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Abstract. The rat renal Na/Rcotransporter type lla (rat Introduction

NaR lla) is a 637 amino acid protein containing 12 cys-

teine residues. We examined the effect of different cys-Renal proximal tubular reabsorption of inorganic phos-
teine modifying methanethiosulfonate (MTS)-reagentsPhate is mediated by a sodium/phosphate (Nedtrans-
and the disulfide bond reducing agent tris(2- Pport system. Human and rat type lla Nag®@transport-
carboxyethyl)phosphine (TCEP) on the transport activitye’s have been identified using expression cloning strat-
of wild-type and 12 single cysteine substitution mutants€gies; homology based screening procedures led to the
of rat NaPi lla expressed Xenopus laevisocytes. The identification of this transporter in different species in-
transport activity of the wild-type protein was resistant tocluding mice (Magagnin et al., 1993; Murer & Biber,
three membrane impermeant MTS-reagents (MTSEA1997; Murer et al., 1998). Type Ila Na/Botransporters
MTSET and MTSES). In contrast, membrane permeantvere found to be located in the brush border membrane
methyl methanethiosulfonate (MMTS) and TCEP inhib- of mammalian proximal tubules (Custer et al., 1994;
ited the transport activity of both the wild-type, as well as Murer et al., 1996). Based on gene-inactivation experi-
all the single mutant proteins. This indicated the exis-ments in mice, it has been concluded that brush border
tence of more than one functionally important cysteinemembrane Nadependent Ptransport is mainly a.
residue, not accessible extracellularly, and at least 2 diZ0%) related to the activity of the type lla Ng/P
sulfide bridges. To identify the disulfide bridges, three cotransporter (Beck et al., 1998).

double mutants lacking 2 of the 3 cysteine residues pre-  The ratisoform (NaPi-2; rat NaPi lla) is a 637 amino
dicted to be extracellular in different combinations wereacid glycoprotein, with a molecular mass of 90-100 kDa
examined. This led to the identification of one disulfide (Magagnin et al., 1993; Murer et al., 1996; Murer &
bridge between C306 and C334; reconsideration of th&iber, 1997). based on our current topology model, of
topological model predictions suggested a second disutthe 12 cysteine residues, 3 are predicted to be extracel-
fide bridge between C225 and C520. Evaluation of alular, 4 to be intracellular and 5 are within transmem-
fourth double mutant indicated that at least one of twobrane domains (Magagnin et al., 1993; Lambert et al.,
disulfide bridges (C306 and C334; C225 and C520) had 999). Rat brush border membrane vesicle Na/P
to be formed to allow the surface expression of a func-cotransport, mediated mostly by the type lla NazB-
tional cotransporter. A revised secondary structure idransporter, is inhibited by Hg and other heavy metal
proposed which includes two partially repeated motifsions as well as by membrane permeant but not imper-
that are connected by disulfide bridges formed betweerineant SH-group modifying reagents. This suggests an

cysteine pairs C306-C334 and C225-C520. involvement of functionally important SH-groups not ac-
cessible from the outside (Pratt & Pedersen, 1989; Logh-

man-Adham, 1992). Furthermore, after treatment of
Key words: Phosphate transport — NaPi — Cysteine brush border membranes with dithiothreitol (DTT) or
residues — TCEP — MTS-reagents — Disulfide bondsother reducing agents, the rat type lla Na®transporter

dissociates into two fragments of about 40 kDa and 45

kDa (Biber et al., 1996; Boyer et al., 1996; Xiao et al.,
- 1997). It has been suggested that disulfide bond(s) con-
Correspondence td:. Murer nect the two parts of the molecular (Biber et al., 1996).
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Moreover, in studies on rat brush border membranes ithe different MTS reagents_from Toronto research chemicals (TRC,
was observed that the appearance of the transporter sp@anada) and TCEP from Pierce (Rockford, IL). Other reagents were
cific fragments correlates with a loss in Ndependent obtained from Fluka (Buchs, Switzerland). All constructs were cloned
. . in pSportl (Gibco BRL).
P-transport function (Xiao et al., 1997). in pSportl (Gibco BRL)
Phosphate transport mediated by the human type lla
Na/P cotransporter (NaPi-3) expressedXenopusoo-  MUTATIONS/CONSTRUCTS
cytes is inhibited by H§ and other heavy metal ions,
which suggests an interaction of these ions with freeWe substituted 12 cysteine residues by serine residues (for numbering

