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Abstract

The cloning of the renal NaPi-2a (SLC34A1) and NaPi-2¢c (SLC34A3) phosphate transporters has
made it possible to characterize the molecular and biophysical regulation of renal proximal tubular
reabsorption of inorganic phosphate (Pi). Dietary factors, such as Pi and K, and several hormones
and phosphatonins, including parathyroid hormone (PTH), fibroblast growth factor 23 (FGF23)
and glucocorticoids, regulate the transporters through various transcriptional, translational, and
posttranslational mechanisms that involve acute trafficking via endocytosis or exocytosis,
interactions with PDZ domain proteins, lipid microdomains, and diffusion and clustering in the
apical brush border membrane. The visualization of these trafficking events by means of novel
microscopy techniques that includes Fluorescence Lifetime Imaging Microscopy (FLIM), Forster
Resonance Energy Transfer (FRET), Fluctuation Correlation Spectroscopy (FCS), and Modulation
Tracking (MT), is the primary focus of this review.
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INTRODUCTION

Prior to cloning of the renal phosphate transporters extensive work involving micropuncture
studies, isolated perfused tubules, isolated apical brush border membrane (BBM) vesicles,
and cultured opossum kidney (OK) cells, a model of the renal proximal tubule, had
identified regulation of sodium gradient-dependent phosphate (NaPi) transport by dietary,
hormonal and metabolic factors. However, the molecular nature and molecular mechanisms
of the NaPi transporters was unknown. The cloning of the renal NaPi-2a (SLC34A1) and
NaPi-2c (SLC34A3) phosphate transporters [13, 48, 61, 70] and generation of highly
specific antibodies has made it possible to decipher the cellular and molecular mechanisms
for the regulation of renal proximal tubular Pi reabsorption. It is now known that NaPi-2a is
responsible for approximately 70% of the Pi reabsorbed in the adult kidney of mice and rats,
and NaPi-2c handles the remaining 30%. The kidney also expresses PiT-2 (SLC20A2) which
is upregulated by dietary Pi deprivation [80], however the contribution of this transporter to
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overall renal proximal tubular transport remains debated. This review will focus on the
regulation of SLC34 proteins by acute changes in dietary Pi, parathyroid hormone (PTH);
interactions with PDZ domains; and membrane lipid composition using a variety of novel
microscopy techniques developed largely in the authors’ laboratories.

Regulation of NaPi activity by apical BBM trafficking by acute changes in dietary

phosphate

Dietary Pi restriction results in increase of proximal tubular NaPi transport [2, 11, 35, 41,
76]. This regulation is in part independent of extrarenal factors such as parathyroid hormone
(PTH), 1,25 dihydroxyvitamin D3, plasma calcium, or growth hormone [57]. The increase in
NaPi transport also occurs in OK cells grown in culture containing a low Pi medium. In
response to in vivo or cell culture Pi restriction, the increase in Na-Pi cotransport is mediated
by an increase in the maximal capacity of transport, Vmax, Whereas there are no alterations
in the affinities (K,) for Pi or Na ions [57].

Following the cloning of NaPi-2a, the first set of studies determined that in response to
chronic (days) low Pi diet there were increases in BBM NaPi cotransport activity, NaPi-2a
mRNA, and BBM NaPi-2a protein abundance as demonstrated by western blotting and
confocal immunofluorescence microscopy. On the other hand, in response to acute (2 hour)
feeding of a low Pi diet there were increases in BBM NaPi cotransport activity and NaPi-2a
protein abundance, with no alterations in NaPi-2a mRNA. In addition, in response to acute
(2 hour) feeding of a high Pi diet there were decreases in BBM NaPi cotransport activity and
NaPi-2a protein abundance, with no alterations in NaPi-2a mRNA [43, 45, 59, 84].

To further characterize the mechanisms of the acute adaptation to a low Pi diet, and
determine the roles of transcription and translation, animals were treated with actinomycin
D, which is an inhibitor of transcription, or cycloheximide, which is an inhibitor of
translation. The results indicated that in response to acute feeding of a low Pi diet the
increase in apical membrane NaPi-2a protein was independent of de novo transcription and
translation or de novo protein synthesis. These findings were also confirmed by absence of
alterations in cortical homogenate NaPi-2a protein content.

