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Abstract. Expression of the protein NaPi-1 Kenopus suggest thatp does not reflect charge transfer related to
oocytes has previously been shown to induce an outP-uptake, but a Pmediated modulation of &.

wardly rectifying CI' conductance (g), organic anion

transport and Nadependent Puptake. In the present Key words: CI~ Channel — Organic Anions — Phos-
study we investigated the relation between the NaPi-hate — NPPB

induced G, and R-induced currents and transport.

NaPi-1 expression induced-fansport, which was not ]

different at 1-20 ng/oocyte NaPi-1 cRNA injection and Introduction

was already maximal at 1-2 days after cRNA injection. _ _ _

In contrast, G, was augmented at increased amounts ofRenal proximal tubule cells play a major role in the
cRNA injection (1-20 ng/oocyte) and over a five day reabsorpuo.n anq excretion of electrolytes, mmeralls :_;md
expression period. Subsequently all experiments wer€ther physiological substrates as well as xenobiotics.
performed on oocytes injected with 20 ng/oocytesTWO proximal tubular brush bordgr prqtglns with dlstlngt
cRNA. P-induced currentslp) could be observed in molgcular structures have been identified by expression
NaPi-1 expressing oocytes at high concentrations,of FSloning strategies (type | and type Il N&-cotrans-
(=1 mm P). The amplitudes ofp correlated well with porter) gnd shown to induce Kaependent transport of
Gg. Ip was blocked by the Clchannel blocker NPPB, INoOrganic phosphate (P[14, 16, 17, 27]. The type Il
partially N&'-dependent and completely abolished in CI N&'/Pi-cotransporter expressed Xenopusoocytes
free solution. In contrast, Rransport in NaPi-1 express- Meets all known characteristics of rena@l bI’L!Sh border
ing oocytes was not NPPB sensitive, stronger dependinflémbrane NaP-cotransport, such as sigmoidal Na
on extracellular Naand weakly affected by Clsubsti- ~dependence, pH-sensitivity and highefinity (apparent
tution. Endogenous,Riptake in water-injected oocytes Km0f0.1mv);[5, 6, 9, 14]. Itis altered at the functional
amounted in all experiments to 30-50% of the*Na and molecglar I_evel und(_a_ravarlety of physiological and
dependent Prransport observed in NaPi-1 expressingPathophysiological conditions [11, 12, 22, 23, 25, 26; for
oocytes. The properties of the endogenoysiRake rewew_see:lG, 17]_. Whereas th_e role of type _II trans-
system (K, for P, > 1 mwm; partial N&- and Cr-  Porterin R absorption is well defined, the physiological
dependence; lack of NPPB block) were similar to thefunction of the type I transporter, which lacks above
NaPi-1 induced Puptake, but ndp could be recorded at landmarks of Ptransport, is still unclear. NaPi-1 cRNAs

P-concentrations<3 mm. In summary, the present data Nave been cloned from different species including hu-
man, mice and rabbits [7, 15, 27]; also a NaPi-1-

homologue from human brain has been identified [18,
19, 20]. The amino acid sequences of NaPi-1 and
{\laPi—Z are not related, the similarity between both se-
guences is only about 10-15% (for revieee:16, 17).
Hybrid depletion experiments on type Il and type | re-
Correspondence tad. Murer lated Nd-dependent Puptake activity after oocyte in-
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jection experiments indicated that type |l transporter re-was —40 mV). The NaPi-1 induced anion conductance is almost com-
lated I?—uptake is more important than that of type | pletely blocked at 10Qum NPPB [4]. At the end of every experiment
(about 3:1: [15])_ This might explain the correlation of Ve perfused therefore the oocyte; with 300 NPPB. 'Q;, reflects the

