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Parathyroid hormone inhibits renal phosphate
transport by phosphorylation

of serine 77 of sodium-hydrogen
exchanger regulatory factor—1
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Parathyroid hormone (PTH), via activation of PKC and/or protein kinase A, inhibits renal proximal tubular
phosphate reabsorption by facilitating the internalization of the major sodium-dependent phosphate trans-
porter, Npt2a. Herein, we explore the hypothesis that the effect of PTH is mediated by phosphorylation of
serine 77 (S77) of the first PDZ domain of the Npt2a-binding protein sodium-hydrogen exchanger regulatory
factor-1 (NHERF-1). Using recombinant polypeptides representing PDZ I, S77 of NHERF-1 is phosphorylated
by PKC but not PKA. When expressed in primate kidney epithelial cells (BSC-1 cells), however, activation of
either protein kinase phosphorylates S77, suggesting that the phosphorylation of PDZ I by PKC and PKA
proceeds by different biochemical pathways. PTH and other activators of PKC and PKA dissociate NHERF-1/
Npt2a complexes, as assayed using quantitative coimmunoprecipitation, confocal microscopy, and sucrose
density gradient ultracentrifugation in mice. Murine NHERF-1-/- renal proximal tubule cells infected with
adenovirus-GFP-NHERF-1 containing an S77A mutation showed significantly increased phosphate transport
compared with a phosphomimetic S77D mutation and were resistant to the inhibitory effect of PTH compared
with cells infected with wild-type NHERF-1. These results indicate that PTH-mediated inhibition of renal
phosphate transport involves phosphorylation of S77 of the NHERF-1 PDZ I domain and the dissociation of

NHERF-1/Npt2a complexes.

Introduction

Parathyroid hormone (PTH) increases the urinary excretion of
phosphate by facilitating the retrieval and internalization of
Npt2a, the major sodium-dependent phosphate transporter
found in the apical membrane of the cells of the renal proximal
convoluted tubule (1-3). The precise physiologic and biochemi-
cal pathways relating activation of the PTH receptor to the endo-
cytosis of Npt2a, however, are not known. An insight into this
process was provided by the observations that Npt2a binds to
the PDZ domain adaptor protein sodium-hydrogen exchanger
regulatory factor-1 (NHERF-1) and that NHERF-17/- mice dem-
onstrate phosphaturia and mistargeting of Npt2a (4, 5). Subse-
quent experiments demonstrated that NHERF-1 functions as a
membrane retention signal for Npt2a and that sodium-depen-
dent phosphate transport in renal proximal tubule cells from
NHERF-1 mice was resistant to the inhibitory effect of PTH (3,
6,7). NHERF-1-/- cells were also resistant to the inhibitory effect
of activators of PKC and PKA, the 2 major signaling pathways of
the PTH1 receptor, indicating that the resistance to PTH derived

Nonstandard abbreviations used: BBM, brush border membrane; DOG, 1,2-5,n-
dioctanoylglycerol; Npt2a, Na*-P; cotransporter type ITa; NHERF-1, sodium-hydrogen
exchanger regulatory factor-1; OK, opossum kidney; PP2A, protein phosphatase 2A;
PTH, parathyroid hormone.
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from the interaction between NHERF-1 and Npt2a (6). It was
originally hypothesized that the regulation of Npt2a involved the
phosphorylation of the transporter itself, but extensive mutagen-
esis studies by Murer and colleagues failed to identify modifiable
residues that accounted for the effect of PTH on the apical mem-
brane abundance of Npt2a (8, 9). More recent studies from the
same laboratory indicate that in mouse kidney slices, Npt2a is not
a phosphoprotein in the basal state and is not phosphorylated in
response to treatment with PTH (10). However, Murer and col-
leagues were able to demonstrate increased phosphorylation of
NHERF-1 in mouse kidney tissue (10).

In the present experiments, we examine the hypothesis that
PTH-mediated phosphorylation of the PDZ I domain of NHERF-1
affects the stability of Npt2a/NHERF-1 complexes and that the
dynamic regulation of this association determines the abundance
of Npt2a in the apical membrane of renal proximal convoluted
tubule cells and, as a consequence, the reabsorption of phosphate.
We first reported that NHERF-1 was a phosphoprotein and iden-
tified phosphorylation sites in the C terminus of the NHERF-1
protein (11). Additional potential phosphorylation sites were
identified in residues C-terminal to the PDZ domains, sites that
may affect dimerization of the protein (12, 13). More recently, a
phosphorylation site was identified in the PDZ II domain that
modulated the binding of the cystic fibrosis transmembrane
conductance regulator (CFTR) (14). Here, we focus on the PDZ I
domain of NHERF-1, the site of binding of Npt2a. There are 4
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Figure 1

NHERF-1 was immunoprecipitated from [32P]Jorthophosphate-labeled
wild-type proximal tubule cells under control conditions and after treat-
ment with PTH, DOG, or 8-bromo-cAMP. Shown is a representative
SDS-PAGE autoradiograph (top panel) and Western immunoblot
(lower panel) of immunoprecipitated NHERF-1.

potential phosphorylation sites in PDZ 1 (S46,S77,T71,and T9S5).
When cDNAs representing the PDZ I domain of NHERF-1 were
expressed in COS cells, treatment with the phosphatase inhibi-
tors okadaic acid or calyculin A resulted in the phosphorylation of
S77, the major site, T95, and T71 (15). Doctor and colleagues have
also identified S77 and T71 as phosphorylated residues (16). S77
is located on the o helix that forms part of the binding groove of
the first PDZ domain of NHERF-1. In the present experiments, we
provide evidence that PTH, acting through PKC and PKA, phos-
phorylates S77 of PDZ I, resulting in decreased binding of Npt2a
and decreased proximal tubule transport of phosphate.