. nd positiorsee alsdrig. 8). Mutations were introduced following the
sulfhydryl groups. Furthermore, it has been shown thak - oo “ouickchange Site-Directed Mutagenesis Kit manual.

only membra@ne_—p_ermeable Cysteme modifying reagent%riefly, 10 ng of the plasmid containing the rat NaPi Ila cDNA were
are able to inhibit NaP3 mediated Na/Pcotransport — ampiified with 2.5 U of Pfuturb® DNA polymerase in the presence of
(Wagner et al., 1996). Therefore extracellular cysteine250 nv of primers. PCR amplification was performed as 20 cycles at
residues are either not accessible to the reagents or apg°C (30 sec), 55°C (1 min) and 68°C (12 min). Then 10 U of Dpn |
not located in functionally important regions of the pro- were added directly to the amplification reaction and the sample was
tein. For the flounder isoform of the type I Na/P incubated for 1 hr at 37°C to digest the parental, methylated DNA.
. o XL1-blue supercompetent cells were transformed witplIreaction
potransporter (NaPI'S)’ |r_1]ect|on of CRNAS COI’respond'mixture and plated onto LB-ampicillin-methicillin plates. Constructs
ing either to the N-terminal or C-terminal part of the \yere verified by sequencing.
transporter (separated in the second, large extracellular
loop) in Xenopusoocytes resulted in increased Na/P
cotransport activity only if both RNAs were coinjected. XENOPUS LAEVIS OOCYTE EXPRESSION AND
Although this indicates that a cleavage within this part of | RANSPORTASSAY
the transporter is still compatible Wlth tranqurt function The procedures for oocyte preparation and cRNA injection, as well as
(KOhI etal, 1998)’ the above-mentioned studies on pruslﬂ\e:“zﬂ-uptake assay have been described in detail elsewhere (Werner
border membranes would further suggest that associatiog al., 1990). briefly, in vitro synthesis and capping of cRNAs were
of the two parts by one or more disulfide bridges is done by incubating the rat NaPi lla constructs, previously linearized by
necessary for function. Not | digestion, in the presence of 40 U of T7 RNA polymerase (Pro-
The aims of the present study were to identify Cys_mega) and Cap Analog (NEB). Qgcytes were injectzed with either 50 nl
teine residues that are critical for transport function ancP! Water or 50 nl of water containing 5 ng of cRNAP,-uptake was
. . . . measured 3 days after injection (Werner et al., 1990).
to test for their involvement in the formation of putative
disulfide bridges. We characterized the effects of vari-
ous membrane permeant and impermeant cysteine modTS INCUBATION
fying methanethiosulfonate (MTS) reagents on the trans- _ _ _
port function (42pi uptake) of wild type (WT) and 12 Oocytes were incubated _for 5 min e_lt_ room temperature in Barth’s
single cysteine mutants of rat NaPi lla expressed insolutlon having the following composition (innm KCI (1), MgSO,
9 2224 1110.82), CaC) (0.41), Ca(NQ), (0.33), NaHCQ (2.4), NaCl (88) and
Xenopusoocytes. The data_lndlcated that the inhibition Hepes (10), adjusted to pH 7.4. MTS reagent stocks were prepared
observed after treatment with membrane permeant CySsach day at 100 min anhydrous DMSO and diluted to the desired
teine modifying reagent requires the interaction withconcentration immediately before use. Concentrations of DMSO did
more then one residue, not accessible from the outsidaot exceed 1%. Control experiments showed that 1% DMSO had no
Incubation with the disulfide bridge reducing reagenteffect on transporter function.
tris(2-carboxyethyl)phosphine (TCEP), led to a dose-
dependent loss of transport funct_ion in the_wild-typeTCEp NCUBATION
(WT) transporter as well as in all single cysteine substi-
tutions, which suggested the involvement of more therDocytes were incubated with Barth’s solution containing the indicated
one disulfide bridge in the structure/function of the type TCEP concentrations for 30 min at room temperature. For all of the
lla Na/R cotransporter. Reconsideration of Secondaryabove treatme_nts, prior tq uptake meast_Jrement, the oocytes were
structure predictions and construction of 4 different"/ashed extensively (3x) with Barth's solution.
double cysteine substitution mutants suggested the exis-
tence of most likely 2 disulfide bridges and their location |MmuNOBLOT AND STREPTAVIDINE PRECIPITATION OF
at C306/C334 and C225/C520, respectively. The formaOocyteESHOMOGENATES
tion of at least one of these bridges is required for the