. total conductance subtracted with the NPPB-resistant conductance.
the, q\(erall transport prqurngs ‘,’f the type i t_ransportThe NPPB-resistant conductance is mainly a leak through the oocyte
activities observed after injection into oocytes with thosemembrane. Oocytes exerting a NPPB-resistant conductance pS0.5
observed in brush border membranesg above Fur- were rejected, because they were considergtealthy.
thermore, it has recently been shown that the type'/Na
P.-cotransporter in rats is differentially regulated than the
type Il transporter and might only play a housekeeping
role in E-absorptloh [13] We could recgntly show that Uptake studies with*fP]HPQ, were performed in 5-ml polypropylen
expression of NaPi-1 iXXenopusoocytes induced a Cl  ypes containing 7 oocytes for each determination 1-5 days after
conductance, also permeable for other halides and thgari-1 cRNA injection. Oocytes were washed twice with 4 ml OR2+
organic anion benzylpenicillin [4]. This conductance transport buffer (in m: 82.5 NaCl, 2.5 KCI, 1 CaGJ 1 MgCl,, 1

was inhibited by classical Clchannel blockers, such as Na&HPO, 5 HEPES pH 7.8) and incubated for 30 min in J00R2+
niflumic acid and NPPB [4, 10] containing different amounts of HEOand £*P]JHPC; resulting in a

The focus of the present study was to analyze inspecific activity of 10-200 dpm/pmol. Afterwards oocytes were

. L. . . washed three times with 4-ml ice-cold OR2+, removing external ra-
detail a pOteI’?tI.:':l'l interrelationship between the two ?‘bov%ioactivity. Oocytes were placed in scintillation vials and radioactivity
recorded activities (Nadependent Puptake and anion  was measured by liquid scintillation counting.
conductance) observed after expression of NaPi-1 in 00-  Chemicals used were NPPB (5-Nitro-2-(3-phenylpropylamino)
cytes. The data suggest that the two activities are notenzoic acid; gift from Dr. R. Greger, University of Freiburg) and
expressed In a Coordlnate manner Suggestlng that tl’{éBP]HPdA_ (Amersham), all Ot-her Chemicals were of ana-lytical grade
apparent bifunctional properties might in part be r(_}lat(_:‘dand purchased‘fro_m commercial suppliers. AI_I data are given as means
. L .+ sem wheren indicates the number of experiments or oocytes. The
to the mOdUI"_mon of intrinsic OOCyJFe transport prOpertIescurrentsizes given in this report varied, depending on the time after and
rather than directly related to NaPi-1-mediated transportymount of cRNA injection and on the batch of oocytes (from different

animals). Therefore, throughout the paper we show experimental data

UPTAKE STUDIES

Materials and Methods obtained with one particular batch of oocytes. All sets of experiments
have been repeated at least once with a different batch of oocytes; in all
ELECTROPHYSIOLOGICAL MEASUREMENTS repetitions qualitatively similar data have been obtained.

cRNA encoding NaPi-1 was synthesized in vitro as previously de-

scribed [27]. Dissection ofenopus laevisvaries, collection and han-  Rasuylts and Discussion

dling of the oocytes has been described in detail [3]. All experiments

were performed on oocytes injected with 20 ng cRNA/oocyte on day

1-5 after cRNA-injection, if not stated otherwise. Two-electrode volt- EFpecT oF AMOUNT OF CRNA AND TIME OF EXPRESSION
age-clamp recordings were performed at 22°C using a Geneclamp 508N GCI AND P-UPTAKE

amplifier (Axon Instruments, Foster City, CA) and MacLab D/A con- !