Results

We initially determined whether PTH and its second messenger
pathways mediated by PKC and PKA phosphorylated endogenous
full-length NHERF-1 using 32P-labeled wild-type proximal tubule
cells in primary culture. NHERF-1 was immunoprecipitated and,
as compared with control conditions (172 + 32 counts [AU]), the
phosphorylation of NHERF-1 was increased in cells treated with
PTH by 2.6-fold (450 + 40 counts), 1,2-5,n-dioctanoylglycerol (DOG)
to activate PKC by 2.2-fold (384 + 46 counts), and 8-bromo-cAMP
to activate PKA by 2.1-fold (367 + 16 counts) (n = 3) (Figure 1).
The recovery of NHERF-1, as determined by Western immunob-
lotting, was equal in all experimental conditions. In vitro and in
vivo assays were then used to specifically examine the phosphory-
lation of the PDZ I domain (aa 1-151 of rabbit NHERF-1). In vitro,
PKC and PKA phosphorylated the common substrate histone H1,
indicating both kinases were active (data not shown). By contrast,
a recombinant polypeptide representing wild-type PDZ I was
phosphorylated by PKC (5.1-fold relative to background) but not
PKA (Figure 2). When the cDNA representing wild-type PDZ I
of NHERF-1 was expressed in BSC-1 cells, however, activation
of either PKC with DOG or PKA using 8-bromo-cAMP resulted
in increased phosphorylation of PDZ I by 3.3-fold and 2.2-fold
(n = 2), respectively (Figure 3). To study the phosphorylation of
S77, we compared the phosphorylation of PDZ I with all 4 poten-
tial phosphorylation sites mutated to alanine residues (mutation
1) with that of PDZ I in which all sites except S77 were mutated to
alanine residues (mutation 2). In vitro phosphorylation of these
recombinant polypeptides indicated that PKC (3.6-fold relative to
background) but not PKA phosphorylated S77 (Figure 2). When
expressed in BSC-1 cells (n = 2), activation of both PKC and PKA
phosphorylated S77 of the mutation 2 polypeptide by 2.0- and 1.9-
fold, respectively (Figure 3). There was no phosphorylation of the
mutation 1 polypeptide by activation of either PKC or PKA. Thus,
PKC phosphorylated PDZ I and S77 in vitro and in vivo, where-
as PKA only phosphorylated PDZ I and S77 when expressed in
cells. These results indicate that PKA-mediated phosphorylation,
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in contrast to PKC-mediated phosphorylation, of PDZ I did not
occur directly but rather required cellular biochemical processes.
Although protein kinases are known regulators of cell function,
the role of protein phosphatases that reverse or oppose the kinase
reactions is often not fully appreciated. We reasoned that a pos-
sible explanation for the differences between in vitro and in vivo
phosphorylation of S77 by PKA might be that in cells, PKA inhib-
its S77 protein phosphatases by activating endogenous cellular
protein phosphatase inhibitors. To investigate the contribution
of phosphatases in PKC and PKA signaling in renal tissue, we ana-
lyzed the effect of DOG and 8-bromo-cAMP on sodium-dependent
phosphate transport in wild-type cultured mice proximal tubule
cells in the absence or presence of calyculin A, an inhibitor of pro-
tein phosphatase 2A (PP2A) and PP1 (17). The studies were then
repeated using fostriecin, a more specific inhibitor of PP2A (18).
As summarized in Table 1, both calyculin A and fostriecin alone
inhibited phosphate transport. In the presence of either protein
phosphatase inhibitor, activation of PKC further inhibited phos-
phate transport. By contrast, 8-bromo-cAMP had no additive effect
in the presence of either calyculin A or fostriecin. To determine
whether the changes in phosphate transport were specific, we also
measured the sodium-dependent uptake of [*H]3-O-methyl-p-glu-
cose. Compared with control conditions, there were no significant
differences in 3-O-methyl-D-glucose uptake in cells treated with
calyculin A (3.4% + 6%), calyculin A plus DOG (-3.5% * 4%), or
calyculin A plus 8-bromo-cAMP (-3.6% £ 3%). When considered
in association with the phosphorylation experiments, it would
appear that both PKC and PKA result in the phosphorylation of
S77 of PDZ I of NHERF-1 but that the biochemical pathways uti-
lized by the 2 protein kinases to achieve this effect are different.
We next examined the in vivo binding of Npt2a to NHERF-1 in
response to PTH and activation of PKC and PKA using various
assays. In initial experiments, NHERF-1 was immunoprecipitated
in wild-type proximal tubule cells under control nonstimulated
conditions and after treatment with DOG or 8-bromo-cAMP. As
shown in Figure 4, NHERF-1 and Npt2a coimmunoprecipitated
under control conditions. Activation of PKC or PKA did not affect
the recovery of NHERF-1 but significantly decreased the recovery
of Npt2a, by 44% + 5% (P < 0.05) and 38% = 3% (P < 0.05) (n = 4),
respectively. Cultured wild-type proximal tubule cells that were
pretreated with leupeptin (100 ug/ml) for 30 minutes to inhibit
lysosomal degradation were studied using the same treatment
protocols as above. The cells were then fixed and stained for either