proper expression of a functional transporter. Yolk-free homogenates were prepared 3 days after injectiof (6t
cRNA). Pools of 5 oocytes were lysed together with 300of ho-
mogenization buffer [1% Elugent (Calbiochem) in 10& iNaCl, 20

mm Tris/HCI, pH 7.6], by pipetting the oocytes up and down (Turk et
al., 1996). To pellet the yolk proteins, samples were centrifuged at
16,000 xg for 3 min at room temperature. Biotin-streptavidin precipi-
Oligonucleotide primers were obtained from Microsynth (Balgach, tation was performed as described previously (Hayes et al., 1994):
CH), the mutagenesis kit was obtained from Strategene (Switzerland)riefly, 90 .l of the homogenate were incubated for 2 hr at 4°C with

Materials and Methods

MATERIALS
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20 pl of immobilized streptavidin. After washing, the proteins were A 204
eluted with 20pl of 2x loading buffer (4% SDS, 2 m EDTA, 20%

glycerol, 0.19v less Tris/HCI pH 6.8, 2 mg/ml bromphenol blue) and —l—
treated as for the Western blot. For Immunoblotul®f supernatants T T
in 2x loading buffer were separated on a SDS-PAGE gel with the'g :
indicated percentage and separated proteins were transferred to a r—
trocellulose membrane (Schleicher & Schuell, Kassel, Germany). Theg. 10
membrane was then processed according to standard procedures (Sa—o

brook et al., 1989) using rabbit polyclonal antibodies raised either £
against an N or COOH-terminal synthetic peptide of the rat NaPi lla &
cotransporter. The specificity of the antibodies was demonstrated pre

viously (Custer et al., 1994). Immunoreactive proteins were detache(

with a chemiluminiscence system (Pierce). 0 [ ]
All experiments have been repeated at least 3 times with different WT MTSES MTSEA MTSET Hy0
batches of oocytes; data obtained in a representative experiments a (1 mM)
included. For uptake studies the mean valuese®f 8 oocytes are
given. B 404
T
Results and Discussion e 307 T
E

ErFFecT oF CYSTEINE MODIFYING AND REDUCING o 20-
AGENTS ONWILD-TYPE RAT NaPi Ila FuncTION g

. . Q. 104
Four MTS-reagents were used to investigate the effect
of modification of sulfhydryl groups on rat NaPi lla
function: Methyl methanethiosulfonate (MMTS) is un- 0
charged and membrane permeant, whereas the positive 0 o001 01 1 10 HZ0
charged 2-aminoethyl methanethiosulfonate, hydrobro [MMTS] (mM)

mide (MTSEA) and [2-(trimethylammonium)ethyl]

methanethiosulfonate bromide (MTSET) and the negaFig- 1. (A) Effect of incubation in 1 m of different charged MTS-
tively charged sodium (2-suIfonatoethyl)methanethiosul-_reage”ts on rat NaPi lla transport: Oocytes expressing rat NaPi I.Ia were
fonate (MTSES) are nominally membrane impermeant/cubated in 1. m or 10 mi MTSES, MTSEA or MTSET for 5 min.

. - After washing, the cells were incubated during 20 min at 25°€2m
(Smlth’ Magglo & Kenyon' 1975; Akabas et al., 1992; After extensive washing, single oocytes were transferred to vials and
Stauffer and Karlin, 1994; Holmgren et al., 1996). We he 3%, uptake was measured. The bars represent the mezrof8
found that at 1 m none of the three charged reagentSoocytes of a representative experimeB) Dose-dependent inhibition
had a significant effect on the wild-type (WT) protein of rat NaPi lla transport by MMTS: Oocytes expressing rat NaPi lla
function (F|g %)’ even when preincubated at concen- Wwere incubated in the indicated concentrations of MMTS for 5 min.
trations up to 10 m no inhibition could be observed Ager washing, the CE!'S were iI”C“bated during 20 mfi” atdZS"e?Eml §
(data it showp In contrast, when 00cytes expressing %, 7 M90Sl cocfs were ansire o s o
the WT were preincubated with MMTS, transport activ- oocytes from a representative experimeniOHndicates water injected
ity was decreased by 70% with the maximal effect at 1oocytes.

