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Abstract. The rat renal type Il Na/Pi-cotransporter volving sodium/phosphate (NgjPcotransport at the
(NaPi2), which is regulated by mechanisms involving brush border membrane [25]. In recent years 3 different
endocytosis and lysosomal degradation, contains two seéNa/P-cotransporters have been identified: type |, type I
guences that show high homology with two tyrosine (Y)-and type Il [27]. The type |l Na/Pcotransporter is pre-
based consensus motifs previously reported to be indominantly expressed in renal proximal tubular brush
volved in such intracellular trafficking: G),FAM  border and it is involved in the physiological regulation
matching the consensus sequence GYXXZ, anf the renal Rreabsorption [1, 25-27]. Type Il cotrans-
Y 5ofRWF matching the motif YXXO. Mutations of any porters are highly conserved among different species,
(33; these two Y nearly abolished the NaPi2 mediatedyith the more variable stretches clustered in the N and C
P-uptake after cRNA-injection into oocytes. The terminal domains [17, 21, 35, 39; for revieseeref 26].
mechanisms underlying these defects are however dif-  stydies on renal proximal tubules as well as on OK
ferent. Mutation of the Y402 results in a lack of glyco- cells have shown that parathyroid hormone (PTH) treat-
sylation and reduced surface expression of the cotrangnent leads to an inhibition of the brush border membrane
porter, that are specific for the Y402 mutation since SUbNa/H-cotransport activity, due to a retrieval from the
stitution of the neighboring F403 did not have any effect.apica| membrane and subsequent lysosomal targeting
The inhibitory effect of the Y509 mutation is related to a 5 degradation of the type Il Na/Eotransporter [19,
functional inactivation of the protein expressed in thezo, 29, 30]. Removal of PTH is associated with an in-

plasma membrane; m_utation of the neighbo_ring R51Q; 6ased brush border membrane expression of the type Il
also led to a decrease in the cotransporter activity. Pharéotransporter [29]. In OK cells the PTH-induced inhibi-

macological activation of the protein kinase C cascad ion seems to be mediated by both the protein kinase A
by DOG induced the retrieval of both wild-type (WT) as (PKA) and protein kinase Cy(PKC) patflways [31]. In

Vn\gilrlngrsarTeSO'?'hZZte:a(;‘;[gogfrsefsr?matthteheos(zgg igl?rﬁm:qddition, pharmacological activation of the PKC cascade
) 99 PO%ias been shown to have an inhibitory effect on the rat

tant for the surface expression whereas Y509 for the(NaPi—Z) and human (NaPi-3) type Il cotransporters ex-

e e NPeoteponer expressed I pressed Xenopus levisocyes (15, 6], Recent da
brane retrieval of the cotransporter. indicate that PKC-'mduced |nh|b|t|on of the rat cotrans-

porter expressed in oocytes is also mediated by the re-
trieval of the cotransporter from the plasma membrane (|.
Forster et al.jn preparation).

In an effort to identify particular amino acid signals
involved in the membrane retrieval of the type Il Na/P
Introduction cotransporter we have mutated two tyrosine residues (Y)

S _ located at positions 402 (GYFAM) and 509 (YRWF) of
Phosphate reabsorption in the proximal tubule of thene rat cotransporter (NaPi2). Based on hydrophobicity
mammalian kidney is a sodium-dependent process inpjots these residues are most probably located in the
transmembrane domain 5 (Y402) and in the intracellular
I loop connecting transmembrane segments 6 and 7
Correspondence tad. Murer (Y509) [21, 26]. Both sequences are conserved in all the
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type 1 cotransporters cloned so far, and show a higrpose the 24 bp fragment encoding the FLAG was introduced between
h0m0|ogy with two tyrosine-based consensus motifs prergsidges C306 and Q3Q7 o_f the NgPiZ cotransp(_)rter, u_sing the same
viously reported to be involved in intracellular traffick- S'ltle'd"ecfd inzuéag_e”esf kit dtﬁscgfi‘éear"eg_smce this system °”|_'ty
. allows up to insertions, the -encoaing sequence was spli
Ing: GYXX_Z(Z - M/L/V_/F/l) for Y402, and YXXO betweenpthe sensg (FLAG-S) and antisense (FLA%-Ag) pair of primgrs
(where O is a bulky residue as F/R/C or S) for Y509. y4/d codons). After PCR amplification and Dpni digestion, the am-
Such motifs seem to be important for the internalizationpiified strands were phosphorilated for 1 hr. at 37°C in the presence of
of endocytic receptors [5], for the biosynthetic targeting Polynucleotide Kinase, and ligated over night at 16°C with T4 DNA
of lysosomal integral proteins [13, 40], for the sorting Ligase. Finally, XL1-blue supercompetent cells were transformed as
from early to late endosomes [33] and for the targeting tgfescribed befort_e. The following primers were used for the introduction
the basolateral membrane in polarized epithelial cell 1€ FLAG epitope:

[18, 22, 23]. Our data indicate that the tyrosine residues | ,g.s.