Interestingly treatment of animals with colchicine, which disrupts the microtubules,
prevented the increases in BBM NaPi cotransport activity and NaPi-2a protein content. In
contrast, in response to acute feeding of a high Pi diet, colchicine did not prevent the rapid
decreases in NaPi cotransport activity or BBM NaPi-2a protein content. These studies
provided evidence that the rapid increase sin renal proximal tubular apical BBM NaPi
cotransport activity and NaPi-2a protein content is most likely induced by microtubule-
dependent trafficking of existing NaPi-2a transporters to the apical BBM [46].

PTH-mediated regulation of NaPi-2a and NaPi-2c activity by apical BBM trafficking

Parathyroid hormone (PTH) is an important regulator of Pi reabsorption by the kidney.
Parathyroidectomy (PTX) decreases urinary Pi excretion, whereas infusion of PTH increases
Pi excretion [6]. The phosphaturic action of PTH is mediated by decrease in NaPi transport
activity in the apical BBM of the renal proximal tubule [58]. The decrease in NaPi transport
is characterized by a decrease in Vax With no alteration in the K, for Pi [27].

Pflugers Arch. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Levi and Gratton

Page 3

Following the cloning of NaPi-2a, the studies indicated that chronic parathyroidectomy in
rats resulted in an increase in BBM Na-Pi cotransport activity and BBM NaPi-2a protein
abundance. Surprisingly, there was no alteration in NaPi-2a mRNA abundance. Acute (2
hour or less) administration of PTH resulted in significant decreases in BBM NaPi
cotransport activity and NaPi-2a protein content. Once again and surprisingly there was only
a minor decrease in NaPi-2a mRNA [36, 59].

Further studies in rats showed that PTH induced a decrease in NaPi-2a protein abundance in
BBM within 15 minutes of administration. In parallel, NaPi-2a transporter accumulated in
intracellular vesicles. After 60 minutes of PTH administration, there were marked decrease
in BBM and cellular NaPi-2a protein. Pretreatment of the animals with paclitaxel (Taxol)
which inhibits microtubule dynamics resulted in subapical accumulation of NaPi-2a after 15
minutes. In addition, there was a delay in depletion of intracellular transporters after 60
minutes of PTH administration. Colchicine administration similarly caused a delay in
intracellular NaPi-2a depletion. These results indicated that PTH downregulates NaPi-2a
through rapid endocytosis by (a) first internalization of the transporter into subapical
vesicles, and (b) then delivery to lysosomes by a process that depends on microtubules [47].

For further investigation of the molecular regulation of the NaPi transporters the authors
used several novel microscopy techniques, largely developed in their laboratories. These
included applications of apical membrane total internal reflection fluorescence (TIRF)
microscopy, which allowed for the imaging of the GFP-tagged NaPi transporters within 100
nm of the coverslip. For apical TIRF the OK cells were grown on filters and then inverted
upside down on the inverted Zeiss microscope stage [5]. This technique was then used to
examine how PTH induces the movement of NaPi-2a out of brush border microvilli in living
OK cells in real time. These studies showed that PTH induces rapid removal of NaPi-2a
from the apical brush border microvilli and that a dynamic actin cytoskeleton is required for
that process. Moreover, myosin VI is also required for PTH-induced removal of NaPi-2a
from BBM microvilli [5].