mm (Fig. 1B). The lack of an effect from any of the

charged reagents suggested that modified cysteines at or

near functionally important sites were not accessible exother structures. In view of the above control experiment
tracellularly. with the cysteine insertion mutant we favor the first ex-

As a further confirmation of this conclusion, we in- planation.
cubated oocytes with biotin-labeled MTSEA (MTSEA- To test for the presence of functionally important
biotin). We were unable to streptavidin-precipitate anydisulfide (S-S) bridges, we incubated oocytes that ex-
WT protein after incubation with MTSEA-biotin. In pressed the WT protein with the reducing agent tris(2-
contrast, a mutant with a novel cysteine residue in thecarboxyethyl)phosphine (TCEP) and then tested for
predicted 3rd extracellular loop of the protein (A456C, transport function as above. TCEP was chosen because
Fig. 8) could be readily precipitated after exposure to 100ther reagents (EtSH, DTT) must be used at very high
pM MTSEA biotin (Fig. 2A and B). Two possible ex- concentrations (EtSH: 4%, DTT: Onp to reduce the S-S
planations can be offered for the inaccessibility of cys-bridges of rat NaPi Ila when studied in isolated brush
teine residues in the wild type protein to impermeantborder membrane vesicles (Xiao et al., 1997). When ex-
alkylating reagents: (i) extracellular cysteine residues arg@ressed in oocytes, we found that NaPi Ila mediated
involved in disulfide bridgessee below (ii) extracellu-  B-transport was inhibited by TCEP with a maximal ef-
lar cysteine residues are ‘buried’ in the membrane offect (80% inhibition) at 10 m (Fig. 3). This result in-
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A B body) of the single cysteine mutant proteins showed a
kDa ; kDa broad band between approximately 60 and 75 kDa (Fig.
-8 -85 4). We assumed that this corresponded to the maximally

h . glycosylated protein located at the oocyte surface that
-4
E O
s 8
<

(3]
13

[=-)

al., 1994). The lower molecular weight bands were pre-
sumed to be either incompletely glycosylated or even
nonglycosylated transporter proteins not yet expressed at
the oocyte surface, which did not contribute to transport
Fig. 2. Western blot and streptavidine precipitation of oocytes express activity (Hayes et al., 1994). In the expression patter of
ing WT or A456C protein: Fri]ve oocytgs injpected with Wgter, WEI)' o the WT protein, the fully glycosylated form was dpml-
A456C cRNA were lysed in 10Qul lysis buffer after incubation for nant, whereas the amount and pattern of expression var-
5 min in 100pM MTSEA-biotin. () 10 ul of the lysates were sepa- 1€d between the different mutants. The mutants C62S,
rated on a 9% SDS-gel and, after blotting, immunoreactive proteinsC474S and C597S were expressed less than the WT, but
were visualized by incubation with an antibody against the rat NaPi llathe expression pattern was similar to the WT, i.e., the 75
NHz—terminus. B) 90 M! of each Iysate_were incubated yvith str_eptavi— kDa band was dominant (Fig. 4). In mutants C306S and
dine beadg. After washing, bound proteins were eluted with loading bufferc3348 the lower 60 kDa band was more pronounced
(seeMaterials and Methods) and the elute was then treated & for ; !
which suggested that lower amounts of fully glyco-
sylated protein were present. In addition, a low molecu-
40~ lar weight band of about 32 kDa was also detected; its
identity will be discussed below.
All single cysteine replacement mutants still re-
- tained significant transport activity, which indicated that
no single cysteine residue itself is critical for transport
function (Table 1). Itis difficult to compare the amount
104 of protein expression (Fig. 4) to the amount of transport
. function (Table 1), since the former does not discrimi-
nate between membrane-bound protein and nonfunction-
0 0 1 3 10  Hy0 ing protein in submembrane compartments. Neverthe-
[TCEP] (mM) less, some correlations were readily apparent. First, par-
allel to their low expression, the mutants C62S and
Fig. 3. Dose-depfandent inhit_)ition of ra_t NaPi lla t_ransp(_)rt _by TCEP: C597S showed much lower transport activity than the
Oocytes expressing rat NaPi lla were incubated in the indicated COMA/T. whereas this correlation was less obvious for
centrations TCEP for 30 min. After washing, the cells were incubated !
during 20 min at 25°C if?P; uptake was measured. The bars representC474S' Second, mutants C306S a”‘?' C334S also showed
the mean sk of 8 oocytes from a representative experiment. less uptake than the WT, although high amounts of pro-
tein were expressed. Here, differences in the amount of
fully and partially or nonglycosylated protein might ex-
dicated, that one or more functionally important S-Splain this observation. Other mutants transported phos-
bridges had been cleaved. The preceding paper dgrhate at a comparable or even higher level than the WT.
scribes the effects of disulfide cleavage in NaPi type Ila ~ We also preincubated each of the single mutants
and type llb in details (Lambert et al., 2000). with MMTS and tested for transport activity. We found
no significant differences between the MMTS effect on
the WT and the 12 mutant transporters (Table 1). This