Y402 and Y509 play an important role in the expression/cAccATGACAAGCAACCAGAGACAAAAGAGGCTTCCACTTC(316) .

function of the type Il Na/Pcotransporter expressed in FLAG-AS:

oocytes. Thus, mutation of the Y402 prevents the exLTCCTTGTAGTCACACCAAATCGGAATGAGACTGTGATTCC(297).

pression of the cotransporter in the oocyte membrane,

while mutation of the Y509 interferes with the transport For all the constructs, the correctness of the single amino acid mutation
function but not with the membrane targeting nor mem-and/or FLAG sequence was confirmed by sequencing.

brane retrieval of the cotransporter.

In vitro Translation

MATERIALS AND METHODS The in vitro translation of the mutated NaPi2 constructs as well as the
wild-type clone was done using a rabbit reticulocyte lysate system
(Promega). All the cRNAs were translated in the presencé®Met,
SITE-DIRECTED MUTAGENESIS both with and without pancreatic microsomes (Promega), following
supplier’s protocol. As a negative control, a reaction was carried out in
Mutations of the tyrosines Y402 and Y509 to both alanine (Y402A andthe absence of cRNA. The in vitro translated products were separated
Y509A) or phenylalanine (Y402F and Y509F), as well as the neigh-in SDS-PAGE gels. After staining with Comassie Blue and destaining
boring F403 and R510 to A (F403A and R510A) were done both in thewith 10% acetic acid, the gels were soaked in Amplify Reagent (Am-
wild-type (WT) as well as in the FLAGed cotransporter (F-WsEe ersham), dried under vacuum and exposed on X-OMAT AR film (Ko-
below). For this purpose, plasmids containing either the wild-type or dak).
the FLAGed cotransporter were used as template for amplification
using a site-directed mutagenesis kit (Strategene). Briefly, 10 ng ofX
plasmid were amplified with 2.5 U of Pfu DNA Polymerase in the =

presence of 250wn of complementary sense (S) and antisense (AS)The procedures for oocyte preparation and cRNA injection have been

z””?erj botth tOL Wh:jCh ct;ntameté n thebn:'ddlig;'ts seﬁger;ce thedescribed already in detail [38]. Briefly, in vitro synthesis and capping
esired mutated codon (bold codosse beloy amplification ¢ -pNAs were done by incubating each of the NaPi2 constructs,

was performed as 20 cycles of 90°C (30 sep.), 55°C (1 min) gpd 68 Cpreviously linearized by Bgl Il digestion, in the presence of 40 U of
(12 mln). Then, 10 U of Dpnl V\_/ere added directly to the ampllf!catlon SP6 RNA Polymerase and Cap Analog (Promega). Oocytes were in-
reaction, and the.sample was incubated for 1 hr. at 37°C to digest th]eected with either 50 nl of water or 50 nl of water containing 10 ng of
parental DNA. Finally, XL1-blue supercompetent cells were trans—cRNA. 32p_uptakes were performed 2 days after injection in the pres-
form_e(_j _With an ‘r_"l?qUOt of the ligation _mixtur_e and plated onto L_B- ence or albsence of 100mmNaCl as previously reported [38].;-P
amplcﬂlln-methlcnl_ln plates. The following primers were used to in- induced currents were recorded 2 days after injection using the two
troduce the mutations: electrode voltage-clamp technique [10]. For this purpose oocytes were
voltage clamped at -50 mV, and theiRduced current at 1 m P, was

laevis Oocyte Expression and Transport Assay

Y402-A-S: CACTTGGGTCACAGGCGCCTTTGCCATGGTGGTGG

Y402-AAS:  CCACCACCATGGCAAAGGCGCCTGTGACCCAAGTG recorded.

Y402-F-S: CACTTGGGTCACAGGCTTCTTTGCCATGGTGGTGG

Y402-F-AS: CCACCACCATGGCAAAGAAGCCTGTGACCCAAGTG

Y509-A-S: GCAAACGCACTGCCAAGGCCCGCTGGTTTGCCGTCC IMMUNOBLOT OF QOCYTESHOMOGENATES

T509-AAS : GOACGGCAAACCAGLGROCCTTEGCAGTGLGTTTGL Yolk-free homogenates were prepared 2 days after injection. Pools of
1509°FS: GCAAACGLACTGLCAAGTTCCGETGGTTTGCCETCC 2 oocytes were lysed with 20l/oocyte of homogenization buffer (1%
Y509-F-AS: GGACGGCAAACCAGCGGAACTTGGCAGTGCGTTTGC Elugent (Calbiochem) in 100 mNaCl, 20 mu Tris.Cl, pH 7.6), by
FA03AS: CTTGGGTCACAGRCTACBLCGLCATGGTRRTGAGLG mild vortexing. To pellet the yolk prot'eins, samples ;Nere cenytrifuged
FAOS-AAS: COCCCACCACCATGGCGECGTABCCTGTGACCCAAG twice at 16,000 xg for 3 min, at 22°C. Aliquotes of supernatants
R510-A-S: CGCACTGCCAAGTACGCCTGGTTTGCCGTCCTC ' '