Additional microscopy techniques were applied by the authors including nanometer-scale
imaging by the modulation tracking method [38], also known as nano-scale precise imaging
by rapid beam oscillation (nSPIRO) [12]. This yields 20 nm resolved 3D images of GFP-
tagged NaPi in the microvilli of live OK cells (Fig 1A). An additional technique, raster
image correlation spectroscopy (RICS), together with cross correlation RICS, and number
and brightness (N&B) analysis [8, 17, 18, 68] further permitted the measurement of the
lateral movement (diffusion coefficient) and clustering/aggregation of GFP-tagged
NaPi-2a/c in the microvilli live OK cells (Fig 1B). These techniques made it possible to
determine the molecular mechanisms of the differential modulation of NaPi-2a versus
NaPi-2c by PTH. In the absence of PTH the two NaPi cotransporters have similar diffusion
coefficients within the membrane. After PTH addition NaPi-2a moves faster than NaPi-2c
(Fig 1B). PTH treatment of OK cells causes endocytosis of NaPi-2a from the apical BBM
within 1 h. In contrast PTH induced NaPi-2c endocytosis is markedly delayed. Interestingly,
myosin VI is also required for PTH-induced internalization of NaPi-2c. These studies
indicate that NaPi-2c is present in the apical membrane for longer periods of time after PTH
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treatment, which can explain, at least in part, for the difference in kinetics of NaPi-2a versus
NaPi-2c endocytosis following PTH [39].

Parallel studies in several other laboratories determined the signaling processes involved in
PTH-induced regulation of NaPi-2a. PTH interacts with a G protein-coupled receptor
(PTH1R) expressed at the apical and basolateral membranes of proximal tubules [53, 56,
78]. PTH via activating apical or basolateral PTH receptors induces marked decrease in
NaPi-2a protein due to endocytosis from the BBM, followed by trafficking to the lysosomes
for degradation [37, 65, 77]. Several PTH isoforms that selectively activate apical and/or
basolateral PTH receptors have been developed [53, 78]. PTH-(1-34) activates both apical
and basolateral PTH receptors, whereas PTH-(3-34) activates only apical PTH receptors
[56, 78]. Apical PTH receptors couple to the phospholipase C (PLC)-protein kinase C (PKC)
signaling pathways. In contrast, basolateral PTH receptors activate the cAMP- and protein
kinase A (PKA)-dependent signaling pathways [56, 78]. Activation of both signaling
pathways result in PTH induced NaPi-2a endocytosis from the BBM and degradation in the
lysosome [60].

Regulation of NaPi activity and NaPi-2 protein membrane abundance by NaPi-2-PDZ

interactions

The three COOH-terminal amino acid residues of the NaPi-2a protein interact with several
PDZ (PSD-95, discs-large, and ZO-1) motif containing proteins, some of which colocalize
in the BBM with NaPi-2a [23, 24]. These proteins include the Na/H exchanger regulatory
factor 1 (NHERF1) and PDZ-Domain Containing 1 (PDZK1) [3, 29]. In addition to
NHERF1, which is also known as ezrin-binding protein 50 (EBP50) [73, 83], there is a
second isoform, NHERF2, which resides in a different compartment as compared to
NHERF1 [81, 82].

NHERF1 regulates NaPi transporter activity and NaPi-2a protein abundance in the BBM.
BBM NaPi-2a abundance is reduced in in NMherfi-deficient mice [74], and OK cells [28].

While NHERF1 contains two PDZ domains, PDZ1 and PDZ2, only PDZ1 is required for
interaction with NaPi-2a [49, 50]. NHERF1 forms part of a signaling complex in OK cells
that contains PTH1 receptor, phospholipase C (PLCP), and the actin cytoskeleton [50].
Studies suggest that both NHERF1 and NHERF2 functional roles in the coupling of PTH1
receptor to PLC [49, 50].

PTH-(1-34) induces the endocytosis of NaPi-2a in wild-type and Nherfl-deficient mice. In
contrast, PTH-(3-34) does not cause NaPi-2a endocytosis in NMherfl-deficient mice, which
may be mediated by decreased activation of PLC activity [9].

In addition to NaPi-2a, PDZ interactions also play an important role in regulation of NaPi-2c
expression and trafficking. NaPi-2a and NaPi-2c exhibit several physiological differences:
A) NaPi-2a is electrogenic [21], and NaPi-2c is electroneutral [70]; B) both NaPi-2a and
NaPi-2c are decreased in response to feeding a high Pi diet. However NaPi-2a endocytosis is
rapid (less than 1 h) and occurs along the entire proximal tubule, endocytosis is independent
of microtubules, and NaPi-2a is delivered to the lysosome NaPi-2c internalization is
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observed in the S1 segment only, internalization takes place via a microtubule-dependent
process, but however, and then NaPi-2c proteins accumulate in a subapical compartment
rather than being degraded in the lysosome [71]; C) As discussed in the preceding section in
detail, similar differences also occur for PTH induced NaPi-2a and NaPi-2c internalization
from the apical BBM [72].

