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Abstract. Tris(2-carboxyethyl)phosphine (TCEP) re-
duces (cleaves) disulfide bonds of the renal proximal
tubule type IIa Na/Pi- cotransporter (rat NaPi IIa) and
thereby inhibits its function. We tested the effect of
TCEP on the murine type IIa Na/Pi-cotransporter and the
corresponding IIb intestinal isoform both expressed in
Xenopus laevisoocytes. After incubation with TCEP the
function of NaPi IIa was inhibited and protein amount
was decreased. Injection of the lysosomal inhibitor leu-
peptin prevented degradation of the protein. Exposure of
oocytes to TCEP at 0°C led to a reduction in transport
function without concomitant loss in Na/Pi IIa protein.
In contrast to NaPi type IIa, the type IIb isoform was
neither inhibited, nor degraded after incubation with
TCEP. These results suggest that cleavage of disulfide
bonds led to changes within the confirmation of the type
IIa transporter that result in (i) inhibition of the transport
activity and (ii) internalization and subsequent lysosomal
degradation of transporter protein. Sequence compari-
sons suggest the involvement/presence of different disul-
fide bonds in type IIa and type IIb Na/Pi-cotransporters.

Key words: Phosphate transport —X. laevisoocytes —
TCEP — Disulfide bonds — Degradation

Introduction

There are two known isoforms of the mammalian type II
sodium/phosphate cotransporter: The type IIa trans-
porter, expressed in the brush border membrane of the
renal proximal tubule (Magagnin et al., 1993; Custer et
al., 1994; Biber, Murer & Foster, 1998; Murer et al.,
1998) and the type IIb transporter expressed mainly in
the small intestine and in lung (Hilfiker et al., 1998,

Traebert et al., 1999). The overall amino acid homology
of the two transporters is 57% (Hilfiker et al., 1998).

The type IIa transporter is regulated by alteration of
the brush border membrane content of cotransporter pro-
teins. This regulation is induced for example by para-
thyroid hormone (PTH) or by re-feeding Pi to Pi-
deprived animals; it involves lysosomal degradation of
the transporter protein (Kempson et al., 1995; Pfister et
al., 1997; Keusch et al., 1998; Pfister et al., 1998; Pfister
et al., 1998). These regulatory phenomena were also ob-
served in opossum kidney (OK) cell lines expressing a
type IIa Na+/Pi-cotransporter (intrinsic and/or trans-
fected) (Markovich et al., 1995; Pfister et al., 1998). In
contrast, treatment of type IIb transfected OK cells with
PTH does not lead to degradation of the type IIb trans-
porter (Z. Karim et al.,in preparation).

Tris(2-carboxyethyl)phosphine (TCEP) is a mild re-
ducing agent capable of reducing (cleaving) disulfide
bonds (White et al., 1996; Gendeh et al., 1997). In stud-
ies with rat brush border membranes, containing the type
IIa transporter (Custer et al., 1994), Na+/Pi-cotransport
activity was decreased and the protein was cleaved into
two parts by exposure to different reducing agents and
the involvement of S-S bonds was suggested (Biber et
al., 1996; Xiao et al., 1997). In these studies high con-
centrations of EtSH (4% v/v) or dithiothreitol (DTT)
(500 mM) were required to cleave the protein whereas
already 10 mM TCEP induced this effect (Xiao et al.,
1997). In the preceding paper, we investigated the role
of cysteine residues in the rat NaPi type IIa; TCEP was
found to inhibit NaPi type IIa mediated Pi-transport after
expression inXenopusoocytes (Lambert et al., 2000).
We concluded from this study, that there might be more
than one disulfide bridge in NaPi IIa. In the present
study, we further investigate the effect of TCEP treat-
ment on the transport activity and protein amount of
mice type IIa and IIb Na/Pi-cotransporters expressed in
Xenopusoocytes. The mouse IIa isoform is 98% iden-Correspondence to:H. Murer
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tical to the rat isoform (Hartmann et al., 1996). The data
suggest that IIa (but not IIb) is inhibited, internalized and
degraded after TCEP treatment. Thus, in the type IIa
NaPi-cotransporter disulfide bond(s) are functionally im-
portant and apparently also codetermine the membrane
residence (protein stability).