equivalent to 1 oocyte were separated in a 9% SDS-PAGE gel, and
proteins were transferred to a nitrocellulose membrane (Schleicher &
Schuell). The membrane was processed according to standard proce-
Due to the lack of NaPi2 antibodies directed against extracellular do-dures [34], using an anti-rabbit polyclonal antibody raised against an
mains of the protein we constructed a FLAGed cotransporter whichN-terminal synthetic peptide of the NaPi2 cotransporter [4]. Immuno-
contains in the second extracellular loop the FLAG octapeptide DYK-reactive proteins were detected with an enhanced chemiluminescent
DDDDK for which monoclonal antibodies are available. For this pur- (ECL) system (Amersham).

R510-A-AS: GAGGACGGCAAACCAGGCGTACTTGGCAGTGCG
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NORTHERNBLOT OFOOCYTES TOTAL RNA A)
GY402FAM Y509RWF

Total RNA was extracted from oocytes 2 days after injection, using the !

TRIzol reagent (Gibco-BRL). Briefly, pools of 10 oocytes were lysed 30 ~ < L. < L g
with 500wl of TRIzol, extracted once with chloroform and precipitated - S S 8 8 o o
with isopropanol at room temperature (RT). Pellets were washed with = ; ; 2 2 o :E[

75% ethanol and resuspended in water. Aliquotes containinggldf

total RNA were separated in a formaldehyde-containing 0.8% agaros: .= 20 -
gel. Transfer of RNAs to a nylon membrane (Biodyne) and processing
of the membrane were done following standard methods [34]. As
probe, we used a full length NaPi2 cDNA, random-priming labelled
with 32P. 104
BINDING OF 129-M2 ANTIBODY

0_

The M2 monoclonal antibody (Kodak) which specifically recognizes
the FLAG octapeptide was labelled witf?l as previously reported [9]. B

<
o
S
w
T

pmol / min

il

Binding of the iodinated antibody to intact oocytes was performed 2 21
days after cRNA-injection. Pools of 10 oocytes were first preincubated —i I—--—l
for 1 hr. on ice with 500 ml of Barth’s solution (1mKCI, 0.82 mv oA O o= | e

MgSQ,, 0.41 mm CaCl,, 0.33 nm Ca(NG;),), 2.4 mv NaHCQO;, 88 mv

NaCl and 10 mn Hepes, pH 7.4) containing 10% heat-inactivated calf Fig. 1. Na* dependent and independelfe--uptake in oocytes. Oo-
serum. ‘After rep_lac‘ement of t_he blocking media with 190 ml of Barth’_s cytes injected with water (most right bars) or with 10 ng of the indi-
containing 12 m iodinated antibody, the oocytes were incubated againcated cRNAs were incubated during 30 min at 25°C, in the presence of
onice for 1 hr. Finally, they were washed extensively with Barth’s and 32p, a5 described in Materials and Methods. The uptake was measured
transferred individually to Eppendorf tubes. The amount of bound an-in the presence4) and absenced] of 100 nu NaCl. After extensive
tibody was determined by counting th&1 content. washing, single oocytes were transferred to vials and¥heneasured.

The bars represent the meanse of 10 oocytes of a representative

experiment.
IMMUNOCYTOCHEMISTRY

The fixation and sectioning oX. laevisoocytes has been previously tivit detected i lect hvsioloaical
described [14]. For immunostaining, cryosections of 5 mm were ACUVIly Was detected In electropnysiological measure-

blocked in PBS containing 3% milk powder and 0.3% Triton X-100. MeNts. Thus, currents of less than 5 nA were recorded
Then, they were first incubated overnight either with the anti-FLAG after superfusion with 1 m P, in oocytes expressing the
M2 monoclonal antibody or with an anti-NaPi2 polyclonal antisera, Y509 mutation, while under similar conditions the WT
followed by incubation with a goat anti-mouse or swine anti-rabbit transporter induces a current of 50 néafa not shown,
IgG-conjugated fluorescein isothiocyanate (FITC) secondary antibodyaf, 11).