WT Mutation 1 Mutation 2
- + - + . +
PKA
Figure 2

Autoradiographs of the in vitro phosphorylation of recombinant pro-
teins representing wild-type PDZ |, PDZ | with all 4 potential phos-
phorylation sites mutated to alanine residues (Mutation 1), or PDZ |
with all sites except S77 mutated to alanine residues (Mutation 2).
The polypeptides were incubated in [y32P]JATP and magnesium in the
absence (-) or presence (+) of PKC plus phospholipid (upper panel)
or PKA (lower panel).
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Npt2a or NHERF-1 and analyzed by laser confocal microscopy. As
shown in representative xz reconstructions from 3 identical experi-
ments (Figure 5), NHERF-1 was detected in the apical membrane
of wild-type cells, and its distribution did not change in response
to PTH, DOG, or 8-bromo-cAMP. Npt2a also localized to the api-
cal membrane of nonstimulated control cells but was redistributed
to the cytosol of cells treated with PTH, DOG, or 8-bromo-cAMP.
These results are in accordance with recent findings in opossum
kidney (OK) cells reported by Murer and coworkers (10).

To extend these observations to intact animals, renal brush bor-
der membrane (BBM) vesicles were harvested from control ani-
mals and from animals treated with PTH 1-34 (0.5 ug/g body wt)
injected intraperitoneally 45 minutes before harvest. Figure 6A is
arepresentative Western immunoblot showing decreased Npt2ain
BBM from PTH-treated animals. As compared with controls, there
was an 80.1% + 0.6% decrease in the abundance of Npt2a but no
change in NHERH-1 (percent change, -0.6 * 3.6) (n = 3). In sepa-
rate experiments, the BBMs were treated with 0.1 M Triton X-100
and resolved by ultracentrifugation using a 5%-30% sucrose gra-
dient. The fractions were blotted with antibodies against Npt2a,
NHERF-1, ezrin, and clathrin. A representative experiment is
shown in Figure 6B. Under control conditions, Npt2a was detect-
ed in fractions 7-14 and partially overlapped the distribution of
NHERF-1. Following treatment with PTH, there was a remarkable
redistribution of Npt2a, with the greatest abundance now seen in
fractions 11-14. Figure 6C, a summary of 4 experiments where the
abundance of Npt2a and NHERF-1 is expressed as a percent of
total, illustrates the redistribution of Npt2a rela-
tive to NHERF-1. By the same analysis, there was
no change in the distribution of ezrin or clathrin
(see representative example in Figure 6B). These
experiments indicate that PTH and its downstream
protein kinases, PKC and PKA, dissociate Npt2a/
NHERF-1 complexes.

Table 1

- Agonist
To specifically study the role of S77 on PTH-

. S DOG
mediated inhibition of phosphate transport, we CAMP
engineered adenovirus-GFP-NHERF-1 constructs .
containing either inactivating (alanine) or phospho- Agonist
mimetic (aspartic acid) mutations of S77. Figure 7 Dﬁ\ﬁp

c

summarizes results using these reagents (n = 7).
As we have shown previously, NHERF-17/- cells
infected with control adenovirus-GFP had lower
baseline phosphate transport and were resistant to
PTH, while NHERF-1-null cells infected with wild-
type adenovirus-GFP-NHERF-1 had higher base-
line phosphate transport and a normal inhibitory
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Figure 3

Autoradiographs of the in vivo phosphorylation of PDZ | and S77.
cDNAs representing His-tagged wild-type PDZ |, Mutation 1, and
Mutation 2 were transiently expressed in BSC-1 cells. The cells were
metabolically labeled using [2P]orthophosphate and studied under
control conditions and after treatment with DOG or 8-bromo-cAMP. A,
autoradiograph; W, Western immunoblot.

response to PTH (2, 6). NHERF-1-null cells infected with the serine
77 to alanine mutation (S77A) had a significantly (P < 0.05) higher
basal rate of phosphate transport. Phosphate transport in NHERF-1-
null cells infected with the S77A mutation, however, were resistant
to the inhibitory effect of PTH. Infection of NHERF-1-null proxi-
mal tubule cells with the phosphomimetic S77D mutation, on
the other hand, did not result in higher basal sodium-dependent
phosphate transport, and the cells were also unresponsive to PTH.
Sucrose density gradient ultracentrifugation was used to define
the effects of the S77A and S77D mutations on the formation of
NHERF-1/Npt2a complexes in these cultured proximal tubule cells.
As shown in Figure 8, which shows results representative of 2 iden-
tical experiments, PTH treatment of NHERF-1-null cells infected
with adenovirus-GFP-NHERF-1 resulted in a shift in plasma mem-
brane Npt2a but no change in NHERF-1, as was observed in BBM
from control and PTH-treated mice. In cells not treated with PTH,
85% of Npt2a distributed to fractions 11-13. In PTH-treated cells,
90% of Npt2a distributed to fractions 13-14. The distribution of
Npt2a in NHERF-1/- cells infected with the S77A mutant (89% in
fractions 11-13) resembled the pattern seen in cells infected with
wild-type NHERF-1 in the absence of PTH, while the pattern in the
S77D mutant (90% in fractions 13-15) resembled that seen using
wild-type NHERF-1 in the presence of PTH. The distribution of
NHERF-1, on the other hand, did not differ.