The differential regulatory mechanisms of dietary Pl and PTH can also be explained by the
type and number of PDZ proteins with which NaPi-2a and NaPi-2c interact. [4, 30]. PDZ
proteins that interact with NaPi-2a and NaPi-2c were identified by means of two-hybrid
systems, co-immunoprecipitation, confocal microscopy and apical TIRF microscopy. These
studies determined that both NaPi-2c and NaPi-2a interact with the PDZ domain-containing
proteins NHERF1 and NHERF3 (PDZK1) [79].

The functional significance of the NaPi-2c and PDZK1 interaction was established in Pdzk1
knock-out mice. In PdzkZ =~ mice fed low Pi diet, there was impaired upregulation of
NaPi-2c but normal upregulation of NaPi-2a protein in the apical BBM. These results
indicated an important role for PDZK1 in localization of NaPi-2c in the BBM.

Additional studies determined the specific protein-protein interactions of NaPi transporters
with PDZK1 (Fig 2) and NHERF-1 (Fig 3) by Forster Resonance Energy Transfer via
Fluorescence Lifetime Imaging Microscopy (FLIM-FRET). The FLIM-FRET technique is
more precise and relatively less error prone compared to the classical intensity-based FRET
technique. For this purpose, the fit-free phasor approach to fluorescence lifetime imaging
analysis was applied [16, 31, 32, 51, 66, 67]. The phasor representation allows for the
determination of the presence of different molecular species that result in fluorescence decay
(lifetime), as well as the occurrence of fluorescence resonance energy transfer (FRET),
which allows for the determination of molecular interactions that occur within 10 nm
intermolecular spacing (see insets, Figs 2A-D and 3A-D). NaPi-2c had slightly increased
FRET efficiency (indicative of increased interaction) with PDZK1 when compared to
NaPi-2a (Fig 2E and Fig 2F). In contrast, FRET measurements showed a much stronger
interaction of NHERF-1 with NaPi-2a than with NaPi-2c (Fig 3E and Fig 3F). The
differential affinity of NaPi-2a and NaPi-2c transporters for NHERF-1 and PDZK1 proteins
could partially explain their differential regulation by dietary Pi and/or PTH [22].

Applying similar techniques Shank2E has also been shown to interact with NaPi-2a in native
BBM isolated from rat and in OK cells [19, 20, 54]. In rats and in OK cells maintained in
low Pi conditions Shank 2E plays an important role in the apical retention of NaPi-2a
whereas under high Pi conditions Shank2E remains associated with NaPi-2a and both are
endocytosed from the apical membrane [19, 20, 54].

Regulation of NaPi activity by perturbations in apical BBM lipid composition and lipid rafts

The first evidence for lipids playing a role in modulating NaPi cotransport activity became
apparent in studies in aging rat kidneys where tubular Pi transport was found to be impaired
[40]. The studies revealed two potentially complementary mechanisms that mediate the
decrease in NaPi transport: a) a parallel decrease in NaPi-2a mRNA and BBM NaPi-2a
protein abundance, which indicates transcriptional and translational regulation of the age-
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dependent decrease in NaPi transport [1, 75] and b) post-transcriptional and post-
translational regulation via alterations in BBM lipid composition, especially cholesterol, that
can regulate NaPi-2a by multiple mechanisms, including trafficking [7] and modulation of
NaPi-2a protein diffusion and clustering.