Dakopatts). Finally, sections were coverslipped using DAKO Glyc- - . -
(ergel ?Dak)opatts) ycontaining 2.5% 1,4-di§fabicyclog(2.2.2) octzme On Western-blots the wild-type-NaPi2 protein ex-
(Sigma) as a fading retardant, pressed in oocytes appears as a broad band between 70—
110 kDa and a lower distinct band at around 64 KDa
(Fig. 2). The higher molecular weight smear represents
Results the glycosylated transporters whereas the lower discrete
band relates to unglycosylated or core-glycosylated pro-
We first studied the Nadependenf?P-uptake of oo- teins [14]. None of these bands is detected in water-
cytes injected with the different cRNAs. As shown in injected oocytes. As shown in Fig. 2, the mutated NaPi2
Fig. 1A, the uptake of oocytes expressing the tyrosineproteins show a different pattern of expression than the
mutants Y402A and Y509A was greatly reduced com-WT-cotransporter. For all the different constructs the
pared with that of the oocytes expressing the wild-typedower molecular weight band was detected at similar
NaPi2 transporter. For both mutants, the inhibition waslevels than in the WT. However, while mutation of the
slightly smaller when the Y was replaced by F instead ofY402 led to a strong reduction in the expression of the
A (Y402F and Y509F). The mutation of the neighboring glycosylated forms, the level of these proteins remained
F403 (F403A) did not affect the activity of the cotrans- unchanged in the Y509 mutants. An expression compa-
porter, while replacement of the R510 (R510A) also re-rable to the WT was also detected in oocytes injected
sulted in a reduced uptake. For all the constructs thevith the FA03A mutant, while the level of the glyco-
Na*-independenf?P.-uptake remained unchanged (Fig. sylated bands was reduced in the oocytes injected with
1B). The 3?P-uptake pattern of the FLAGed constructsthe R510A cRNA. Thus, although all the cRNAs are
was similar to that of their unflaged counterparti&te  translated in oocytes, the mutated proteins behave dif-
not showi). Consistently with the low*?P--uptake ex- ferent in their maturation to fully glycosylated forms.
hibited by the mutants, also a very reduced transport These differences in protein expression could at
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Fig. 2. Western blot of oocytes lysates. Aliquots of oocytes lysates
equivalent to 1 oocyte were mixed with SDS-PAGE loading buffer (2%
SDS, 20% glycerol 100 mn DTT in 120 mv Tris-HCI, pH 6.8, final
concentration) and separated on a 9% SDS-PAGE. After transfer t¢g 3 Northern blot of oocytes total RNA. Aliquots of 30y of total
nitrocellulose the blot was incubated with an antibody against a N-gnA were processed as indicated in Material and Methods. Incubation
terminal synthetic peptide of the NaPi2 cotransporter. As negative Cong the plot with a NaPi2 probe reveals the presence of a single band of
trol, lysates from water injected oocytes were used (most right lane)gimilar intensity in all the group except in the water injectdjl (The

The position of molecular markers is shown on the left. positions of the 28S and 18S ribosomal RNAs are indicated. As loading
control, a picture of the membrane containing the ethidium bromide
stained ribosomal RNAs is showB)(