-48 was responsible for measured transport activity (Hayes et
Q
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A
A
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SINGLE CYSTEINE-SERINE SUBSTITUTION MUTATIONS result indicated that no single cysteine residue itself was
UNDER CYSTEINE MODIFYING AND responsible for the MMTS-induced effects; i.e., there
REDUCING CONDITIONS must be multiple intracellular or membrane-associated

free cysteine residues that are accessible by MMTS and
To ascertain if one of the 12 native cysteine residuesvhich are most likely located in or near functionally
were essential for transport function and would thus eximportant regions.
plain above inhibition by MMTS (Fig. B), we con- Finally, we preincubated oocytes expressing the mu-
structed the corresponding cysteine-serine single substiant constructs with TCEP, and we observed a decrease
tution mutations. The cRNAs of all these constructsin uptake that was similar to the WT under the same
were injected inXenopusoocytes, the expression level conditions (Table 1). This result suggested the existence
was determined by Western blot and transport activityof more than one functionally important S-S bridge in the
was quantitated as before. rat NaPi lla protein, since for any one mutant at least one

Western blots (using an N-terminus specific anti- S-S bridge would not be present.
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kDa
- - 85
- 49
Fig. 4. Expression of the cysteine to serine
mutants inXenopus laevisocytes. Oocytes were
ren— . 35 injected with WT or mutant rat NaPi lla cRNAs.
Yolk-free homogenates of 5 oocytes were
ON E 2 'g 3 % g g ,m_ 2 @ 9 g E separated in a 9% SDS-PAGE gel and analyzed by
I 5D =T 8§ 83 8 88 5 28 3 immunoblotting with a rabbit anti-rat NaPi lla
O 0O 0O 0O 0O 0O 0O O o o polyclonal antibody.

Table 1. Effect of cysteine modifying reagent MMTS, and reducing
agent TCEP on WT and mutant transport tant C306S/C334S showed an expression pattern similar
to the WT and transport activity was like the single mu-

% Wild-type % Inhibition % Inhibition tants C306S and C334S (FighandB; Fig. 4; Table 1).

activity MMTS (1 mw) TCEP (10 m) Also in the Western blot made using the anti N-terminal
H,0 4+ 05727 0 0 antibody, a smaller band at about 32 kDa was present
wT 100 + 18.87 49 75 with these mutantsd@ata not shown, see belpw
C62S 21+ 2.092 41 86 To characterize this low molecular weight band, we
C70S 150i10-46 37 83 performed Western blots of mutants C306S, C334S,
g;;gg 1;2; 183'54836 ii’ gg C306S/C334S and the WT using higher percentage gels
C306S 35+ 7831 53 67 (12%), GeeFig. 6). The blots were developed using ei-
C334S 30+ 4.611 33 75 ther anti-N-terminal or anti-C-terminal antibodies (Fig.
C361S 103 + 14.60 48 84 6A and B). In oocytes injected with WT or mutant
C363S 36+12.26 60 45 cRNA, the protein pattern obtained with an N-terminal
gg‘l‘g 123; ;gg ig ;g antibody (Fig. @) corresponded to those already shown
C5205 113 £ 21.02 48 72 in Figs. 4 and B, with major staining in the 75 to 60 kDa