NHERF-1 mutations that alter biosynthetic processing or
decrease its trafficking to the BBM could also eventuate in a failure
to retain Npt2a in the plasma membrane with a resultant decrease

The effect of protein phosphatase inhibitors on phosphate transport in renal
proximal tubule cells

n Control Agonist Calyculin A Calyculin A plus agonist
7 10707 6.4+06° 7.2+0.7A 5.2+0.8°8

6 84+11 49+ 0.7A 4.8+ 0.5 51+05

n Control Agonist Fostriecin  Fostriecin plus agonist
6 7410 52+0.77 5.6+1.07 3.9+0.508

7 72141 5.1+0.5% 54+0.8* 5808

Sodium-dependent phosphate transport was measured in cultured mouse wild-type proxi-
mal tubule cells under control conditions and after treatment for 45 minutes with DOG to
activate PKC or 8-bromo-cAMP to activate PKA for 30 minutes. Cells were also treated
with calyculin A or fostriecin for 45 minutes in the absence or presence of DOG or 8-bromo-
cAMP added 15 minutes after calyculin A or fostriecin. Results (mean of means of triplicate
determinations + SEM) are expressed as nmol/mg protein/10 min. n indicates number of
experiments. AP < 0.05 versus control. BP < 0.05 versus calyculin A or fostriecin alone.
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Figure 4

NHERF-1 was immunoprecipitated from wild-type proximal tubule
cells under control conditions or after treatment with DOG or
8-bromo-cAMP. The precipitates were blotted for Npt2a (top row) and
NHERF-1 (bottom row).

in phosphate reabsorption and the loss of hormonal regulation.
To study the targeting and trafficking of NHERF-1, we used BSC-1
cells that lack NHE3, NHERF-1, and NHERF-2 but express
NHERF-3. Cells were grown to confluence, and, using methods
adapted from magnesium precipitation protocols for the prepara-
tion of renal BBM vesicles, we isolated a fraction that, as compared
with whole homogenates, was enriched 8-fold or more in the BBM
markers alkaline phosphatase and NHERF-3 but less than 2-fold
in the basolateral membrane marker Na,K-ATPase (19). Thus, this
fraction appeared to represent a BBM enriched fraction of these
polarized cells. To examine the role of the binding domains of
NHERF-1 as determinants of trafficking, we transiently or stably
expressed wild-type His-tagged NHERF-1, His-tagged NHERF-1
truncated at the C terminal, or His-tagged NHERF-1 with
mutations in the peptide binding grooves of the PDZ domains
(PNGYGF mutated to HNGAGA) (20, 21). The results with tran-
sient and stable transfectants were identical. As shown in Figure 9,
using an anti-NHERF-1 antibody, no bands were seen in non-
transfected cells. Expressed wild-type His-NHERF-1 was readily
detected in the BBM fraction. Expression of NHERF-1 missing the
C-terminal 30-aa region that includes the ERM binding domain
resulted in near total loss of BBM trafficking, results that confirm
recent confocal microscopic studies in OK cells (4). Of interest,
the apical membrane trafficking of NHERF-1 containing muta-
tions in the PDZ I domain was also significantly decreased. Table
2 summarizes these results and also demonstrates that, in contrast
to the larger PNGYGF to HNGAGA mutations, point mutations
of S77 of PDZ I of NHERF-1 did not affect targeting. Moreover,
treatment with DOG or 8-bromo-cAMP also did not affect the
abundance of NHERF-1 in the BBM fraction.

Control

Npt2a

Figure 5

xz reconstructed confocal
microscopy images of leupeptin-
treated wild-type proximal tubule
cells studied under control con-
ditions and after treatment with
PTH, DOG, or 8-bromo-cAMP.
Cells were stained for Npt2a
(top row) and NHERF-1 (bottom
row). A, apical membrane, B,
basolateral membrane.