least in part be related to different stabilities of the
cRNAs injected into the oocytes. This possibility was
ruled out since similar amounts of NaPi2-related cRNAssurface expression of the tyrosine mutants by quantifying
were detected in all oocytes two days after injection (Fig.the binding of the M2 antibody to the FLAGed cotrans-
3A). As loading control, a picture of the nylon mem- porters, as well as by immunocytochemical studies.
brane containing the ethidium bromide stained rRNAs isBased on the amount f1-M2 antibody bound to intact
shown in Fig. B. oocytes, the levels of NaPi2-related protein detected on
We also investigated whether differences in the in-the plasma membrane of oocytes injected with the
trinsic translational efficiencies of the cRNAs were in- F-Y509A mutant were similar to the ones detected in
volved in the distinct protein expression. Translation ofoocytes injected with the F-WT (Fig. 5). On the con-
the different cRNAs in the absence of canine micro-trary, no protein was detected in the plasma membrane of
somes led to similar amounts of a low molecular weightoocytes injected with the F-Y402A mutant. In agree-
(unglycosylated) band of about 64 KDa (Figd)4 The  ment with these data, immunostaining of oocytes’ fro-
in vitro translation in the presence of pancreatic micro-zen sections with the M2 antibody showed a surface
somes led to a similar shift to higher molecular weightmembrane staining in oocytes injected with the F-WT
forms in all the cRNAs (Fig. B). This result allows us (Fig. 6B) and F-Y509A (Fig. ®) cRNAs, but not with
to exclude differences in the intrinsic translation and gly-the F-Y402A cRNA (Fig. €) that was indistinguisable
cosylation efficiencies of the cRNAs as being respon-from the water injected oocytes (FigAp
sible for the different protein expression patterns ob-  Previously we have shown that pharmacological ac-
served in oocytes (Fig. 2). In addition to the major 64tivation of protein kinase C (PKC) in oocytes leads to an
KDa band, several smaller bands were detected in all thanhibition of the NaPi2-related transport function [15,
cases, both in the absence and presence of microsome&§]. Recent data indicate that this PKC-induced inhibi-
these bands could be either products of partially detion is also related to the membrane retrieval of the co-
graded cRNAs, or partially degraded or incompletelytransporter (I. Forster et aln preparatior). As reported
translated proteins. above, mutation of Y509 yields a protein that although
The lack of transport activity detected in the mutantsinactive it is expressed at the plasma membrane. There-
(Fig. 1) could be related either to the lack of surfacefore we have studied whether this mutation would inter-
expression of the mutated cotransporter or to the funcfere with the internalization of the cotransporter after
tional inactivation of the mutant expressed at the surfaceactivation of PKC with 5 mu DOG for 1 hr. As shown
We have previously reported that the lack of glycosyla-in Fig. 7 the mutated cotransporter was efficiently re-
tion does notper seresult in an inactive cotransporter, moved from the oocyte surface, similar to the WT pro-
but it rather induces a reduction in the surface expressiotein. These data indicate that substitution of the Y509
of the cotransporter [14]. Therefore we next studied thedoes not interfere with the PKC-induced internalization
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66-0 8 . - injection. After extensive washing the oocytes were individually trans-
'-' ferred to vials, and?3 was measured. The bars represent the mean +
B sk obtained from 10 oocytes of a representative experiment.
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Fig. 4. In vitro translation. Aliquotes of 5 ml of the in vitro translation Thus in an in vitro binding assay, the rates of AP-1 and
reactions carried out in the absence of pancreatic microsomes werAP-2 association with peptides containing the Y-motifs
separated in a 9% SDS-PAGE gdl)( A parallel experiment was  correlated with the rates of internalization [16].
carried out in the presence of pancreatic microsomes to allow glyco- The NaPi2 cotransporter has two tyrosme residues
sylation, and the products were separated in an 8%¥Bjelp visualize . . . e
the shift in the mobility of the protein after glycosylation, an aliquot of within putative Y-based sorting _mOt_lfS' G¥FAM and
the unglycosylated wild type protein was includ&| WT'). The po- Y sodRWF. Moreover, a colocalization of the cotrans-
sition of the molecular markers is shown on the left. porter with AP2 adaptor proteins can be detected in
proximal tubular cells after PTH treatment (M. Traebert
et al., in preparatior). Mutation of any of the two Y
of the cotransporter. As the transport activity of theresidues led to a strong reduction of the transporter ac-
Y509 mutant is rather low it was not possible to supporttivity after injection of the cRNAs inXenopus laevis
this observation also by functional data. oocytes. However, the mechanisms by which this inhi-
bition was achieved are different. The decrease in the
activity of the Y402 mutants was related to a strong
Discussion reduction in the amount of plasma membrane-bound
NaPi2, associated with an apparent lack of glycosylation
Inhibition of the type Il Na/Rcotransporter (NaPi2) by of the mutated protein. This effect seems to be specific
PTH involves its internalization from the plasma mem- since mutation of the neighboring F403 did not induce
brane and ulterior lysosomal targeting and degradatiomny change in the cotransporter expression and activity.
[19, 20, 29, 30]. Inhibition of the NaPi2-mediate¢t P The decrease in the activity of the Y509 mutants, on the
uptake due to the internalization of the cotransporter camther hand, did not involve significant changes either in
be mimicked in oocytes by pharmacological activation ofthe total NaPi2 content or in the plasma membrane ex-
the PKC pathway with phorbol ester, and prevented bypression of the transporter. Thus, the primary defect of
staurosporine [15, 36, |. Forster et ah,preparatior. the Y509 mutations is not protein misrouting but rather
Among the best characterized subcellular sortingfunctional impairment.
signals are sequences of four to six amino acids present Interestingly, recent studies on different membrane
in the cytoplasmic domain of integral membrane proteinsproteins including the aquaporin-2 (AQP2) and the cystic
containing a critical tyrosine (Y) residue. They are sug-fibrosis membrane conductance regulator (CFTR) have
gested to be involved in a wide variety of trafficking shown that several single point mutations are associated
processes, including internalization of proteins from thewith an impaired routing of the mutant proteins to the
plasma membrane and lysosomal targeting [3, 5, 13, 37plasma membrane of oocytes rather than with a func-
40]. Although the mechanisms by which these signalgional impairment [2, 6, 8, 24, 41, 42]. Most of these
mediate protein trafficking are not fully understood, it is mutants are retained in the endoplasmic reticulum (ER)
known that they require the interaction of the critical Y and rapidly degraded in a preGolgi nonlysosomal com-
residue with the medium chains of the clathrin-associatgartment, probably the ER itself [12]. Here we provide
AP1, AP2 and AP3 adaptor complexes [7, 16, 28, 32].some data suggesting that the trafficking of the Y402
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Fig. 6. Immunocytochemical detection of NaPi2 in oocytes. Cryosections of paraformaldehyde-fixed oocytes injected either wif) oraath(
10 ng of F-WT 8), F-Y402A (C) and F-Y509A D), were labeled with the anti-FLAG M2 antibody. Specific inmunostaining is detected in F-WT
and F-Y509A, but not in F-Y402A and water injected oocytes.