In the aged rat BBM there was a significant increase in BBM cholesterol and sphingomyelin
content and a decrease in BBM fluidity (lipid dynamics) as determined by measuring
anisotropy of diphenylhexatriene (DPH) by fluorescence spectroscopy. Indeed previous
studies had indicated that cholesterol, sphingomyelin and saturated fatty acids are important
regulators of BBM fluidity [55]. The alteration of BBM lipid composition and fluidity may
also mediate the impaired renal response to a low Pi diet in the aged rat. In the adu/trat the
renal adaptation to a low Pi diet is accompanied with a decrease in BBM cholesterol content
and an increase in BBM fluidity. In contrast, in aged'rats there is impaired renal tubular NaPi
transport in response to a low Pi diet which may be caused by higher BBM cholesterol
content and decreased BBM fluidity. The study therefore suggested that in aged rats the
increase in BBM cholesterol content and the concomitant decrease in BBM fluidity may
mediated the decreased renal tubular Pi transport and impaired adaptation to a low-Pi diet
[40].

To further determine a role for BBM cholesterol per se in regulation of Na-Pi transport
activity, follow-up studies determined whether /n vitro enrichment of renal BBM with
cholesterol had a direct modulating effect on Na-Pi cotransport. Increases in BBM
cholesterol content caused a dose-dependent decreases in NaPi cotransport activity, which
was paralleled by dose-dependent increases in fluorescence anisotropy of diphenylhexatriene
(DPH), i.e. a decrease in BBM fluidity. When BBM NaPi cotransport activity was analyzed
as a function of BBM fluidity, a direct correlation was established between BBM fluidity
and BBM NaPi cotransport activity. In addition, in BBMs isolated from rats fed a low Pi
diet, /n vitro enrichment with cholesterol completely reversed the increase in BBM NaPi
cotransport activity and BBM fluidity. These findings indicated that cholesterol directly
modulates renal BBM NaPi cotransport activity with potential consequences for the
regulation of Pi homeostasis [41].

The findings in vivo were complemented with additional studies using OK cells. To
determine the effects of acute decreases in cholesterol content, OK cells were treated with
beta-methyl cyclodextrin (beta-MCD). To determine the effects of acute increases in
cholesterol content, OK cells were treated with cholesterol complexed to beta-MCD. The
results indicated that acute cholesterol depletion resulted in increases in NaPi cotransport
and NaPi-2a protein abundance. In contrast, acute cholesterol enrichment caused decreases
in NaPi cotransport and NaPi-2a protein abundance.

In additional studies, to determine the effects of chronic decrease in cholesterol content, OK
cells were cultured in lipoprotein deficient serum (LPDS). To determine the effects of
chronic increase in cholesterol content, OK cells were grown in the presence of LPDS
followed by loading with LDL. Chronic decrease in cholesterol content resulted in increases
in NaPi cotransport protein and apical membrane as well as total cell NaPi-2a protein
abundance. The converse occurred with chronic increase in cholesterol content.
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Cholesterol depletion in OK cells also resulted in a significant increase in membrane lipid
fluidity and alterations in lipid microdomains or lipid rafts as determined by Laurdan (6-
Dodecanoyl-N, N-dimethyl-2-naphthylamine) fluorescence spectroscopy and multiphoton
excitation (MPE) fluorescence confocal microscopy imaging. Laurdan is a fluorescent probe
[34] that has been widely used in the authors’ laboratories to probe lipid dynamics and lipid
nanodomains (also known as lipid rafts) in living cells and in isolated membranes using two-
photon excitation microscopy as well as spectroscopy [10, 14, 25, 26, 42, 52, 62, 63].

These results with OK cells corroborated the observations in vivo in rats fed a low Pi diet
and in ageing kidney and suggested that acute and chronic alterations in cholesterol content
per se modulate NaPi cotransport activity and apical membrane NaPi-2a protein abundance.
In addition cholesterol has marked effects on BBM fluidity and regulation of lipid
nanodomains which may have important regulatory effects in regulation of NaPi activity [7].

An additional role for alterations in BBM lipid composition in the regulation of NaPi
cotransport activity became apparent in glucocorticoid treated mice. Glucocorticoids inhibit
renal Pi transport. Treatment of rats with dexamethasone decreases BBM NaPi cotransport
activity which is mediated by decreased abundance of BBM NaPi-2a protein and renal
cortical NaPi-2a mRNA. At the same time, there was a significant increase in BBM
glucosylceramide content. Rats were then treated with the glucosylceramide synthase
inhibitor, D-threo-1-phenyl-2-decanoyl-amino-3-morpholino-1-propanol (PDMP), to
determine whether the increase in glucosylceramide content per se played a role in the
decrease in NaPi cotransport activity and NaPi-2a protein abundance. The results indicated
that decreasing BBM glucosylceramide content resulted in an increase in NaPi cotransport
activity and an increase in BBM NaPi-2a protein abundance. Hence, BBM glucosylceramide
content could at least in part play a regulatory role in the inhibitory effect of glucocorticoids
on NaPi cotransport activity [44].

