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Genetic variants disrupt human RGS14 binding to NHERF1 and
regulation of NPT2A-mediated phosphate transport
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RGS14 is a multifunctional scaffolding protein that
integrates G protein, MAPK, and Ca++/CaM signaling
pathways. RGS14 contains an RGS domain, tandem
Ras/Rap-binding domains, and a G protein regulatory
motif. Human/primate RGS14 differ from rodent
proteins by possessing a carboxy-terminal extension
encoding a Type I PDZ ligand. RGS14 has been
implicated in disordered phosphate metabolism. The
human RGS14 gene is adjacent to SLC34A1 that
encodes the NPT2A sodium-phosphate cotransporter.
Hormone-regulated NPT2A requires the PDZ protein
NHERF1 which contains two PDZ domains (PDZ1 and
PDZ2). NHERF1 binds the PDZ ligand carboxy tail of
NPT2A to regulate phosphate uptake, and this
NPT2A:NHERF1 complex is inhibited by parathyroid
hormone (PTH). Studies here define roles for RGS14
in NHERF1-dependent, PTH-sensitive phosphate
transport. We found that RGS14 binds to NHERF1 via
the PDZ2 domain. PTH inhibits NPT2A-mediated
phosphate transport and RGS14 blocked this action.
Several rare human mutations have been reported in
the RGS14 PDZ ligand located at residues 563 (D563N,
D563G) and 565 (A565S, A565V). D563N disrupted
RGS14 binding to NHERF1 and did not interfere with
PTH action, whereas D563G, A565S, and A565V
bound NHERF1 and were functionally equivalent to
wild-type RGS14. Computational analysis and
molecular dynamics modeling of NHERF1 PDZ2
binding to the RGS14 C-terminal PDZ ligands refined
the structural determinants of this interaction.
Additional studies demonstrated that RGS14 is
expressed in human kidney proximal and distal tubule
cells. Together, our findings are consistent with the
view that RGS14 contributes to PTH-sensitive
phosphate transport in humans. RGS14 coding
variants may cause disordered phosphate metabolism.

Regulators of G protein signaling (RGS) are GTPase
activating proteins (GAPs) that function primarily as
central components of GPCR and G protein signaling
pathways (1,2). One such RGS protein, RGS14, is an
unusual multifunctional scaffolding protein that integrates
G protein, MAPK, and Ca++/CaM signaling pathways
(3,4). In rodents, RGS14 is expressed in brain, lung, and
spleen (5). Most of what we know about RGS14 comes
from studies in rodents, where it acts in brain as a natural
suppressor of synaptic plasticity and hippocampal-based
learning (6,7) and in heart to suppress cardiac remodeling
(8). However, much less is known about RGS14 in
humans. Human and rodent RGS14 share a common
domain structure that includes an N-terminal RGS domain
that binds Gαi/o-GTP acting as a GAP to limit G protein
signaling (5,9), two tandem Ras/Rap-binding domains
(RBD) that bind active H-Ras and Rap2 (10-12), and a G
protein regulator (GPR, also known as a GoLoco) motif
that binds inactive Gai1/3 to anchor RGS14 at membranes
(13). However, human/primate RGS14 differ from the
rodent protein in that they also contain a C-terminal
Class I PDZ-recognition sequence. Numerous genomewide association studies have implicated RGS14 in kidney
diseases (14-19), including disordered phosphate
metabolism. The RGS14 gene on human chromosome 5 is
adjacent to SLC34A1 that encodes the NPT2A sodiumphosphate cotransporter. Coding mutations have been
identified (20) in the human RGS14 PDZ-binding motif,
as we reported (21), though the impact of these variants
on RGS14 function is unknown.
PDZ proteins, named for the common structural
domain shared by the post-synaptic density protein
(PSD95), Drosophila disc large tumor suppressor (DlgA),
and zonula occludens 1 protein (ZO1), constitute a family
of 200-300 members (22,23). These adapter molecules
assemble a variety of membrane-associated proteins,
including transporters, receptors, and ion channels, and
signaling molecules in short-lived functional units. PDZ
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modules consist of 80-90 amino acids forming a 3dimensional globular domain that is composed of six βsheets (ßA-ßF) and 2 α-helices (αA, αB) within the larger
protein (22). Scaffolding proteins harboring PDZ domains
may contain single or multiple PDZ modules, and may
also include other protein-protein interaction motifs (23).