C597S 35+ 4315 59 70 region and small molecular weight band(s) for the mu-
tants at around 32 kDa (arrow, FigAp Figure @
The first column gives the transport rate of all the mutants in percent ofshows the same blot developed with a C-terminal anti-
the wild-type activity (sg). The other columns give the relative inhi- body. This antibody appeared to be less specific than the
bition of all the mutaqts after incubation with IMMMTS (5 min), or N-terminal antibody because a distinct staining pattern
10 mv TCEP (30 min). The values are always based on the r?”ea'Yvas also observed inJ@-injected oocytes. In WT and
phosphate uptake rate of 8 oocytes in a representative experiment. . e
Inhibitions were tested for significance using an unpairéest, allP mutant cRNA |nject¢d oocytes, the transporter-specific
values were below = 0.05 indicating that the inhibitions were sig- Pand was observed in the 75 to 60 kDa range. For the 3
nificant. mutants, the C-terminal antibody recognized a peptide
around 26 kDa (arrow, Fig.B, which was not visible in
DouBLE CYSTEINE-SERINE SUBSTITUTION MUTANTS AND the WT transporter expressing oocytes. These findings
IDENTIFICATION OF A S-S BRIDGE would be consistent with the C- and N-terminal parts of
the type lla Na/Pcotransporter being represented by two
To identify the cysteine pairs involved in forming these low molecular weight bandd 6 and[32 kDa). If an
S-S bridges, we made serine substitutions of the thre&-S bridge is prevented between C306 and C334, the
cysteine residues (C225, C306 and C334) that are prgsrotein is apparently unstable, a proteolytic cleavage
dicted to be extracellular according to our previouscould occur and the corresponding protein fragments
model (Magagnin et al., 1993; Lambert et al., 1999).would then become visible (Fig.A6and B). Since the
We constructed 3 double mutants, lacking the indicatednolecular weights of the two fragments add up to ap-
cysteine residues in each combination (C225S/C3063roximately 60 kDa (corresponding to the partially or
C225S/C334S; C306S/C334S). These double mutantsonglycosylated transporter), we concluded that in the
were tested for expression (FigAband transport activ- oocyte system this cleavage might occur prior to ‘matu-
ity (Fig. 5B). Two of the mutants (C225S/C306S and ration’ of the transporter, i.e., most likely prior to reach-
C225S/C334S) were only expressed in a form that waing the surface.
most likely partially or nonglycosylated and these The two low molecular weight bands most likely
showed essentially no transport activity. In contrast, mu-also correspond to those bands observed in Western blots
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A kDa B 15-
-97

[=1]

(=]

-

(=]
|

pmol P; / min
T

Hzo

C225S/C306S
C225S/C334S
C306S/C334S
o
H20

C225S/C306S
C2258/C334S
C306S/C334S

Fig. 5. (A) Expression of the double cysteine to serine mutant&aénopus laevi®ocytes. Pools of 5 oocytes expressing either the WT or the
indicated double mutants were homogenized, the proteins were separated in a 9% SDS-PAGE gel and analyzed by immunoblotting with a rat
anti-rat NaPi lla polyclonal antibodyBj Phosphate transport activity of the double mutants: RadioactivptBke of oocytes was measured as
described in Materials and Methods. The bars represent the meaf# oocytes of a representative experiment.

A B porter molecule might be present in a proteolytically
NH,-term COOH-term cleaved form and held together by an S-S bridge. Alter-

‘AB kDa AB kDa Eggvely cleavage might occur after reduction of the S-S

ridge.
- 85 85 The above conclusions and experimental findings
- 49 49 strongly support the existence of an S-S bridge between
cysteines 306 and 334. Nevertheless, the sensitivity of
35 the single mutants C306 and C334 (Table 1) as well as
the double mutant C306S/C3348afa not showh to
28 TCEP pointed to the existence of yet another S-S bridge
in NaPi lla.

The behavior of the single and double mutants gave
us some indication on the pair of cysteines involved.
If S-S bridge C306-C334 cannot form (mutants C306S,
C334S and C306S/C334S), the transporter was still ac-
tive, TCEP-sensitive and partly expressed in the mature
form. However, without S-S bridge C306-C334, and if
C225 is also not present (mutants C225S/C306S and

Fig. 6. Immunoblots of oocytes injected either with water, wild type . ;
cRNA or cRNA from the indicated mutants. Pools of 5 oocytes were .(:2258/(:3343)’ the protein was Only eXpreSSEd in the

homogenized and the proteins were separated in a 12% SDS-PAGE gglnrnature 60 kDa form and hardly any activity could be
in the presence of DTT. The blots were developed with antibodiesTeasured. In contrast, removal of C225 alone (C225S)

against the N-terminusj or against the C-terminus of rat NaPi IB)( ~ resulted in an active transporter. This dependency on
C225 suggested that there could be a functional relation-
ship between the S-S bridge and C225. Since the re-
with brush border vesicles performed under reducingmoval of C225 was not consistent with the removal of
conditions (Biber et al., 1996; Boyer et al., 1996; PaquinS-S bridge C306-C334, one possible explanation would
et al., 1999). The identification of a cleavage site afterbe that C225 was involved in a second S-S bridge with
amino acid 323, between cysteine 306 and 334 suppor@nother cysteine residue. In this case, the TCEP effect
this interpretation (Paquin et al., 1999). Thus, in theon the C306S/C334S double mutadé&ia not showj as
brush border membrane a significant portion of trans-well as the inactivity of the double mutants C225S/