Dietary potassium (K) deficiency has been associated with phosphaturia and
hypophosphatemia. Dietary K deficiency in rats resulted in a marked increase in urinary Pi
excretion and a decrease in BBM NaPi cotransport activity. Surprisingly, the decreasein
NaPi cotransport activity was associated with an /ncrease in the abundance of NaPi-2a
protein (Fig 4). The decrease in NaPi transport was also associated with significant
alterations in BBM lipid composition, including increases in sphingomyelin,
glucosylceramide, and ganglioside GM3 content and a decrease in BBM lipid fluidity (Fig
4A). Treatment with the glucosylceramide synthase inhibitor, D-threo-1-phenyl-2-decanoy!l-
amino-3-morpholino-1-propanol (PDMP), normalized BBM NaPi cotransport activity in K-
deficient rats to the same level as in control rats. The increase in transport activity occurred
despite no alterations in BBM NaPi-2a protein or renal cortical NaPi-2a mRNA [85].

By using a detergent-free density gradient flotation technique, it was found that there is a
highly significant amount of the apical membrane NaPi-2a protein which partitions into
cholesterol-, sphingomyelin-, and GM1-enriched membrane fractions characterized as “lipid
raft” fractions (Fig 4A). Dietary K deficiency results in a further increase of NaPi-2a protein
localized in the lipid raft fractions. The molecular mechanisms mediating the regulation of
NaPi cotransport activity by lipid rafts were investigated using fluorescence spectroscopy
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and multiphoton excitation (MPE) fluorescence microscopy with the lipid probe Laurdan.
These studies provided evidence for presence of lipid rafts in BBM [14, 15, 42, 64]. To
determine how lipids and lipid rafts modulate NaPi protein dynamics, as discussed in the
preceding section, a novel technique scanning fluorescence correlation spectroscopy (SFCS)
and photon counting histogram (PCH), also known as molecular brightness, was developed
in the authors’ laboratory [69]. Giant unilamellar vesicles (GUVs) were then isolated from
control BBM and K deficient BBM to determine the potential biophysical consequences of
increased NaPi-2a portioning into lipid raft fractions. The results indicated a significant 2-
fold decrease in lateral diffusion of NaPi-2a protein in GUVs from K deficiency despite a 2-
fold increase in NaPi-2a protein abundance. In addition, compared to controls where
NaPi-2a protein was present in dimers, in K deficiency the NaPi-2a protein was present in
pentamers. These results agreed with western blots showing higher molecular weight
complexes in K deficiency. These results indicated that the regulatory mechanism that
modulates NaPi transport activity because of increased presence in lipid raft fractions
involves decrease in NaPi-2a diffusion and increase in NaPi-2a clustering (Fig 4B) [33].

CONCLUSIONS and PERSPECTIVES

Renal tubular Pi transport mediated by NaPi-2a and NaPi-2c is regulated by several
molecular and cellular mechanisms that include transcriptional, translational, and
posttranslational processes, such as acute internalization from the apical membrane
(endocytosis), acute translocation to the apical membrane (exocytosis), NaPi-PDZ domain
interactions, and NaPi-lipid interactions that can result in alterations in NaPi protein
diffusion and clustering in the apical BBM.