In the target partner protein, a C-terminal sequence, the
so-called PDZ-binding motif or ligand, binds in an
extended groove of the PDZ domain between the second
ß-sheet (ßB) and the second α-helix (αB) in an antiparallel fashion with the terminal hydrophobic amino acid
of the ligand occupying the elongated hydrophobic cavity
at the top of the binding groove. Class I PDZ ligands take
the form D/E-S/T-X-Φ, where X is promiscuous and Φ is
a hydrophobic residue. This sequence in human RGS14 is
–DSAL.
NPT2A is expressed at luminal membranes of
proximal kidney tubules, where it mediates the bulk of
phosphate absorption from the urine (24). NPT2A activity
is regulated by PTH and by FGF23 and requires the PDZ
protein NHERF1 for this action (25). In the absence of
NHERF1 or in the presence of mutations, hormonesensitive phosphate transport is blunted with resulting
hypophosphatemia (26,27). NPT2A itself contains a
carboxy-terminal PDZ motif that mediates its binding to
NHERF1. NHERF1 possesses two tandem PDZ domains
(PDZ1, PDZ2) with identical core-binding sequences and
a carboxy-terminal ezrin-binding domain, through which
interacting proteins are tethered at the plasma membrane
and to cortical actin (28). Recent analysis disclosed both
sites upstream of the PDZ ligand and 3-dimensional
organization of the PDZ module that impart greater
specificity to the recognition and binding determinants
between the PDZ protein and the targeted partner (29).
Based on these considerations we speculated that
RGS14, acting through its PDZ-ligand, binds NHERF1
and alters PTH-sensitive phosphate transport. We
theorized that the identified RGS14 variants might not
share this behavior and, at the same time, afford further
insight in to the structural determinants for binding of the
NHERF1 PDZ domains. The goal of the work described
here was to determine, for the first time, the effect of wildtype RGS14 and the identified PDZ ligand mutations on
basal and PTH-regulated phosphate transport, and the role
of RGS14 interactions with NHERF1 in this process. We
also describe RGS14 expression in human kidney and the
suppression of PTH action on phosphate transport in
human kidney cells expressing wild-type RGS14.

determine if RGS14 binds the PDZ protein NHERF1 we
generated a FLAG-tagged RGS14 construct and
performed coimmunoprecipitation experiments using
HEK293 cells cotransfected with FLAG-RGS14 and HANHERF1. The results shown in Fig. 1B support the view
that RGS14 binds NHERF1. We next inquired if RGS14
exhibited domain selectivity for binding with PDZ1 or
PDZ2. For these experiments, we used NHERF1
constructs wherein the GYGF core-binding motif was
mutated to GAGA in PDZ1 (S1), PDZ2 (S2), or both
(S1/S2) PDZ domains. As shown in Fig. 1C, RGS14
selectively binds PDZ2.
Several rare coding mutations have been noted in the
PDZ-binding motif of human RGS14 (21). These
mutations are situated at residues D563 and A565,
corresponding to positions -1 and -3 of the PDZ ligand.
The specific mutations are D563N, D563G, A565S and
A565V. The normal sequence and the identified mutations
are summarized in Fig. 2A. To determine the effect of
these mutations on binding to NHERF1 we prepared the
various mutations in the context of full-length FLAGtagged RGS14. Wild-type (WT) or the indicated RGS14
mutant construct was cotransfected with HA-NHERF1 in
HEK293 cells. Coimmunoprecipitation experiments were
performed as described in Experimental Procedures. A
representative immunoblot displaying the findings for
Asp563 is illustrated in Fig. 2B. The results show that
replacement of Asp by Asn did not support binding to
NHERF1, whereas substitution by Gly maintained the
interaction with NHERF1. Compiled results are shown in
Fig. 2D.
Based on these considerations, we predicted that
because of its greater length Ala could not replace Asp but
that by virtue of its retained charge, Glu would substitute
for Asp. As shown in Fig. 1B, Ala563 failed to support
interaction with NHERF1, as expected. Surprisingly, the
Glu563 construct was unable to bind NHERF1.
We then turned our attention to Ala565. This
corresponds to the promiscuous -1 position of the PDZ
ligand (23) and hence should accommodate the reported
Ser or Val variants. The results shown in Fig. 2C bear out
this supposition inasmuch as both Ser565 and Val565
constructs avidly bound NHERF1. A quantitative
summary of the coimmunoprecipitate results in given in
Fig. 2D.
RGS14
Regulates
PTH-sensitive
Phosphate
Transport–Phosphate transport by the kidney is primarily
mediated by the NPT2A Na-phosphate cotransporter (24).