NHERF-1
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Discussion

Acting through the activation of PKC and PKA, PTH facilitates
the internalization of Npt2a from the apical membrane of renal
proximal tubule cells and, as a result, decreases the reabsorption
of phosphate (1, 3, 6). The biochemical pathways mediating these
responses, however, have not been well defined. The present experi-
ments explore the hypothesis that the phosphorylation of S77 of
the first PDZ domain of NHERF-1 results in an altered conforma-
tion of the adaptor protein and dissociation of Npt2a/NHERF-1
complexes critical for phosphate reabsorption. This hypothesis
derives from the observations that phosphate transport in renal
proximal tubule cells from NHERF-1-/- mice are resistant to the
inhibitory effect of PTH as well as activators of PKC and PKA, the
second messenger pathways of the PTH1 receptor (2, 3). Rescue of
these cells using viral-mediated gene transfer of NHERF-1 restores
the inhibitory response to PTH and to second messenger agonists
of PKC and PKA (6). Of the 4 potential phosphorylation sites in
PDZ I of NHERF-1, S77 was of particular interest given its loca-
tion near the binding groove of PDZ I domain and the fact that it
is phosphorylated in vivo (15).

We initially established that the phosphorylation of NHERF-1 in
mouse cultured proximal tubule cells was increased by treatment
with PTH as well as activators of PKC and PKA. To explore the
pathways that phosphorylate S77 of NHERF-1, we prepared recom-
binant proteins representing PDZ I of NHERF-1 with mutations
in all potential phosphorylation sites except S77 and compared its
in vitro phosphorylation by PKC and PKA with that of wild-type
PDZ I and a recombinant protein with all potential phosphoryla-
tion sites mutated. PKC clearly phosphorylates wild-type PDZ I in
vitro, but we were unable to phosphorylate this recombinant poly-
peptide with PKA. When we expressed these polypeptides in BSC-1
cells, however, activation of both PKC and PKA phosphorylated
wild-type PDZ 1. Using the mutated forms of PDZ I, we clearly
demonstrate that PKC, but not PKA, phosphorylates S77 in vitro
but that activation of both protein kinases phosphorylates S77 in
vivo. These results indicate that while PKC can directly phosphory-
late S77, in vivo phosphorylation of S77 by PKA proceeds by a path-
way that requires the biochemical machinery of the cell. To explore
this further, we measured sodium-dependent phosphate trans-
port in wild-type proximal tubule cells treated with calyculin A,
an inhibitor of PP2A and PP1 (17). By itself, calyculin A inhibited
phosphate transport. The effect of PKC activation was additive to
that of calyculin A, while the effect of activation of PKA was not.
We also examined the effect of fostriecin, a more specific inhibitor

PTH

DOG

cAMP
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The effect of PTH on Npt2a/NHERF-1 complexes in mouse brush border membranes. (A) Representative Western immunoblots of Npt2a and
NHERF-1 in BBM harvested from control wild-type mice (—PTH) and from mice treated with an intraperitoneal injection of PTH 45 minutes prior
to harvest (+PTH). (B) Representative experiment on BBM harvested from control wild-type mice and from mice treated with an intraperitoneal
injection of PTH 45 minutes prior to harvest. BBMs were treated with Triton X-100 and resolved by ultracentrifugation using a sucrose density
gradient, and the fractions were immunoblotted for Npt2a, NHERF-1, ezrin, and clathrin. (C) Summary of the sucrose density gradient ultracen-
trifugation of wild-type mouse BBM in the absence (solid line) or after the intraperitoneal injection of PTH (dashed line). Npt2a is shown in the
top panel and NHERF-1 in the bottom panel. Results are expressed as percent of total (mean + SEM); n = 4.

of PP2A, and the results were similar to those observed with calycu-
lin A; that is, while fostriecin alone inhibited phosphate transport,
the effect of activation of PKC, but not PKA, was additive to that of
the inhibitor (18). These results suggest a requirement for protein
phosphatases (most likely PP2A) in mediating the inhibitory effect
of PKA on sodium-dependent phosphate transport in renal proxi-
mal tubule cells. The precise mechanism by which PKA interacts
with PP2A in renal cells remains unknown and will be the focus of
future studies. Nonetheless, these results indicate that PDZ I and
S77,in particular, are targets of both PKC and PKA but that these
processes proceed by different biochemical pathways.

We next determined the effect of PTH and activation of PKC and
PKA on the stability of Npt2a/NHERF-1 complexes. In recent stud-
ies, we and others have demonstrated that PTH treatment results
in decreased membrane abundance of Npt2a but no change in
NHERF-1, suggesting dissociation of Npt2a from NHERF-1 (2,
6). This suggestion is confirmed by the present experiments. Using
quantitative immunoprecipitation, we demonstrate that activa-
tion of PKC or PKA decreases the recovery of Npt2a in NHERF-1
immunoprecipitates. In agreement with this finding, confocal
microscopy studies indicate that treatment of wild-type cells with
PTH, DOG, or 8-bromo-cAMP decreased apical membrane abun-
dance of Npt2a and resulted in the detection of the transporter
in intracellular vesicular structures. The relative abundance of
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NHERF-1 in the apical membrane, however, was not affected by
these treatments. These results in mouse proximal tubule cells con-
firm recent confocal microscopy findings of Murer and coworkers
in OK cells (10). To extend these observations to intact animals,
we used sucrose density gradient ultracentrifugation of detergent-
treated renal BBM obtained from control wild-type mice and mice
injected with PTH 45 minutes prior to harvest. In control animals,
Npt2a distributed to fractions that partially overlapped the dis-
tribution of NHERF-1. By this analysis, we would estimate that
between 30% and 50% of BBM Npt2a is complexed with NHERF-1.
In PTH-treated animals, there was a significant redistribution
of Npt2a, with no change in the distribution of NHERF-1.When
considered together, these data indicate that PTH and activators
of PKC and PKA disrupt Npt2a/NHERF-1 complexes. We would
speculate that Npt2a not tethered to NHERF-1 has greater mobili-
ty in the microvillar membrane and is more able to engage elements
of the pathway(s) that internalize and degrade the transporter.