- 35
- 28

v

|
d.
'4:,

Ho0
WT

o
=2

C306S
C334S

C306S/C334S
C306S

C334S

C306S/C334S
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A

104- VPLMLGFLYLFVCSLDVLSSAFQIAGGKVAGDIFKDNAILSNPVAGLVVGILVTVLVQS
358- VVLCTCLILLVKMLNSLLKGQVANVIQKVINTDFPAPFTWVTGYFAMVVGASMTEVVQS
o K .k

*  k * % * . %k ok sk e kk Kk

SSTSTSIIVSMVSSGLLEVSSAIPIIMGSNIGTSVINTIVAL -204

SSVFTSAITPLIGLGVISIERAYPLTLGSNIGTTTTAILAAL -458

Kk okk ok nnL KroLn, Kok pkkkkkkg kg kK Fig. 7. Similarities between the NH and
COOH-terminal parts of rat NaPi lla: Amino acids
104-204 and 358-458\) as well as amino acids

B 208-253 and 503-548) are compared. Identical
208 GDRTD AGATVHDCFNWLSVLVLLP TGYLHHVTGLVVA -253 amino acids are marked with an asterisk, amino
503 GKRTAKYRWFAVLYLLVCFLLLPSLVFGISMAGWQAMVGVGTPFGA -549 acids showing high similarity are marked with two
ROREL KR g xR K, RR T points and amino acids showing low similarity are
New TM 3/7 marked with one point.

° o0 ebae°@®©9“c3

9@0@0060@@0@% S
ACEEEEDOEEEAY
V00RCRVGECE0U0
NH,- @EODOER0OCP

62

Fig. 8. Topology model of rat NaPi Ila based on our new studies: Rat NaPi lla is a 637 amino acid (AA) protein with potentially 8 transmembrane
domains (Magagnin et al., 1993). The asterisks represent two utilized glycosylation sites in the second extracellular loop (Hayes et al., 1994). 1
N- and the C-termini are located in the cytoplasm (Lambert et al., 1999), the 12 cysteine residues are marked black and are numbered accor
to the AA sequence. The arrow indicates a potential proteolytic cleavage site, which was identified in studies on brush border membrane vesic
(Paquin et al., 1999) and which separates the N- and C-terminal parts of the molecule. These are connected by one S-S bridge within extracell
loop 3 and a second, hypothesized bridge (dashed line) between cysteine residues in predicted transmembrane domain (TM) 3 and TM-7. Reg
in the N-terminal and C-terminal halves which show strong sequence similarity are indicated by light gray and dark gray shadows, respectively. T
two dark gray regions might be structurally associated by means of the second S-S bridge. In this model, previous TM-3 (Lambert et al., 1999)
now predicted to form a hydrophobic, membrane associated region within the intracellular loop 1, which is repeated in an homologous region
the extracellular loop (EL 3). Amino acids 216—-236 formerly predicted to be part of EL-2 (Lambert et al., 1999) are now suggested to form TM-3

which is again repeated in a homologous region AA 511-531 suggested to form TM-7.
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Table 2. Summary of the results obtained by the double mutantsbridge with C225, thereby connecting the two repeat mo-
C225S/C306S, C225S/C334S, C306S/C334S and C306S/C520S  tifs of the molecule.