Materials and Methods

The TCEP was obtained from Pierce (Rockford, IL), other chemicals
from Fluka (Buchs, CH).

XEONPUS LAEVISOOCYTE EXPRESSION AND

TRANSPORTASSAY

The procedures for oocyte preparation as well as the32Pi-uptake assay
have been described in detail elsewhere (Werner et al., 1990). Briefly,
in vitro synthesis and capping of cRNAs were done by incubating the
cDNAs, previously linearized by Not I (Pharmacia) digestion, in the
presence of 40 U of T7 RNA Polymerase (Promega) and Cap Analog
(NEB). Oocytes were injected with either 50 nl of water or 50 nl of
water containing 5 ng of cRNA.32Pi-uptake was measured 3 days after
injection.

INCUBATION WITH TCEP

Oocytes were incubated with different concentrations of TCEP in
Barth’s solution (in mM): 88 NaCl, 1 KCl, 0.82 MgSO4, 0.41 CaCl2,
0.33 Ca(NO3)2, 2.4 NaHCO3 and 10 Hepes, pH 7.4 for 30 min. Prior
to uptake or homogenization, the oocytes were washed extensively with
Barth’s solution. Uptake or homogenization was started 5 min after
removing the TCEP.

IMMUNOBLOT OF OOCYTESHOMOGENATES

Yok-free homogenates were prepared 3 days after injection (H2O or
cRNA). Pools of 8 oocytes were lysed together with 160ml of ho-
mogenization buffer [1% Elugent (Calbiochem) in 100 mM NaCl, 20
mM Tris/HCl, 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 ×g for 3 min at room temperature (RT). 10ml of supernatants
in 2× loading buffer (4% SDS, 2 mM EDTA, 20% glycerol, 0.19M

Tris/HCl pH 6.8, 2 mg/ml bromphenol blue) were separated on a SDS-
PAGE gel and proteins were transferred to a nitrocellulose membrane
(Schleicher & Schuell). The membrane was then processed according
to standard procedures (Sambrook, Fritsch & Maniatis, 1989) using
rabbit polyclonal antibodies raised against synthetic peptides from the
NH2-termini of NaPi type IIa or IIb. The specificity of the antibodies
was demonstrated previously (Custer et al., 1994; Hilfiker et al., 1998).
Immunoreactive proteins were detected with a chemiluminescence sys-
tem (Pierce).

IMMUNOCYTOCHEMISTRY

The fixation ofX. laevisoocytes has been previously described (Hayes
et al., 1994). Briefly, the eggs were immersed during 30 min in PBS
containing 3% paraformaldehyde and 0.1% glutaraldehyde. After rins-
ing in PBS (4°C), the eggs were frozen onto thin cork slices using
liquid nitrogen cooled liquid propane. Sections of 5mm were cut at

−20°C using a cryomicrotome, and mounted on chromalumgelatin
coated glass slides. For immunostaining, after preincubation in PBS
containing 3% milk powder and 0.3% Triton X-100, the sections were
first incubated overnight either with a rabbit anti NH2- terminal NaPi
IIa or NaPi IIb primary antibody, followed by incubation with a swine
anti-rabbit IgG-conjugated fluorescein isothiocyanate (FITC) second-
ary antibody (Dakopatts). Finally, sections were coverslipped using
DAKO Glycergel (Dakopatts) plus 2.5% 1,4-diazabicyclo(2.2.2)octane
(Sigma) as a fading retardant.

Results

We studied the effect of TCEP on murine type IIa and IIb
Na/Pi-cotransporters expressed inXenopusoocytes in
terms of function and specific protein content. We first
performed type IIa mediated Pi uptake and specific co-
transporter protein content measurements using oocytes
incubated with different TCEP concentrations for 30 min
(Fig. 1A and B). This incubation time was chosen be-
cause shorter incubation lead to only small effects,
whereas longer incubation physically damaged the oo-
cytes. Transport activity was already slightly reduced
with 1 mM TCEP, at 3 mM the inhibition was about 60%
and the maximal effect of about 80% inhibition was
reached at 10 mM (Fig. 1A). These results paralleled
those reported for the rat isoform in the preceding paper.
The Western-blot also showed a dose-dependent de-
crease in protein amount. However, the effect on the
protein amount was hardly detectable after incubation
with up to 3 mM TCEP; a clear decrease could be de-
tected after treatment with 10 mM TCEP (Fig. 1B). Thus,
transport inhibition seems not to parallel protein content,
i.e., protein degradation (see below).