NPT2A possesses a carboxy-terminal PDZ ligand (-TRL),
through which it binds NHERF1. In the absence of
NHERF1 (26) or in the presence of coding region
mutations (27,30), parathyroid hormone (PTH) regulation
of NHERF1 is essentially eradicated resulting in profound
renal phosphate wasting. RGS14 polymorphisms have

Results
RGS14 binding to NHERF1–Human RGS14 contains
a canonical Class I carboxy-terminal PDZ ligand
consisting of the sequence –DSAL. Human NHERF1
contains two PDZ domains, PDZ1 and PDZ2 (Fig. 1A). To
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been linked to disordered phosphate homeostasis in
humans (14). We thus sought to determine the effect of
RGS14 on basal and PTH-sensitive phosphate transport
and the consequence of the various RGS14 mutations on
this process. For these studies we employed opossum
kidney (OK) cells, an accepted model for PTH-regulated
phosphate transport (31) or human RPTEC cells, which
also exhibit PTH-sensitive phosphate transport (32).
As shown in Fig. 3A, PTH inhibited phosphate
transport by 60% in cells transfected with empty vector
(EV). Hormone-sensitive phosphate transport was
abolished in cells transfected with wild-type (WT)
RGS14. Likewise, the RGS14 Gly563 mutant, which like
WT interacted with NHERF1, similarly eliminated PTHdependent phosphate transport. In contrast, the naturally
occurring Asn163 mutation disrupted this regulatory
activity, as did the artificial mutations Ala163 and Glu163.
Notably, mutations that interfered with RGS14 binding to
NHERF1 in turn hampered PTH-regulated phosphate
transport. In contrast, the tolerated Ala565 variants at the
permissive -1 position of the PDZ-recognition motif
behaved like wild-type RGS14 and abolished PTH
inhibition of phosphate uptake (Fig. 3B).
Kidney Expression of RGS14–The RGS14 gene is
located on chromosome 5, adjacent to SLC34A1, which
encodes the NPT2A protein, a renal phosphate transporter.
Therefore, we examined the expression of RGS14 in
human kidney samples and in proximal and distal tubule
cells isolated from these samples (33). As shown in
Fig. 4A, RGS14 is expressed in protein lysates of proximal
(lane 1) and distal tubule cells (lane 2). A positive control
of HEK cells transfected with hRGS14 is shown in lane 3.
RGS and NHERF1 colocalize in human proximal tubule
sections (Fig. 4B) and coimmunoprecipitate in cell lysates
prepared from human proximal tubule cells (Fig. 4C).
To extend these findings, we sought to determine and
characterize the action of RGS14 on PTH-sensitive
phosphate transport in RPTEC, a non-transformed line of
human proximal tubule cells (34). PTH inhibits phosphate
transport in RPTEC (32). Our initial experiments failed to
disclose an effect on PTH action. Further examination
revealed that RPTEC do not detectably express RGS14 at
the message or protein level (data not shown).
Accordingly, we used RPTEC as a null background to
examine RGS14 actions. RPTEC were transfected with
RGS14 or empty vector and PTH-sensitive phosphate
transport was measured 48 h later. Inclusion of RGS14
virtually obliterated PTH action (Fig. 4D).
Computational Predictions of NHERF1 PDZ2
binding to RGS14 C-terminal PDZ ligand–Key residues
involved in the binding of the C-terminal peptide of
RGS14 [-558LNSTTDSAL566] and PDZ2 were evaluated
from explicit-solvent MD simulation. A representative
structure of the PDZ2-RGS14ct-9 complex at the end of

150-ns MD simulation is shown in Fig. 5A. The structural
stability for the complex was assessed by the root-meansquare deviation (RMSD) over the backbone atoms of the
complex, PDZ2 and the RGS14ct-9 peptide. The RMSD
values stabilized after approximately 50-ns (not shown).
The average RMSD values along the last 20-ns of MD
trajectory are 2.1 ± 0.1 Å, 1.7 ± 0.1 Å and 1.8 ± 0.1 Å for
the complex, PDZ2, and RGS14ct-9, respectively. These
values are relatively small and indicate that the resulting
complex is structurally stable during the MD simulations.
Visual analysis of the evaluated structures confirmed that
the docking position of the C-terminal RGS14ct-9 peptide
is similar to that of other PDZ-ligand systems (29,35-37).