verter and software for data acquisition and analysis (ADInstrumentsP . L .
Castle Hill, Australia). The external control solution (ND 96) con- reV'OUSIy we have shown that Injection of NaPi-1

tained (in mu): 96 NaCl, 2 KCI, 1.8 CaGl 1 MgCl, and 5 HEPES ~ CRNA higher than 2 ng/oocyte and time of expression
(titrated with NaOH to pH 7.4). For the determinationlpfsodium  >36 hr leads to a decrease in the NaPi-1 induced Na
phosphate was added to the ND96 solution resulting in a final compodependent iFJuptake properties [27]_ On the basis of this
sition of (in mw): 96 NaCl, 3 Na-P(total: mono- and divalent), 2KCl, - gpservation we had concluded that overexpression of the
1.8 CaCl, 1 MgCl, 5 HEPES; pH 7.4. In some experiments all ex- Napi 1 protein might not be tolerated by the oocyte. Al-

ternal CI' was substituted by gluconate, phosphate or sulfate. In the . - A
latter two solutions CaGlwas omitted to avoid precipitation of calcium ternative explanations are that the NaPi-1 induced trans-

salts, the phosphate substituted solution had a final Nefal: mono-  POTt activity is downregulated at high protein density or

and divalent) concentration of 69wnthe sulfate substituted solution a  that NaPi-1 is regulating some intrinsic activity and that

final Na,SO, concentration of 63.9 m. Because of its Cd-chelating  this effect would be saturated already at this low level of
capacity, the free C4 concentration in the gluconate containing solu- expression. To address this question more directly we
tions was <0.1 m. _Be_cause it was previously shown that?*Cdoes have injected different amounts of cRNA and allowed

not+affect the NaPi-1-induced anion conduc_tan_ce [4], the decrease ®or different time of expression (Fig. 1). In agreement

C&* was not compensated. For the examination of thé depen- . . )

dence, Nawas replaced by equimolar concentrations of choline in theWIth our pr(_av_lou_s StUdles [27] we observeq 1__2 days
external solution. The flow rate of the superfusion was 20 mi/min and@fter CRNA injection the highest level of NaPi-1 induced

a complete exchange of the bath solution was reached within about 16%-uptake with rather low amounts (1 ng/oocyte) of

sec. cRNA. At all days NaPi-1 expression induced Na
cotransport which was 2—4 fold higher than the endog-
DETERMINATION OF G enous transport activity [6, 14, 16, 17, 27], but not de-

The total conductance of oocytes was determined by performing voltpendent on the amount of injected cRNA (Fig\)1 For
age ramps (duration was 2 sec) from -80 to 40 mV (holding potentialexample, at 1 and 20 ng cRNA/oocyte-tPansport
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Fig. 1. Dependence of Ruptake and G, in Xenopusoocytes on the amount of NaPi-1 cRNA injection and time of NaPi-1 expressiuptéke
(A) and G, (B) were determined as described in Materials and Methods. The data represent nsean® = 7).

(pmol/oocyte/30 min) was 18.2 £ 0.5 and 13.0 £ 2.0 at(A)
day 1, respectively, and 15.1 + 1.6 and 18.0 £ 2.0 at day
5, respectivelyrf = 7). In Fig. 1B the comparable set of
data is shown for the NaPi-1 induced Cl-conductance
(Gg)- In contrast to Puptake, G, increases with in-
creased amounts of injected cRNA and time of expres-
sion. After the injection of 1 ng cRNA/oocyte (swas
1.16 + 0.08uS and 4.94 £ 0.274.S at days 1 and 5,

respectively, and at 20 ng cRNA/oocyte,Gvas 2.03 + 1,—,/—4—
0.10pS and 19.11 + 1.99.S, respectively, at these days.

CHARACTERISTICS OFNaH-1 INDUCED G, AND Ip

We described previously that NaPi-1 expressing oocytes
exerted Rinduced currentslp) only at high B-
concentrations [4]lp did not seem to be saturated at 3
mm P, i.e., higher Pconcentrations resulted in elevated
Ip. Due to the small signal, however, the concentration
dependence could not be evaluated. Here, we wanted to
compare the properties ¢p with the NaPi-1 induced
conductance, g. Inwardly, directed holding currents ]
ranging from approximately —0.1 to 44A at days 2 to 0 T y