Fig. 7. Immunocytochemical detection of NaPi2 in oocytes treated with DOG. Cryosections of oocytes injected either with the wild type or with
the Y509A NaPi2 cRNAs, not treated @ndB) and treated with DOG( andD), were labelled with an antibody against the N-terminus of the
cotransporter.

mutants from the ER to the Golgi may also be impaired.effect on the cotransporter glycosylation nor on the mem-
Thus, the Y402A and Y402F mutations affected mostlybrane delivery indicates that the impaired processing of the
the high molecular weight glycosylated products, while Y402 mutants is specifically related to the Y residue.

the reduction of the unglycosylated 64 KDa product was  As indicated above, PTH-induced inhibition of the
negligible, suggesting a defect in the transport of the newlytype 1l Na/R-cotransport activity involves both the PKA
synthesized peptide from the ER to the Golgi. The fact thaand PKC pathways [31], and it is mediated by the mem-
mutation of the neighboring F403 to A did not have anybrane retrieval of the transporter protein [19, 20, 29, 30].
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This inhibition can be mimicked in oocytes by pharma- 12.

cological activation of the PKC cascade [15, 36]. The
inhibition of the cotransporter expressed in oocytes is
also mediated by the retrieval of the protein from the,
plasma membrane (I. Foster et ah,preparatior). We
found that despite its functional impairment the Y509F

mutant, which is efficiently targeted to the oocyte mem-14.

brane, also undergoes internalization after PKC activa-
tion with DOG, suggesting that this Y-containing se-
guence is not involved in the PKC-induced internaliza-
tion of the type Il cotransporter.

We thank C. Gasser for the assistance in preparing the figures. Thig6.

work was supported by Swiss National Science Foundation Grant
31.46523 (to H.M), the Hartmann Mar-Stiftung (Zirich, Switzer-

land), the Olga Mayenfisch-Stiftung, and the Schwerzerische Bank-17.

Gesellschaft (Zrch; Bu 704/7-1).

References

1. Beck, L., Karaplis, A.C., Amizuka, N., Hewson, A.S., Ozawa, H.,
Tenenhouse, H.S. 1998. Targeted inactivationN@f2 in mice

leads to severe renal phosphate wasting, hypercalciuria, and skelt9.

etal abnormalitiesProc. Natl. Acad. Sci. USA5:5372-5377
2. Brown, C.R., Hong-Brown, L.Q., Biwersi, J., Verkman, A.S.,
Welch, W.J. 1996. Chemical chaperones correct the mutant phe-

notype of the delta F508 cystic fibrosis transmembrane conduc-20.

tance regulatorCell Stress Chaperonk:117-125
3. Courtois-Coutry, N., Roush, D., Rajendran, V., McCarthy, J.B.,
Geibel, J., Kashgarian, M., Caplan, M.J. 1997. A tyrosine-based

signal targets H/K-ATPase to a regulated compartment and is re21.

quired for the cessation of gastric acid secreti@all 90:501-510

4. Custer, M., L¢scher, M., Biber, J., Murer, H., Kaissling, B. 1994.
Expression of Na-Fcotransport in rat kidney: localization of RT-
PCR and immunohistochemistrgm. J. Physiol266:F767-F774

5. Davis, C.G., Lehrman, M.A., Russell, D.W., Anderson, R.G.,

Brown, M.S., Goldstein, J.L. 1986. The J.D mutation in familial 23.

hypercholesterolemia: amino acid substitution in cytoplasmic do-
main impedes internalization of LDL receptoell 45:15-24

6. Deen, P.M., Croes, H., Van Aubel, R.A., Ginsel, L.A., Van Os,
C.H. 1995. Water channels encoded by mutant aquaporing-2 genes

in nephrogenic diabetes insipidus are impaired in their cellular24.

routing. J. Clin. Invest.95:2291-2296

7. DellAngelica, E.C., Ohno, H., Ooi, C.E., Rabinovich, E., Roche,
K.W., Bonifacio, J.S. 1997. AP-3: an adaptor-like protein complex
with ubiquitous expressiorEMBO J.16:917-928