To understand the physiologic implications of the phosphor-
ylation of S77 on the transport of phosphate in renal proximal
tubule cells, we used adenovirus-GFP-NHERF-1 constructs to
transfer wild-type and mutated forms of the NHERF-1 gene into
NHERF-1-null proximal tubule cells. The present studies confirm
our prior results and indicate that sodium-dependent phosphate
transport in NHERF-1-null proximal tubule cells is resistant
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to the inhibitory effect of PTH (2). Infection of these cells with
adenovirus-GFP-NHERF-1 resulted in higher basal rates of phos-
phate transport and restoration of the inhibitory effect of PTH.
Infection of NHERF-1-null cells with adenovirus-GFP-NHERF-1
containing the serine to alanine mutation in position 77 (S77A)
resulted in higher baseline rates of phosphate transport. By con-
trast, mutation of S77 to aspartic acid to mimic phosphorylation
(S77D) resulted in lower basal rates of phosphate transport. These
findings support the conclusion that phosphorylation of S77, the
S77D mutation, is associated with decreased binding of Npt2a
and decreased phosphate transport. The unphosphorylated S77A
construct, on the other hand, encodes a protein capable of bind-
ing Npt2a as manifest by the increased basal rate of phosphate
transport. It would be predicted that both the S77D and S77A
mutants would be resistant to the inhibitory effect of PTH and,
indeed, this prediction is borne out by the experimental findings.
These conclusions are supported by the observations that the pat-
tern of distribution of Npt2a on sucrose density gradient ultra-
centrifugation of cells infected with the S77A mutant resembles
that of NHERF-1-/- cells infected with wild-type NHERF-1 in the

Fraction 4
Npt2a
-PTH
+PTH
Figure 8 S77A
Representative sucrose density gradient
ultracentrifugation experiment of the distribu- S77D
tion of Npt2a (top) and NHERF-1 (bottom).
Triton X-100-treated plasma membranes
were harvested from NHERF-1-- cultured NHERF
proximal tubule cells infected with wild-type -1
GFP-NHERF-1 or from NHERF-1-- cells _PTH
infected with NHERF-1 containing either the
S77A or the S77D mutation. All cells were +PTH

studied in the absence or presence of PTH.

Each row was run as a separate gel under S77A
the same experimental conditions. The white
line demarcates noncontiguous lanes within S77D

the same gel.
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Figure 7

Sodium-dependent phosphate uptake was determined in NHERF-1--
proximal tubule cells infected with adenovirus-GFP, adenovirus-
GFP-wild-type NHERF-1, and adenovirus-GFP-NHERF-1 containing
either the S77A mutation or the S77D mutation. Cells were studied
in the absence (—) or presence (+) of PTH. Results are the mean of
means + SEM of 8 experiments.

absence of treatment with PTH, while the distribution of Npt2a in
cells infected with the S77D mutant resembles that of PTH-treated
NHERF-1-/ cells infected with wild-type NHERF-1.

Treatment of proximal tubule cells with PTH or activators of
PKC or PKA did not alter the apical membrane abundance of
NHERF-1, as discussed above. At present, however, very little is
known about the determinants of NHERF-1 targeting. To allow a
fuller interpretation of the current experiments, we developed an
NHERF-1 targeting assay in BSC-1 cells using protocols adapted
from the harvesting of BBMs from kidneys. Our results indicate
an absolute requirement for the ERM domain for the apical mem-
brane targeting of NHERF-1. These findings are consistent with
recent finding in OK cells using confocal microscopy (4). Muta-
tion of the PDZ I binding groove (PNGYGF to HNGAGA) also
resulted in a markedly decrease in apical membrane targeting of
NHERF-1, whereas the same mutation introduced into PDZ IT was
without effect on the apical membrane abundance of NHERF-1.
These mutations have been demonstrated to decrease the bind-
ing of PDZ I and PDZ II binding proteins, but the precise pro-
teins involved in the abnormal targeting of this PDZ I mutant
are unknown at this time (20, 21). By contrast, smaller and pre-
sumably less-deforming mutations of S77 and treatment of the
cells with activators of PKC or PKA did not affect the targeting
of NHERF-1. In the context of the present experiments, then, the
critical role of S77 of the first PDZ domain of NHERF-1 in mediat-
ing the inhibitory effect of PTH on sodium-dependent phosphate
transport in the renal proximal convoluted tubule derives from a
change in the conformation of NHERF-1 rather than an alteration
in its abundance.
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Figure 9

Representative immunoblots using an anti-NHERF-1 antibody of
whole cell lysates (WH) and BBM fractions of BSC-1 cells transfect-
ed with His-tagged wild-type NHERF-1, His-NHERF-1 with a 30-aa
C-terminal truncation (AERM), His-NHERF-1 with the PDZ Il sequence
PNGYGF mutated to HNGAGA (PDZ Il mutant), or His-NHERF-1 with
the PDZ | sequence HNGYGF mutated to PNGAGA (PDZ | mutant).
Nontransfected cells are shown in the first 2 lanes. The results shown
were obtained in transiently transfected cells, although identical results
were obtained in stably transfected cells (see Results).