The decrease in protein amount could be related to
membrane retrieval and degradation of the transporter.
To confirm, that the decreased activity was not just
caused by less protein, we incubated oocytes that ex-
pressed the IIa transporter for 30 min either at room
temperature (RT) or at 0°C (on ice) in the presence and
absence of 10 mM TCEP (Fig. 2A andB). Incubating the
cells at different temperatures had no influence on the
transport activity of the oocytes. The inhibition after
TCEP treatment was roughly the same with oocytes
treated at 0°C or at RT (Fig. 2A). However, hardly any
decrease of protein amount could be detected in oocytes
treated with TCEP at 0°C, whereas the same treatment at
RT led to a clear reduction in the protein amount (Fig.
2B). Thus, the decrease of transport activity is not due to
lower protein amount, but to TCEP-induced changes in
the protein itself. If membrane retrieval is allowed
(20°C) ‘inhibited’ transporter molecules are apparently
internalized and degraded.

To test whether the degradation of the transporter
after TCEP treatment is mediated by leupeptin sensitive
proteases (e.g., a lysosomal protease), we injected the
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oocytes with 50 nl of water with or without 0.2% leu-
peptin. After 30-min incubation time the oocytes were
either treated with or without TCEP (Fig. 3). Comparing
oocytes not treated with TCEP, injection of leupeptin led
to a slight increase of the detectable protein amount after
1 hr of incubation time. Though the degradation of the
type IIa Na/Pi-cotransporter due to TCEP treatment
could not be completely blocked by injection of leupep-
tin, the degradation rate was clearly reduced. This sug-
gests a similar degradation pathway of NaPi type IIa

expressed in oocytes as observed in vivo (rats) and in
vitro (OK-cells) after PTH treatment (Pfister et al., 1997;
Keusch et al., 1998; Pfister et al., 1998).

To investigate, whether the TCEP effect is ‘spe-
cific’, we compared the TCEP effect on type IIa and type
IIb Na/Pi-cotransporters. We performed Western-blots
(Fig. 4), transport measurements (Fig. 5A and B) and
immunohistochemical staining (Figs. 6A–F). After
TCEP treatment, the amount of type IIa protein was re-
duced (seeabove, Figs. 1B, 2B, 3) but no change of type
IIb protein amount could be detected (Fig. 4). Similar
results were obtained by measuring transport function:
The transport activity of oocytes that expressed type IIa
was about 70% reduced by TCEP (Fig. 5A), whereas
hardly any inhibition could be measured in type IIb ex-
pressing oocytes (Fig. 5B). Figure 6A andB shows oo-
cytes expressing type IIa transporter treated without (A)
or with (B) TCEP. Without TCEP treatment type IIa
specific signal was located mainly in the plasma mem-

Fig. 1. Effect of 10 mM TCEP on transport activity (A) and protein
amount (B) of the type IIa Na/Pi-cotransporter expressed inXenopus
oocytes. (a) Oocytes that express the type IIa cotransporter were incu-
bated with the indicated concentrations of TCEP for 30 min. After
washing and 5 min incubation in Barth’s solution, the cells were in-
cubated for 20 min at 25°C, in the presence of32Pi. After extensive
washing, single oocytes were transferred to vials and the incorporated
32Pi measured. The bars represent the mean ±SE of 8 oocytes of a
representative experiment. (b) Oocytes that express the wild-type IIa
cotransporter were incubated with the indicated concentrations of
TCEP for 30 min. After washing and 5 min incubation in Barth’s
solution oocytes were prepared for Western blot (seeMaterials and
Methods). Yolk-free homogenate was separated in a 9% SDS-PAGE
gel and analyzed by immunoblotting with a rabbit anti-mouse IIa
(NaPi-7) polyclonal antibody. The 100 kDa band most likely corre-
sponds to the fully glycosylated protein, whereas the band at about 66
kDa represents the core- or nonglycosylated form of the transporter
(Hayes et al., 1994).