T T 1

. . L. . 0 10 20 3[0 4]0 50 60 70
6 of NaPi-1 expression (after injection of 20 ng cRNA/ [Ip] nA

oocyte), respectively, were observed upon voltage-
clampingXenopuocytes at a holding potential of ~50 Fig. 2. Correlation of NaPi-1 induced Cleurrents and Pinduced

_ : : : : _ currents. A) CI” currents during voltage ramps (duration was 2 sec)
mv (n 52). At this potential superfusion with Eon from —80 to 40 mV (holding potential was —40 mV) in the absence of

CenFr_a“onszl m'\_/' Were required to mduce S|gn|f|ce}nt P.. Ip (insert) was recorded at a holding potential of -50 mV during a
additional Ip deviating from the holding current (Fig. 3p.sec superfusion with; 3 mw). The traces fotp (inserts) and Cl
2A). The background conductance was an outwardlyeurrents were recorded at days 2 (left) and 6 (right) after cRNA injec-
rectifying CI'-conductance reversing its current direction tion (20 ng/oocyte).§) The diagram shows the recorded Clirrents

at -31.1 £ 1.2 mV in voltage ramps (FigA2n = 19),  as afunction of Ip.

similar to what was previously described [4]. In the

same batch of oocytes we recorded €nductance and (Fig. 2B; n = 19). In general it can be stated that the
Ip in individual oocytes over an expression period of 6larger G, the larger wadp. The size of G, did not
days. Similar as shown above, the amplitude of both G allow a proper determination of the reversal potential of
andIp depended on the time of NaPi-1 expression, i.e.]p, however, it was not in the range of the reversal po-
they were smallest at day 1 and largest at day 6 of NaPi-tential of a Nd-dependent conductance. In all record-
expression data not showp Plotting Ip from all indi-  ings from water-injected oocytes (= 25) Ip (at 3 nm
vidual experimentws. G, a correlation was observed P,) was smaller than -3 nA and not further analyzed.
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Fig. 3. Effects of NPPB on @, Ip and Ruptake. A) Inhibition of Ip (insert) and Cl currents in NaPi-1 expressing oocytes by the &lannel
blocker NPPB (10Quwm). Both currents were recorded as described for Fig. 2. Ingefin the absence or presence of NPPB (106, which
abolishes both the large inward holding current and thiediced current. The dashed line indicates O curr@)tEffects of NPPB (10G.m) on
P-uptake in NaPi-1 expressing and water-injected oocytes.

EFrecTs oFNPPB, Nd anp CI™ oN G, Ip performed at day 3 after injection of 20 ng cRNA/oocyte.
AND P-UPTAKE As described previously [4], deletion of extracellular Cl
reduced the conductance by over 908até not shown;

The NaPi-1 induced Ciconductance has been shown ton = 12). Figure 5 shows the effects of Gubstitution
be inhibited by the Cl channel blocker NPPB with an by gluconate orip and Ruptake. Substitution of extra-
ICso Of 3 M [4]. We therefore performed conductance- cellular CI' abolishedlp completely (Fig. B; Ip de-
andlp-recordings in the presence of 10 NPPB (re- creased from -11.9 + 2.6 nAto -0.1 + 1.2 nA;= 7).
cordings were performed on day 4 after injection of 20In contrast, removal of extracellular Cecreased up-
ng cRNA/oocyte; Fig. B). Both the CT conductance take of P*PJHPQ; (0.5 mm) only by half (from 61 + 6
andIp were greatly reduced t0 9.7 £ 1.1% € 7) and  pmol/30 min under control to2+ 5 pmol/30 min under
149 £+ 2.7% G = 7) of control, respectivelyR = Cl™-free conditions; Fig. B; n = 7). This difference in
0.126). Due to the small signal, however, the concentraCl™ dependence dp and R-uptake further supports that
tion-response curve could not be evaluated. In contrastlifferent mechanisms are underlyihg and Ruptake.
uptake of radiolabeled;Pn NaPi-1 expressing oocytes
(day 3 after injection of 20 ng cRNA/oocyte) was not
significantly affected by 10pum NPPB (Fig. 8; n = 7 NaH-1 INDUCED P-TRANSPORT SHARES GENERAL
per group of oocytes) demonstrating a striking difference®ROPERTIES WITH ANENDOGENOUS Pi-TRANSPORT
of Ip and R-uptake pharmacology. SYSTEM IN XenopusDOCYTES