In summary, the present studies were designed to address the
mechanism by which PTH inhibits sodium-dependent phos-
phate transport. The results indicate that PTH as well as its sec-
ond messengers, PKC and PKA, phosphorylates S77 of the first
PDZ domain of NHERF-1, resulting in the dissociation of Npt2a
from NHERF-1 and a decrease in the apical membrane abundance
Npt2a. As a consequence of these reactions, sodium-dependent
phosphate transport is decreased. We postulate that phosphory-
lation of S77 of NHERF-1 converts the adaptor from an open
configuration that can bind Npt2a to a closed configuration with
much reduced binding affinity. Although PKC and PKA activation
converge to phosphorylate S77, the pathways seem to be differ-
ent. PKC has the potential to directly phosphorylate this residue,
whereas PKA requires functional PP2A. We also note that while the
present experiments have focused on S77, it remains possible that
other more remote potential phosphorylation sites of NHERF-1
could also affect the trafficking or activity of Npt2a.

Methods

Animals and cell cultures. Animals were housed in standard cages
in compliance with Association for Assessment and Accredita-
tion of Laboratory Animal Care International guidelines in the
Baltimore VA Animal Care Facility. All animal experiments were
approved by the University of Maryland School of Medicine Ani-
mal Protocol Review Board. Inbred C57BL/6 wild-type mice and

The cDNAs representing wild-type and mutated forms of NHERF-1 or the
NHERF-1PDZ I domain (aa 1-151 of rabbit NHERF-1) were subcloned into
a pET vector for generation of recombinant proteins or pcDNA3.1 for trans-
fection into cells. All the NHERF-1 proteins and peptides were expressed
as fusion proteins containing an N-terminal hexahistidine tag and were
purified by nickel affinity chromatography following the procedure in the
pET System Manual (Novagen Inc.). The cDNAs were transfected into cells
using Lipofectin (Invitrogen) and, where indicated, stable transfectants were
selected. Adenovirus-mediated gene transfer was used to infect primary cul-
tures of mouse proximal tubule cells as previously described (2, 6). Infec-
tive recombinant adenoviruses were produced using AdEasy (Stratagene).
The recombinant adenoviruses were produced by inserting the cDNA into
a shuttle plasmid (pShuttleCMV) and performing homologous recombi-
nation in E. coli with this shuttle vector and a large adenovirus-containing
plasmid following electroporation. Recombinants were identified from
single colonies, and infective adenovirus virions were produced following
transfection of the linearized recombinant adenovirus plasmid in HEK293
cells. Virus stocks were amplified in HEK293 cells on 15-cm plates and puri-
fied following lysis by CsCl banding using ultracentrifugation.

Measurement of sodium-dependent phosphate uptake. Sodium-phosphate
transport was measured in primary cultures of renal proximal tubule cells
(2, 3, 6). Cells were grown in serum-free medium for 24 hours. They were
then incubated in transport medium consisting of (in mM) 137 NaCl or
137 tetramethylammonium chloride (TMA-CI), 5.4 KCl, 2.8 CaCl,, 1.2
MgSOy, and 0.1 KH,PO,. Phosphate uptake was initiated by addition of
[32PJorthophosphate to the transport medium. After 10 minutes at room
temperature, cells were washed 3 times with ice-cold fresh medium in
which sodium chloride was substituted with TMA-Cl and 0.5 mM sodium
arsenate added. After the uptake measurements were completed, the cells
were solubilized in 0.5% Triton X-100 for 90 minutes at room temperature
and analyzed by liquid scintillation spectroscopy.

Protein interaction assays. Immunoprecipitation studies were performed
as previously described using wild-type mouse renal proximal tubule
cells under control conditions and after treatment with DOG (104 M) or
8-bromo-cAMP (10-4 M) for 45 minutes (22). The precipitated proteins were
separated using SDS-PAGE, transferred to nitrocellulose, and blotted for
Npt2a and NHERF-1. Enhanced chemical luminescence was used to detect

Table 2
The targeting of NHERF-1 in BSC-1 cells

. i NHERF-1 n Ratio BBM/WH

NHERF-1-knockout mice bred into a C57BL/6 background were (% experimental vs.
used in the present experiments (5). WT control)

The BSC-1 cells and primary proximal tubule cells from wild- WT control 17 100+ 7
type and NHERF-1-knockout mice were prepared as previously PDZ Il mutation (PNGYGF to HNGAGA) 3 99+3
described (2, 3). Proximal tubule cells from mice were plated on PDZ | mutation (PNGYGF to HNGAGA) 3 251+ 10A
Matrigel-coated (BD) plastic culture dishes or coverslips and PDZ I/Il mutation (PNGYGF to HNGAGA) 3 32 £ 2A
maintained in an incubator at 37°C in 5% CO,. The cultures ERM truncation 5 5+3A
were left undisturbed for 36 hours, after which the medium was WT-cAMP treatment 4 102 +10
replaced every 2 days until the cells achieved confluence. Both the WT-DOG treatment 4 107 +8
BSC-1 and cultured proximal tubule cells were grown in DMEM/ STTA mutati_on 4 M0=7