8. Denning, G.M., Anderson, M.P., Amara, J.F., Marshall, J., Smith, 25.

A.E., Welsh, M.J. 1992. Processing of mutant cystic fibrosis trans-
membrane conductance regulator is temperature sensitatere
358:761-764

9. Firsov, D., Schild, L., Gautschi, I., Merillat, A.M., Schneeberger,
E., Rossier, B.C. 1996. Cell surface expression of epithelidl Na

channel and a mutant causing Liddle syndrome: a quantitative27.

approachProc. Natl. Acad. Sci. USA3:15370-15375

10. Forster, I.C., Wagner, C.A., Busch, A.E., Lang, F., Biner, J., Her-

nando, N., Murer, H., Werner, A. 1987. Electrophysiological char- 28.

acterization of the flounder type Il Na/Rotransporter (NaPi-5)
expressed ilXenopus laevisocytes.J. Membrane Biol160:9-25
Forster, 1., Hernando, N., Biber, J., Murer, H. 1998. The voltage
dependence of a cloned mammalian renal type If/Racotrans-
porter (NaR2). J. Gen. Physiol112:1-18

11.

18.

22.

26.

29.

281

Hammond, C., Helenius, A. 1994. Quality control in the secretory
pathway: retention of a misfolded viral membrane glycoprotein
involves cycling between the ER, intermediate compartment, and
Golgi apparatus]. Cell Biol. 126:41-52

. Harter, C., Mellman, I. 1992. Transport of the lysosomal mem-

brane glycoprotein Ipg120 (Igp-A) to lysosomes does not require
appearance on the plasma membraheCell Biol. 117:311-325
Hayes, G., Busch, A, techer, M., Waldegger, S., Lang, F., Ver-
rey, F., Biber, J., Murer, H. 1994. Role of N-linked glycosilation in
rat renal Na/Pcotransporter. Biol. Chem269:24143-24149

15. Hayes, G., Bush, A.E., Lang, F., Biber, J., Murer, H. 1995. Protein

kinase C consensus sites and the regulation of renal ;Na/P
cotransport (NaPi-2) expressedXenopus laevi®ocytes.Pflue-
gers Arch.430:819-824

Heilker, R., Manning-Krieg, U., Zuber, J.F., Spiess, M. 1996. In
vitro binding of clathrin adaptors to sorting signals correlates with
endocytosis and basolateral sortifdMBO J.15:2893—-2899

Helps, C., Murer, H., McGivan, J. 1995. Cloning, sequence analy-
sis and expression of a cDNA encoding a sodium-dependent phos-
phate transporter from the bovine renal epithelial cell line NBL-1.
Eur. J. Biochem228:927-930

Hing, S., Hunziker, W. 1995. Cytoplasmic determinants in-
volved in direct lysosomal sorting, endocytosis, and basolateral
targeting of rat Igp120 (Lamp-I) in MCDK cells]. Cell Biol.
128:321-332

Kempson, S.A., lischer, M., Kaissling, B., Biber, J., Murer, H.,
Levi, M. 1995. Parathyroid hormone action on phosphate trans-
porter mRNA and protein in rat renal proximal tubulésn. J.
Physiol.268:F784-F791

Keush, I., Traebert, M., 'ltscher, M., Kaissling, B., Murer, H.,
Biber, J. 1998. Parathyroidhormone and dietary phosphate provoke
lysosomal routing of the proximal tubular Ng/transporter type

Il. Kidney Int.54:1224-1232

Maganin, S., Werner, A., Markovich, D., Sorribas, V., Stange, G.,
Biber, J., Murer, H. 1993. Expression cloning of a human and rat
renal cortex Na/Pcotransport.Proc. Natl. Acad. Sci. USA0:
5979-5983

Matter, K., Mellman, 1. 1994. Mechanisms of cell polarity: sorting
and transport in epithelial cell€urr. Opin. Cell. Biol.6:545-554
Monlauzeur, L., Rajasekaran, A., Chao, M., Rodriguez-Boulan, E.,
Le Bivic, A. 1995. A cytoplasmic tyrosine is essential for the
basolateral localization of mutants of the human nerve growth
factor receptor in Madin-Darby canine kidney cellsBiol. Chem.
270:12219-12225

Mulders, S.M., Knoers, N.V., Van Lieburg, A.F., Monnens, L.A.,
Leumann, E., Wuhl, E., Schober, E., Rijss, J.P., Van Os, C.H.,
Deen, P.M. 1997. New mutations in the AQP2 gene in nephrogenic
diabetes insipidus resulting in functional but misrouted water chan-
nels.J. Am. Soc. NephroB:242-248