Although the current studies have revealed several of the molecular and signaling
mechanisms that regulate renal tubular NaPi transport and NaPi-2a protein, additional
investigations are needed to elucidate the details of NaPi-2c regulation. These studies should
include proximal tubular axial (i.e. convoluted versus straight proximal tubule) regulation of
NaPi-2a and NaPi-2c in rodent models as well as in human proximal tubules as there may be
differences in regulation of SLC34 transporters. Additional detailed molecular and cellular
studies are also needed for the regulation of intestinal transporters and elucidation of
transcellular transport versus paracellular mechanisms involved in Pi reabsorption,
especially in the presence of chronic kidney disease.
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Molecular dynamics of NaPi-2a and NaPi-2c at the apical membrane of OK cells. (A)
Three-dimensional representation of a microvillus expressing NaPi-2a and NaPi-2c carrying
different tags, Cerulean and mCherry respectively. Expression levels are color coded, scale
bar, 200 nm. (B). Normalized diffusion coefficients of NaPi-2a (upper panel) and NaPi-2c
(lower panel) upon PTH addition. Whereas diffusion of NaPi2a peaked within 20 minutes
and then decreased markedly, NaPi2c showed delayed reaction and diffusion only increased
significantly after almost an hour after PTH application. Figure adapted from ref 39.
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Figure2.
Interaction of NaPi-2a and NaPi-2c with PDZK1. (A-D) Intensity images of OK cells

transfected with Cerulaen-NaPi-2a (A), Cerulean -NaPi-2a / EYFP-PDZK1 (enhanced
yellow fluorescent protein, B), Cerulean -NaPi-2c (C) and Cerulean -NaPi-2c / EYFP-
PDZK1 (D).The two insets exemplify the complex quantification of FRET: The relative
spatial separation of fluorescent signals from controls (A,C) and cells co-expressing the
FRET partners (B,C) is indicative for FRET. (E) Quantification of the FRET signal between
NaPi-2a/2c and PDCKJ1. For experimental and methodological details concerning the
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quantification method refer to ref 22. (F) Schematic representation of NaPi-2a and NaPi-2c
interactions with PDZK1. The two NaPi isoforms are depicted with the Cerulean tags;
PDZK1 contains four PDZ domains and has an N-terminal EYFP tag. NaPi-2a binds to the
third PDZ domain of PDZK1 whereas NaPi-2c interacts with the second one. FRET
intensity depends crucially on the distance between the two fluorophores (but also on the
number of interacting molecules. Figure adapted from ref 22.
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Figure 3.

Interaction of NaPi-2a and NaPi-2c with NHERF1. (A-D) Intensity images of OK cells
transfected with Cerulaen-NaPi-2a (A), Cerulean -NaPi-2a plus EYFP-PDZK1 (B),
Cerulean -NaPi-2c (C) and Cerulean -NaPi-2c plus EYFP-PDZK1 (D).The two insets
exemplify the complex quantification of FRET. (E) Quantification of the FRET signal
between NaPi-2a/2c and NHERF1. (F) Schematic representation of NaPi-2a and NaPi-2c
interactions with NHERF1. The two NaPi isoforms are depicted with the Cerulean tags;
NHERF1 contains two PDZ domains and an N-terminal EYFP tag. Both NaPi-2a and
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NaPi-2c bind to the first PDZ domain of NHERF1,although NaPi-2c¢ binds with a lower
prevalence. Figure adapted from ref 22.
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Figure 4.

Association of NaPi-2a with lipid rafts. (A) BBM were gradient separated and quantified for
NaPi-2a and lipids associated with lipid rafts, cholesterol, sphingomyelin and GM1
(monosialotetrahexosylganglioside) as indicated in the respective panels. NaPi-2a is
preferentially partitioned into cholesterol-, sphingomyelin-, and glycosphingolipid-enriched
BBM domains, i.e. fractions 1-4 (shaded area). (B) Diffusion of NaPi-2a in giant unilamellar
vesicles extracted from K* deficient (blue squares) and control rats (red squares). In
preparations from K* deficient animals NaPi-2a shows significantly reduced diffusion
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coefficient as compared to controls. Gt represents the autocorrelation function reflecting
fluorescence fluctuation, i.e. fluorophore diffusion; tau represents the time delay. For
experimental details see ref 33. The insets are fluorescent representations of giant
unilamellar vesicles and the arrow depicts the area that where diffusion was measured.
Fluorescence is increased in membranes from K* deficient animals reflecting an
accumulation of transporter at the membrane. Figure adapted from [33].
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