S77D mutation 4 1009

F12 media containing 0.9 mM phosphate.
Preparation of cDNAs. NHERF-1 constructs encoding full-length

and half-length proteins, with and without mutations in one or
both PDZ domains or the ERM domain, were prepared using
existing restriction sites and/or PCR. Mutations were generated by
site-directed mutagenesis using single-stranded DNA and appro-
priate primers and confirmed by dideoxynucleotide sequencing.
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BSC-1 cells were transiently or stably transfected with His-tagged NHERF-1 cDNAs
and a BBM fraction isolated as described in Methods. BBM and whole cell lysates
(WH) were resolved by SDS-PAGE, transferred to nitrocellulose, immunoblotted
with an anti-NHERF-1 antibody, and quantitated using laser densitometry. Results
are expressed as the BBM/WH ratio in the experimental group divided by the ratio
obtained using wild-type control NHERF-1 (WT) (mean of means + SEM). n indi-
cates number of experiments. AP < 0.05 versus wild-type controls.
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immune complexes and densitometry was used for quantification. Confo-
cal microscopy was also used to determine the distribution of proteins in
cultured cells and tissues as previously described (2). BBM was harvested
from control mice and from mice injected with PTH intraperitoneally (0.5
ug/g body wt) 45 minutes before sacrifice (19). The BBM samples were
resolved by SDS-PAGE and, after transfer to nitrocellulose, immunoblotted
for Npt2a and NHERF-1 as previously described (2, 3). Using these BBMs,
sucrose density gradient ultracentrifugation (5%-30%) was performed in
the presence of detergent as described by Donowitz and colleagues (23, 24).
An apical membrane (BBM) preparation from NHERF-1 transfected BSC-1
cells was prepared from cells grown to confluence using magnesium pre-
cipitation protocols derived from preparation of renal BBM (19). In brief,
cells were lysed, and BBM membranes obtained using alternating low- and
high-speed spins in the presence of magnesium. The BBM and whole cell
lysates were subjected to SDS-PAGE, transferred to nitrocellulose, and
immunoblotted for NHERF-1. The NHERF-1 bands were quantitated by
laser densitometry. Each gel was also blotted for alkaline phosphatase to
ensure that the BBMs were enriched at least 8-fold or more compared with
whole homogenates.

Phosphorylation assays. Histone H1 (Roche) and recombinant wild-type
and mutated forms of the PDZ I domain of NHERF-1 were phosphorylated
in vitro using PKCa (PanVera) or PKA catalytic subunit purified from
bovine heart. The PKC reaction was undertaken in 20 mM HEPES (pH 7.4)
containing 10 mM MgCl,, 100 uM CaCl,, 500 uM ATP, [y32P]ATP (0.1 uCi),
100 ug/ml phosphatidyl serine, 20 ug/ml diacylglycerol, and 0.03% CHAPS
at 30°C. The PKA reaction medium contained 50 mM Tris-HCI (pH 7.5),
4 mM DTT, 10 mM MgCl,, 1 mM ATP, and [y3?P]ATP (0.1 uCi). The phos-
phorylations were initiated by addition of PKCa or PKA (20 ug/ml). Fol-
lowing incubation at 30°C for 10 minutes, reactions were terminated by
the addition of 5x SDS sample buffer and subjected to SDS-PAGE. The
gels were dried, and [3*P]phosphate incorporation was analyzed by a Phos-
phorImager (Storm 840; Amersham) or by autoradiography.

In vivo phosphorylation of full-length NHERF-1 was assayed in wild-
type proximal tubule cells incubated for 3 hours in phosphate-free DMEM
containing [3?Plorthophosphate. Cells were studied under control condi-
tions or after treatment with PTH (107 M), DOG (10-* M), or 8-bromo-
cAMP (10-* M). NHERF-1 was immunoprecipitated, and the precipitates
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were subjected to SDS-PAGE and transferred to nitrocellulose. Phosphory-
lation was quantitated, and after the radioactivity decreased to baseline,
the gel was immunoblotted using anti-NHERF-1 and anti-Npt2a antibod-
ies. To study the phosphorylation of the PDZ I domain, BSC-1 cells were
transiently transfected with the PDZ I constructs. Cells were incubated in
phosphate-free DMEM containing [3?Plorthophosphate and studied under
control conditions or after treatment with DOG or 8-bromo-cAMP. PDZ I
was recovered using nickel chromatography and resolved by SDS-PAGE,
and after transfer, phosphorylation was quantitated by PhosphorImager.
After radioactivity had returned to background levels, the identity of the
phosphorylated polypeptides was confirmed by Western immunoblot
using an anti-NHERF-1-PDZ I antibody.

Other procedures. Protein concentrations were determined by the method
of Lowry et al. (25). Statistical analyses were performed using Peritz ANOVA
(26). Pvalues less than 0.05 were considered to be statistically significant.
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