Murer, H., Biber, J. 1992. Renal tubular phosphate transport.
The Kidney, Physiology and Pathophysiology. D.W. Seldin and G.
Giebish, editors. pp. 2481-2509. Raven Press, New York

Murer, H., Biber, J. 1997. A molecular view of proximal tubular
inorganic phosphate (Preabsorption and ist regulatioRfluegers
Arch. 433:379-389

Murer, H., Forster, |., Hilfiker, H., Pfister, M., Kaissling, B.,
Lotscher, M., Biber, J. Cellular/molecular control of renal Na/P
cotransport. 1998&idney Int.53:Suppl. 6552-S10

Ohno, H., Stewart, J., Fournier, M.C., Bosshart, H., Rhee, I., Mi-
yatake, S., Saito, T., Galluser, A., Kirchhausen, T., Bonifacio, J.S.
1995. Interaction of tyrosine-based sorting signals with clathrin-
associated protein§cience269:1872-1875

Pfister, M.F., Lederer, E., Forgo, J., Ziegler, U tdaher, M.,
Quabius, E.S., Biber, J., Murer, H. 1997. Parathyroid hormone-



282

30.

31.

32.

33.

34.

35.

36.

N. Hernando et al.: Regulation of the Cotransporter by Endocytosis

dependent degradation of type Il Na/@transportersJ. Biol.
Chem.272:220125-20130
Pfister, M.F., Ruf, I, Stange, G., Ziegler, U., Lederer, E., Biber, J.,

Murer, H. 1998. Parathyroid hormone leads to the lysosomal deg-37.

radation of the renal type Il Na/Pi cotransporteroc. Natl. Acad.
Sci. USA95:1909-1914

Pfister, M.F., Forgo, J., Ziegler, U., Biber, J., Murer, H. Down-
regulation of the number of type Il Na/Botransporters by PTH:
cAMP-dependent and -independent mechanishms. J. Physiol.
(in pres3

Rapoport, |., Miyazaki, M., Boll, W., Duckworth, B., Cantley,
L.C., Shoelson, S., Kirchhausen, T. 1997. Regulatory interactions39
in the recognition of endocytic sorting signals by AP-2 complexes.
EMBO J.16:2240-2250

Rohrer, J., Schweizer, A., Russell, D., Kornfeld, S. 1996. The

targeting of Lamp 1 to lysosomes is dependent on the spacing of isf0-

cytoplasmic tail tyrosine sorting motif relative to the membrahe.
Cell Biol. 132565-576

Sambrook, J., Fritsch, E.F., Maniatis, T. 1989. Molecular Clon-41.

ing— a Laboratory Manual, C. Nolan, editor. Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY

Sorribas,V., Markovich, D., Hayes, G., Stange, G., Forgo, J.,
Biber, J., Murer, H. 1994. Cloning of a Na/Botransporter from
opossum kidney cellsl. Biol. Chem269:6615-6621

Wagner, C.A., Raber, G., Waldegger, S., Osswald, H., Biber, J.,
Murer, H., Busch, A.E., Lang, F. 1996. Regulation of the human

38.

42.

brush border N&phosphate- cotransporter (NaPi-3) expressed in
Xenopus oocytes by intracellular calcium and protein kinase C.
Cell Physiol. Biochem6:105-111

Wang, J., Zheng, J., Anderson, J.L., Toews, M.L. 1997. A mutation
in the hamster alplhalB-adrenergic receptor that differentiates two
steps in the pathway of receptor internalizatidol. Pharmacol.
52:306-313

Werner, A., Biber, J., Forgo, J., Palacin, M., Murer, H. 1990.
Expression of renal transport systems for inorganic phosphate and
sulfate in Xenopus laevioocytes.J. Biol. Chem.265:12331—
12336

. Werner, A., Murer, H., Kinne, R.K.H. 1994. Cloning and expres-

sion of a renal Na-Pi cotransport system from floundem. J.
Physiol.267:F311-F317

Williams, M.A., Fukuda, M. 1990. Accumulation of membrane
glycoproteins in lysosomes requires a tyrosine residue at a particu-
lar position in the cytoplasmic taill. Cell Biol. 111:955-966

Xiong, X., Bragin, A., Widdicombe, J.H., Cohn, J., Skach, W.R.
1997. Structural cues involved in endoplasmic reticulum degrada-
tion of G85E and G91R mutant cystic fibrosis transmembrane
conductance regulatod. Clin. Invest.100:1079-1088

Yang, Y., Janich, S., Cohn, J.A., Wilson, J.M. 1993. The common
variant of the cystic fibrosis transmembrnae conductance regulator
is recognized by hsp70 and degraded in a pre-Golgy nonlysosomal
compartmentProc. Natl. Acad. Sci. US80:9480-9484