Substitution of extracellular Nawith choline had no
significant effect on the Clconductance and dp (at 3  As can be seen in Figs. 1 and 3—-6 there was a substantia
mm P). Gg was 27.2 £ 2.0nS and 30.0 + 1.9uS at  endogenous;Riptake system presentienopusocytes
control and 0 N& (n = 6), respectively P = 0.334).  which produced up to 50% of the-Bptake in NaPi-1
Ipwas -14.4 + 1.8 nA and -11.5 * 3.2 nA at control andinjected oocytes. Furthermore, the endogenous P
0 Na" (Fig. 4A; n = 6), respectively B = 0.4). In  uptake displayed similar characteristics as the NaPi-1
uptake in NaPi-1 expressing oocytéSH]HPC, (1 mwm) induced R transport. The endogenous-tiptake was
transport was reduced by 75% in the absence of Naonly partially Na-dependent (Fig.&; n = 7), partially
(Fig. 4B; n = 7 per group of oocytes). The lack of Cl™-dependent (Fig.B; n = 7) and not inhibited by 100
sensitivity of Ip contrasts the clear Nalependence of um NPPB (Fig. 8; n = 7).
P,-uptake and further supports the hypothesis thatoes Finally, we determined the apparent affinity fqrif
not reflect Nd-dependent Puptake. both water-injected and NaPi-1 expressing oocytes (at

The Nd-dependence of NaPi-1 mediated- P day 3 after injection of 50 nl water or 10 ng Nai-1 cRNA/
transport has been already demonstrated before [27], bwiocyte; Fig. 6; every point represents the mean smd
a possible Cldependence has not been analyzed. Beof 7 oocytes). The data could be fitted by a Michaelis-
cause NaPi-1 induces a Ctonductance, we tested Menten kinetic which gave apparent,Kalues for P of
whetherlp and F*P]JHPQ;-uptake were affected by al- 1.1 + 0.1 nu (V,,5, Was 91.1 + 2.8 pmol/oocyte/h) and
terations in extracellular Cl These recordings were 1.4 + 0.5 mm (V,,. Was 56.8 + 7.0 pmol/oocyte/h) for
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] ‘RELATION’ BETWEEN Ip, G| AND
= 801 Na"-DEPENDENTP;-UPTAKE
> ] . . . o
§ 604 It is obvious thatp displays the same sensitivity to ma-
s nipulations of the extracellular solution as.GManeu-
E 7 vers that abolish g (superfusion with NPPB or deletion
£ 40 of CI") also suppresselp. Additionally, both are basi-
% . cally insensitive to changes in extracellular'N&ech-
g 554 nical limitations, i.e., the very littldp (usually around
a —=— NaPi-1 -10 nA) in the presence of the almost 100-fold greater
—i— H20-injected CI™ conductance did not allow more detailed studies of
0 T T Ip. The R-conductance of NaPi-1 could be determined
o 1 2 Pi (‘:’nM) 4 5 6 after replacement of chloride by phosphate. Thg G

came to 35% of G; similarly, replacement of chloride
Fig. 6. Kinetics of P-uptake in NaPi-1 expressing and water-injected by sulfate resulted in a &,,which amounted to 28% of
oocytes. The data were fitted to a Michaelis-Menten kinetic. G- Replacement of chloride by both anions resulted