The RGS14ct-9 C-terminus occupies the binding groove
between the α2 helix and β2 sheet, whereas Leu-0 engages
deep in the hydrophobic binding pocket making canonical
interactions with the residues from the carboxylatebinding loop of PDZ2 (-163GYGF166-), α2 helix (Val216 and
Arg220) and β2 sheet (Leu170). Another canonical
interaction is formed between the OH group of Ser-2 and
His212. The distance between the carboxylate group of
Asp-3 and the α-amino group of Arg180 or Asn169 stabilizes
between 2-6 Å with an average of 4.5 Å and 3.7 Å for the
Asp-3 Oδ1 and Arg180 Nη22 and Asp-3 Oδ2 and Arg180
Nη12, respectively, and 4.6 Å for the Asp-3 Oδ1 and
Asn169 Nη21 (Fig. 5A). These ionic pairs may play a
critical role in PDZ2-RGS14 association. In addition, the
upstream Thr-4 is close enough to Gly170 to form a
backbone hydrogen bond.
Modeling of RGS14 Coding Variants–The binding to
PDZ2 of four C-terminal peptides corresponding to the
described mutations in RGS14 (Asp563Asn, Asp563Gly,
Asp563Ala and Asp563Glu) was tested using MD simulation
(Fig. 5B). The wild-type [PDZ2-RGS14ct-9] complex was
used as a template to construct a model for each mutant,
where Asp-3 in RGS14ct-9 was replaced iteratively by
Asn, Gly, Ala and Glu. Because canonical PDZ-ligand
interactions occur when the target peptide occupies the
PDZ binding site as a short length of β-sheet (3-4 Cterminal residues), wild-type RGS14ct-9 peptide or
mutated variants were modeled as linear peptides bound
to PDZ2. 70-ns MD trajectories were generated for each
mutated complex except 150-ns for the Gly mutant (for
details see Experimental Procedures). A standard PDZ
domain topology was observed for all structures, with the
C-terminal binding motif positioned in an extended
position between the α2 helix and β2 sheet of PDZ2.
Despite the residue differences at positon -3 of the Cterminal motifs, we did not observe significant deviations
from the naturally occurring Asp. Contrary from what was
predicted from the experimental data (Fig. 1C) RGS14ct9Asn, RGS14ct-9Ala, and RGS14ct-9Glu participate in
the canonical contacts specific for Class I motifs (-D/ES/T-X-Φ). We hypothesize that the substitution by Asn,
3
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Ala, or Glu at Asp-3 induces conformational changes or
promotes the formation of local secondary structure at the
C-terminal motif of RGS14, thus, preventing association
with the PDZ2 domain. To test this theory we applied
PEP-FOLD3 (38) to predict the structure of the C-terminal
fragment (23 amino acid residues) of wild-type RGS14
and the corresponding mutants. The five best models for
wild-type and mutated peptides were acquired and viewed
using PyMol (Molecular Graphics System, Version 2.0
Schrödinger, LLC). Representative structures of the
peptides are shown in Fig. 5B. As can be seen,
replacement of Asp-3 by Asn, Ala, or Glu promotes the
formation of a helical motif at the C-terminus, whereas the
peptide with Gly is similar to wild-type (Asp) and does not
demonstrate this tendency. These findings provide
provisional support for this theory and a starting point for
further investigation and refinement.
Discussion
The goal of these studies was to define a possible role
for RGS14 in hormone-sensitive phosphate transport. The
results described here introduce novel protein-protein
interactions that participate in this activity. We report here
for the first time that human RGS14 directly binds
NHERF1 to form a stable complex, and that this
RGS14:NHERF1 complex blocks PTH-sensitive
phosphate uptake by NPT2A in renal proximal tubule cells
(Fig. 6). Our findings also specify the structural
determinants for these interactions. The findings show for
the first time that RGS14, a GAP for Gai/o proteins, is
expressed in human kidney, and more specifically in
proximal and distal tubules. Interestingly, the –DSAL
PDZ ligand in human RGS14 is not well conserved and is
absent in the rodent protein. Thus, the actions, and the
neural, cardiovascular phenotype of RGS14 knockout
mice (6,8), cannot be attributed to the absence of
interactions with a PDZ partner protein. The RGS14 PDZ
ligand is present throughout the primate order and in
sheep. RGS14 has been implicated by numerous GWAS
studies in various forms of chronic human kidney diseases
(14-19). Relevant to that, we identify here one human
genetic variant (D563N) that disrupts RGS14 binding to
NHERF1 and its capacity to inhibit PTH-sensitive
phosphate uptake.