Fig. 2. Influence of different temperatures on the TCEP effect on type
IIa mediated transport activity (A) and protein amount (B). (A) 32Pi-
uptake measurements of oocytes that expressed type IIa transporter
treated without TCEP at 0°C (1) or at RT (2) or treated with TCEP at
0°C (3) or at RT (4). (B) Western-blot of type IIa transporter protein
expressed in oocytes treated without TCEP at 0°C (1) or at RT (2) or
treated with TCEP at 0°C (3) or at RT (4).
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brane, with only very little staining of intracellular com-
partments. After incubation with TCEP, the membrane
staining was reduced and the protein was mainly located
in intracellular compartments. Figure 6C and D shows
oocytes that expressed the type IIb cotransporter treated

without (C) or with (D) TCEP. The signal pattern did
not change due to incubation with TCEP. This again
confirmed the different response of the type IIa and type
IIb Na+/Pi-cotransporters to TCEP treatment.

Discussion

We have observed a dual action of TCEP probably re-
lated to reduction of S-S bonds within the type IIa Na+/
Pi-cotransporter by TCEP. First, the transport activity is
strongly diminished, probably related to an associated
change in the protein conformation. Secondly, TCEP
treatment produced a redistribution of the type IIa Na+/
Pi-cotransporter within the oocyte, which led to accumu-
lation in intercellular compartments associated with its
degradation. These results are compatible with increased
retrieval of the transporter from the oocyte membrane
and accumulation in lysosomes. Both effects were not
observed in type IIb expressing oocytes.

Fig. 3. Inhibition of TCEP induced degradation of the type IIa cotrans-
porter by injection of leupeptin. Oocytes that expressed type IIa trans-
porter were injected with 50 nl of 0.2% leupeptin (LP; 2,4) or 50 nl
water (1,3). After 30 min both groups were incubated with (3,4) or
without (1,2) 10 mM TCEP for 30 min and homogenates of these
oocytes were separated on SDS-PAGE. In oocytes injected with leu-
peptin (band 4), the TCEP-induced degradation of the transporter was
inhibited, compared to oocytes treated with TCEP but without leupep-
tin (band 3).

Fig. 4. Effect of TCEP on the protein amount of the type IIb NaPi-
cotransporter. Western-blots of type IIb expressing oocytes treated with
or without TCEP at 20°C for 30 min are shown. The protein runs at a
molecular mass of about 200 kDa. In preparations of intestinal brush
border membranes, the same protein migrates at a molecular mass of
only 100 kDa (Hilfiker et al., 1998). The difference can be explained by
differences in the sample preparation from oocytes and brush border
membranes.

Fig. 5. Different effect of TCEP on transport activity of type IIa and
IIb NaPi-cotransporters: Pi transport activity of type IIa (A) or type IIb
(B) after treatment with or without TCEP at 20°C for 30 min.
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Based on these results we conclude that S-S bonds
within the type IIa transporter are essential for a transport
competent conformation (Lambert et al., 2000). A cleav-
age of S-S bridges might lead to structural alterations
that are then recognized at intracellular domains of the
molecule, thereby leading to its internalization and deg-
radation. The mechanism of this membrane retrieval is
however unknown. It should be mentioned that protein
kinase C activation induced an internalization of the type
IIa transporter in oocytes (Forster et al., 1999). Also in
OK-cells and in kidney proximal tubules, the type IIa
transporter is internalized and degraded as part of its
regulatory behavior (Pfister et al., 1997; Keusch et al.,
1998; Pfister et al., 1998; Pfister et al., 1998; Lotscher et
al., 1997). It is unknown whether the reduction of S-S
bonds is involved in above regulation of the type IIa
transporter in kidney cells. It might be speculated that
reducing S-S bonds and different ‘physiological’ regula-
tory phenomena may lead to comparable conformational
changes in the type IIa transporter molecule, which lead
to a reduction in transport activity associated with mem-
brane retrieval and degradation of the transporter protein.