To test this hypothesis, we constructed a mutant

cazs 306 c334 520 Funetion ©3065/C520S) in which we replaced C306 and C520 by
X X o o No serines. This mutant was expressed at low levedga
X v X v No not show) and was functionally impairedéeTable 2).
. X X . Yes This finding supported our hypothesis that a second S-S
v X v X No bridge is formed between C225 and C520. Moreover,

A v~ indicates that the cysteine residue is still present, an “X” indicates-theSe Obser\-/atlons Ca.m account for the TCEP sensitivity
that it has been substituted by a serine residue. ‘Yes: indicates at IeasI our mutation experiments. In the C3(‘_)6_S_’ C334S and
30% of remaining function and 'no’ less than 10% of remaining func- ©3065/C334S mutants the TCEP sensitivity can be at-
tion compared to the expression of the wild-type transporter. tributed to the cleavage of the suggested S-S bridge be-
tween C225 and C520. Likewise, in the C225S and
C520S mutants, TCEP sensitivity is explained by cleav-
C306S and C225S/C334S (FigA%nd B), would be age of the bridge between C306 and C334. Thus, at least
explained by the removal of both S-S bridges. one of the S-S bridges is required for protein maturation

and function (Table 2).

A REevISED ToroLoGY FORNaPI lla INCORPORATESTWO
S-S BRIDGES Conclusions

To identify the possible partner cysteine of C225, weAccording to our revised topology for the rat type Ila
examined more closely the amino acid sequences flandNa&/R cotransporter (Fig. 8), of the 12 native cysteine
ing the cysteine residues. We found sequence similariresidues, only two are predicted to be extracellular (C306
ties between amino acids (AA) 208-253 (containing cys-and C334) and they form an S-S bridge. Four cysteine
teine 225) in the N-terminal part of the molecule and AA residues are predicted to be intracellular, whereas the
503-549 (containing cysteine 520) in the C-terminal partf€émaining six are predicted to be in transmembrane seg-
(dark gray Shading, F|gsB7’ 8) Comparing other parts ments. Two of the Cysteine residues (C225 and 0520)
of the N- and C-terminal parts with each other, againthat are predicted in transmembrane segments may form
sequence similarities were found between AA 104-2042 second S-S bridge. The effect of the membrane per-
(N-terminal part) and AA 358-458 (C-terminal part) meant SH-modifying reagent (MMTS) is explained by an
(light gray shading, Figs.A, 8). In the N-terminal part interaction with the intracellular or membrane associated
of the transporter, these sequences are separated by oflysteine residues and the resistance to membrane imper-
3 amino acids, whereas in the C-terminal part, there is aneant SH-modifying reagents is attributed to the inac-
large stretch of 43 amino acids that separate the twéessibility of the extracellular cysteines, since they are
repetitive units (Fig. 8). paired in the external S-S bridge. The proposed S-S
Based on the above considerations, we have revise@ridges appear to link the C- and N-terminal parts of the
the current topo|0gy model (Lambert etal., 1999) for themO|ECU|e, which contain similar amino acid stretches.
type lla Na/P-cotransporter by assuming that similar Finally, at least one S-S bridge is necessary to maintain
amino acid stretches might have a corresponding tranghe protein configuration and its associated function.
membrane orientation (Fig. 8). The similarities between
the stretches AA 169-190 (formerly TM-3) and AA 423- This work was supported by Grant 31-46523.96 to H.M. from the Swiss
444 (predicted EL-3), suggested that the stretch AA 169National Science Foundation. We thank Christian Gasser for profes-
190 is located intracellularly: this means that AA 216- Sional art work.
236 would now form TM-3. Indeed, the stretch AA 216-
236 shows a strong identity with stretch AA 511-531
which we previously predicted to form TM-7 (Fig. 7).
Our revised topology of the type Il Na/P  Akabas, M.H., Stauffer, D.A., Xu, M., Karlin, A. 1992. Acetylcholine
cotransporter protein results in a scheme with two similar  receptor channel structure probed in cysteine-substitution mutants.
motifs. This predicted topology is also compatible with ~ Science258:307-310
our recent studies on epitope accessibility (Lambert eBeck. L., Karaplis, A.C., Amizuka, N., Hewson, A.S., Ozawa, H.,
al., 1999)' in which we confirmed the extracellular loca- Tenenhouse, H.S. 1998. Targett_ad mactlvatlon.of.NptZ in mice leads
tion of AA 128 and 306, in_the predicted first and second ;Oorsn‘:\éi:;sre;gcpw;?h:tczsv aSs(t:lln %ggggg?fig%and skeletal ab-
extracellular loop, respectively, as well as the intracellu-gjner 3. custer, M., Magagnin, S., Hayes, G., Werner, A., Lotscher,
lar location of both N- and C-termini. Based on above ., Kaissling, B., Murer, H. 1996. Renal Na/Pi-cotransportiis-
considerations, C520 could be a candidate to form an S-S ney Int.49:981-985
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