 days uptake of ['~2P]P i (pmol/oocyte per h) was 
mcasu:cd. The uptake of (}.2 mM Pl was measured in the pre~nc© of 
100 mM NaC: (open bars) or 100 mM choline chiorid.-" (solid bars). 
PJ;.'*. was present at .. mM (hatched bars), Uplakes arc prcsenled as 
the rncans obtained with four or five oocyt©s, and bars indicate S.E. 
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Fig. 2. Effect of different raRNA doses on Pi transport expression in 
oocytes. Three days after injection of raRNA (0, 20. and 40 ng). Pi 
transport in four or five oocytns was me-~sured. The uptake of O.2 
raM Pi was measured in the presence of 10q~ raM NaCI (hatched 
bars) or 100 ram choline chloride (solid bars). Uptakes are pre~nted 
as the means obtained with four or Vp,c oocytns, and bars indi- 

cate S.E. 

mRNA. The expres,~iou of the Na+-dependent trans- 
port of Pl. calculated ~ ,  subtracting the Na+-Jndepen - 
dent conlpol~ent from the total Pi uptake in presence 
of Na +, increases 2-fold when the injected amount of 
mRNA was doubled (Fig. 2). injection of higher amount 
of mRNA did not result in increasing the expression of 
the Na+-dependent Pi transport activity. 

Dependence (~f the initial rate of Pi transport in 
oocytes as a function of external Pi coneentrat.ion was 
measured in the presence of 100 mM NaCI. To def.er- 
mine kinetic constants, oocyfes were incub:tted for 30 
rain at 22°C in the medium containing vari,~t,s Pi c c ~  
centratio,is from 0.05-2.00 mM since Na+-dependent 
Pi uptake was linear up to one hour (data not shown). 
Water and mRNA injected o~y tes  showed a saturable 
Pi uptake (Fig. 3). Vma x and K m were calculated by 
linear regression analysis. The i,;,,, in oocytes iniected 
with mRNA is 119 + 2 (mean -~ S.E.) pmol/oocyte per 
30 min, which is higher ( P  < 0.05, t: = 4) than t~at of 
oocytes injected with water (65 + 5 pmol/oocy~e [ e r  
rain), However, the apparent K m was lower in oocytes 
injected, with mRNA (0.18 + 0.04 mM) ':ban that in- 
jected with water (0.26 + 0.07 raM), but this change in 
the K., was not statistically significant. Similar results 
were reported for the exwession of Na+-glucose co- 
transport system in oocytes afte~ injection of mRNA 
extracted from rabbit small intestht~ mucosa; K m was 
lowered from 0.39 to 0.10 mM following injection of 
mRNA [11]. The Km in oocytes injected with mRNA is 
in the range of K m reported for Na+-Pi cotra,,t3ott 
system in BBM vesicles prepared frnm rat kidney [3]. 
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Fig. 3. A representative study of kinetics of Na+-c~ependent uptake 
of Pi in oocytes. Oocytes t'~re injected with 50 n! water containin$ 
about 50 ug raRNA (~.) or 50 nl water (e). O,¢ytes were ingltbaled 
I~r 3 days and then assayed for N~.+.dependent uptake of -~P. The 
plug represents the iui:ial ~,elociCy (;he uptake of J2p/oocyte per 30 
rain) vs. the initial subsIralc concentrations. Data -.'orrected by sub- 

traction of the Na%independent component ot p, transport. 

Total mRNA was fractionated on 5-25% s,,crose 
gradient and the gradient was fractionated into 15 
~'r~etions. mRNA was precipitated from each fraction 
and the same amount of mRNA (about !0 ng) was 
injected into oocytes and "~P uptake was studied both 
J,t the presence and absence of Na 7. As shown in Fig. 
4, ~ractions 6 and 7 produced a higher activity of the 
expressed Na+-dependent Pi uptake than the unfruc- 
tionated mRNA. Specifically. fraction 5 produced a 
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Fig. 4. Uptake Of 3;~p (praoI/oocyt~: per h) into oocytns injected with 
mRNA fr~.ctions obtained frnm suefl~ gradient tentH,piton. 
Oocy,.cs were in~ctnd with 50 nl of water containing ~bout |0 Ra of 
unfractlon;;ted or fn~ctlonatcd raRNA. After 3 days the uptake of 
~2p was measured [n the presence of 100 mM NaCI (hatched bars) or 
100 ram choline chloride (solid bars) as described above. Uptakes 
are presented as the means obtained with 4-6 oo¢)'es, algl bars 

indkare S.E. 
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2.5-fold increase in Na+-dependent Pi transport com- 
pared to total unfractionated mRNA. Oocytes injected 
with .m~oled and sized fractionated mRNA (fractions 
8-151 give much less expressed r~' tral:sport ,_activity. , i  
Howe,,or, fractions 5 and 7 have a co~ -a r ab l e  ex- 
presse:l P~ transport activity when compared to unfrae- 
tionatt d mRNA. Fr~ction 6 - 7  corresponds to a size of 
2.5-2.::, ki',obases as d,:termined by formaldehyde gel 
electrc9horcsis (data not shown). The apparent  K m 
and I ~ ,  obtained in these results is similar to that 
obtained for the expression of Na+-depeadent Pi co- 
transport system following injection of rnRNA cx- 
tracted from rabbit kidney [7]. The average st;:e (2.5--2.8 
kilobascs) of  mRNA, encoding the Na+-el cotransport  
system in rat renal :~3BM, is comparable to that ob- 
tained for rabbit BBM (3.4 kilobases). Na+-indepeu- 
dent uptake rate: of  P. was increased with incubation 
time ia o~,3~es injected with m R N A  (Figs. I-3).  This 
phenomena, observed in most of these studies, might 
be due to fth~: expression of an Na+-independent Pi 
transport system or an activator of  endogenolas Na +-in- 
dependent transport system present in oocytes 

Oocytes possess an endogenous Na+-dependcnt P. 
transport activity which is sensitive to PFA. In spite of 
the presence of an intrinsic Pi transporter,  the oocytc 
expression system can be used for expressi,Jn of rat 
kidney Na ' -dependen l  Pi transporter  by focuaing on 
the stimnlad,,n of Na+-dependent uptake of Pi after 
injection of mRNA. In conclusion, our r,~sults clearly 
show that the rat renal Na+-Pi cotransp~rt system can 
be expressed as ~ functional protein on the membrane 
of Xenopus laetis oocytes injected wit[', mRNA pre- 
pared from rat k!dney cortex. Thi~ I~roccdurc will be 
useful in cloning the rat renal Na+-Pi cotransporter.  
This will open thc way to detailed studies on the modc 
of action of drugs and hormonal contro! on the rat 

renal Na+-Pi cottansport  system, and on factor's which 
control the synthesis and incorporation of eotrans- 
porters into the meml?rane. 
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