An explanation for the different effect of TCEP on
type IIa and IIb Na+/Pi-cotransporter might be related to
different intra- or intermolecular disulfide bond architec-
ture of the two transporter isoforms. Type IIa may have
a disulfide bond between cysteine residues 306 and 334
and another one between C225 and C520 has been pro-

posed (Fig. 7) (Lambert et al., 2000). So farnothing is
known about disulfide bonds in type IIb. The conserva-
tion of cysteine residues 306 and 334 in type IIb (the
number of the positions are different between the iso-
forms, we use the position numbers of type IIa) suggest
also a conserved disulfide bond (Fig. 7). The NH2- as
well as the COOH- terminus of both transporters are
most probably intracellularly located, which makes the
formation of disulfide bonds from cysteine residues in
these parts of the transporter rather unlikely (Lambert et
al., 1999). These considerations result in only 3 cysteine
residues in type IIa (C225, C491 and C520, Fig. 7), that
are absent in IIb. Also type IIb contains 3 cysteine resi-
dues (C313, C319 and C555, Fig. 7), absent in type IIa
(again without the termini). These residues are most
likely the candidates for the differences of the disulfide
architecture.

For the type IIa transporter we postulated in addition
to the above mentioned S-S bond (between C306 and
C334) a second bond involving most likely C225 and
C520 (Lambert et al., 2000); residue C491 is intracellu-
larly located and not a candidate for S-S bond formation
(Lambert et al., 1999). As these residues are absent in
the type IIb transporter the S-S bond between C225 and
C520 is not conserved between the two isoforms. Two
of the type IIb specific cysteine residues are located in
the predicted second extracellular loop, a third in trans-
membrane domain 8. The lack of a TCEP effect on the
type IIb transporter function would therefore suggest that
S-S bonds in type IIb (in contrast to type IIa) are not
important for keeping a transport competent and mem-
brane stable conformation. Furthermore, the conserva-
tion of S-S bond C306 to C334 suggests that it does not
solely ‘alone’ determine the reported type IIa specific
behavior (response to TCEP), but that a second bond
(between C225 and C520) also participates in stabilizing
the conformation of the type IIa Na+/Pi cotransporter.

It is unknown whether the cysteine residues in type
IIa and type IIb transporters contribute to intramolecular
S-S bonds (homo-/heteromultimer). In our experiments
with oocytes, sample preparation for Western blots with
or without DTT did not result in different band pattern
(data not shown) for type IIa. Furthermore, the fact that
treatment with TCEP did not result in different protein
pattern (in protein samples separated in the absence of
reducing agents) suggests that at least extracellular lo-
cated cysteine residues are not involved in forming mul-
timeric complexes. However, although unlikely, we can-
not exclude the participation of intracellular cysteine
residues in the formation of multimeric complexes for
both type IIa and type IIb.

It should also be indicated that in Western blots of
brush border membranes isolated from normal rats after
treatment with DTT the type IIa transporter falls in 2
parts, preceding a cleavage site between cysteine residue

Fig. 6. Immunostaining of oocytes that express type IIa or IIb NaPi-
cotransporters: Cryosections of oocytes that expressed NaPi type IIa
treated without (A) or with (B) 10 mM TCEP at 20°C for 30 min. (C)
and (D) show the corresponding sections for type IIb. (E) and (F) show
control oocytes stained with an anti- type IIa antibody (E) or with an
anti- type IIb antibody (F).
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306 and 334 (Biber et al., 1996; Paquin et al., 1999).
This also supports the existence of this S-S bond. It is
however unknown whether this observed cleavage is an
artifact related to membrane isolation/preparation or
whether is occurs in situ.

Taken together, reducing S-S bonds in the type IIa
Na+/Pi cotransporter may lead to a conformational
change associated with transport inhibition and mem-
brane stability of the transporter protein. As the type IIb
transporter does not show this behavior, the reduction in
S-S bonds—or at least similar conformational changes—
might be associated with physiological regulation of the
type IIa transporter. Sequence comparisons between

type IIa and IIb transporter proteins provide evidence for
the importance of a second disulfide bond in the type IIa
molecule (C225 and C520).
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