also in a shift of the reversal potential, supporting the
NaPi-1 expressing and water-injected oocytes, respededea that NaPi-1 induces an anion conductance of low
tively. These K, values for Rtransport in NaPi-1 ex- selectivity. The small Pdependent inward currents
pressing or water-injected oocytes were not significantlycould therefore be explained by an inhibition of,G
different, but significantly differed from the concentra- This mechanism would also explain the Nadepen-
tion dependence dp. In summary, the NaPi-1 induced dence of G, and Ip. However, it is clear that the,P
P-transport corresponds in all properties to the endoginduced current]p, does not reflect Nadependent P
enous Rtransport system and both also correlate in theiruptake as they differ in their pharmacology, Nand
transport affinity (K,). These findings could therefore Cl™-dependence. Moreover, wherdascorrelates in its
indicate that NaPi-1 expression may upregulate an P amplitude with G,, Na'-dependent Puptake does not.
transport system which is endogenous to Xenopus It is important to point out the consequences of
oocyte. simple technical modifications on the results of the pres-
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ent paper. @ is depending on the amount of cRNA- NaPi-1 induces an outwardly rectifying €andepen-
injection and time of NaPi-1 expression. Working dent chloride conductance Kenopusoocytes which is
within the common frame for expression of exogenousalso permeable for other organic anions [4]. This anion
proteins inXenopusocytes (injection of 1-20 ng cRNA/ conductance is (a) not observed endogenouslyano-
oocyte for an expression period of 1-5 days) could resulpusoocytes and (b) its expression is proportional to the
in 20-fold differences in G, where Na-dependent P level of NaPi-1 expression, which is one important char-
uptake was not significantly altered under these condiacteristic for functional channel/transporter sub-
tions. At the smallest injected amount of cRNA/oocyte units. The physiological role of this anion conductance
(1 ng) Na-dependent Puptake was already maximal, in in the brush border of renal proximal tubules remains
perfect agreement with the original data published byhowever unclear. Preliminary studies showed that
Werner et al. [27]. These authors even reported a redudNaPi-1 expression in oocytes induces uptake of uric acid
tion of Na"-dependent Puptake at cRNA amounts >2 which could be inhibited by the uricosuric drugs proben-
ng/oocyte and expression periods longer than 1 day. lecid and benzbromaroneir{published resul)s The
the present study most experiments were carried out ospecificity and significance of this observation and the
oocytes injected with 10-20 ng cRNA/oocyte at daysclarification of the physiological role of NaPi-1 will be
3—4 after injection, which could account for the differ- the topic of further studies.
ence in Ruptake stimulation in this paper (2-3-fold As indicated above the human homologue NPT-1 of
stimulation of Nd-dependent Puptake in NaPi-lvs. the rabbit NaPi-1 shows after expression of cRNA in
water-injected oocytes) compared to the original papepocytes high expression of Na/€otransport activity
(27; 4-6-fold stimulation). However, both papers onwith properties (apparent Jcvalues for B) different
stimulation of Nd-dependent Puptake by NaPi-1 from intrinsic uptake [15]. This opens the possibility
(cloned from rabbit) result in very different findings that NaPi-1/NPT-1 homologues have the possibility of
compared to the paper by Miyamato et al., with the hu-being multifunctional, representing either a transporter or
man homologue NPT-1 (which is 69% identical to NaPi- channel itself or a regulator of such intrinsic activity.
1). NPT-1 expression stimulateg-ptake over 50-fold  Differences in sequence/structure might determine which
with a more than 5-fold higher;fffinity as described in  function is ‘dominant’, as exemplified by the comparison
the present study [15]. It has not been analyzed yetbetween the human NPT-1 and rabbit NaPi-1 homo-
whether NPT-1 also induces a™@onductance similar logues in the present study [15, 27]. Finally, it has to be
to NaPi-1. indicated that this protein has a rather restricted expres-
sion: NaPi-1 was found to be preferentially expressed in

liver and kidney and there in the brush border membrane
WHAT IS THE PHYSIOLOGICAL FUNCTION oF NaH-17? of proximal tubules [2, 8, 27].
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