The initial results affirmed that RGS14 binds
NHERF1 and, more specifically to PDZ2. The general
motif of a 4-part type 1 PDZ ligand takes the form D/ES/T-X-Φ. The particular RSG14 ligand sequence
is -AspSerAlaLeu. Based on these considerations we
expected that Asn or Gly mutations at Asp-3 (Asp563)
would disrupt binding to NHERF1. Although Asn
substitution abolished binding as predicted, Gly
replacement was innocuous. Asn contains an amide group
in place of one of the Asp carboxyl groups, making Asp
electroneutral. Gly, in contrast, is shorter and contains a

proton as its side-chain, giving it greater conformational
flexibility. Thus, in this instance, Gly563 is permissive for
binding to NHERF1. A related conundrum emerged when
we examined Ala and Glu substitutions at Asp563. Here,
we predicted that Ala could not replace the shorter Gly,
and that negatively charged Glu would be a surrogate for
the naturally occurring, negatively charged Asp. This too
turned out to be partially incorrect inasmuch as Glu could
not replace Asp, again, a difference of a single carbon
group. Based on these structural constraints, we
performed Molecular Dynamics (MD) simulations to
model the residue-specific interactions of the RGS14 PDZ
ligand with NHERF1 PDZ2.
The C-terminus RGS14 PDZ-recognition motif
(-DSAL) is a permissive sequence that in principle could
interact with both NHERF1 PDZ1 and PDZ2 domains,
which have extensive similarity and share identical
GYGF-core binding motifs (35). Despite the fact that
PDZ1 interacts with a larger and more diverse set of
ligands compared to PDZ2 (39-42), the latter specifically
recognizes the C-terminal motif of RGS14. In the absence
of experimental structural information, we developed a
computational model, where PDZ2 binds the 9 residues Cterminal motif of RGS14. The model we advance here
suggests that in addition to the canonical RGS14 PDZ
ligand interactions between Leu-0 and the residues from
the -163GYGF166- loop of PDZ2, and Ser-2 and His212,
Arg180 from the β3 strand and Asn169 from the β2 strand
further stabilize the PDZ2-RGS14 complex. The predicted
electrostatic interactions are similar to the Arg40/Arg180Glu-3 ionic pair observed for association of PDZ1/PDZ2
with PTHR as reported (43). Although previous work
highlights the importance of residues in upstream
sequences promoting the coordinated interaction of
peptides to the extended binding groove (37,44), upstream
Thr-5, Ser-6, Asn-7 and Leu-8 of RGS14 are not involved
in forming stable interactions with PDZ2 on the MD
simulation time scale.
MD simulations performed for PDZ2 bound peptides
with the Asp-3/Asn-3, Asp-3/Gly-3, Asp-3/Ala-3 and
Asp-3/Glu-3 substitution revealed that the alternate
peptides occupied the PDZ2 domain binding groove in an
orientation and conformation similar to the wild-type
RGS14. These predictions were contrary to the findings
predicted from the biochemical experiments, where the
single Asp-3/Asn-3, Asp-3/Ala-3, Asp-3/Glu-3 but not
Asp-3/Gly-3 mutation destabilized the interaction with
NHERF1. The function of the C-terminus of RGS14 is
related to its flexibility and ability to occupy the binding
pocket of the PDZ2 domain. We theorized that Glu or Asn
variants with the longer side chains compared to Asp-3, or
the Ala variant with a methyl group as a side chain, but
not Gly, could promote distinct conformational changes of
the C-terminal motif of RGS14. Using minimalist
4
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Experimental Procedures
Chemical Reagents, Plasmids and Antibodies–
Monoclonal anti-HA agarose (A2095) and rabbit
polyclonal anti-FLAG (F7425) were purchased from
Sigma. Rabbit polyclonal anti-HA (sc-805) and protein
G+ agarose (sc-2002) were purchased from Santa Cruz
Biotechnology. Rabbit polyclonal anti-NHERF1 was
purchased from Abcam (ab3452). Rabbit polyclonal antiRGS14 was purchased from Proteintech (16258-1-AP).
HA-NHERF1 was generated as described (46).
[Nle8,18,Tyr34]PTH(1–34) was from Bachem, Torrance,
CA (H9110).
Human Genetic Variants and Constructs–Human
variants of RGS14 were acquired from the Genome
Aggregation Database (GnomAD version 2.0, Broad
Institute) and filtered for missense variants. Two human
variants were identified (D563G and D563N) and selected
based on the change in side chain properties from charged
to neutral (D563G) or to polar (D563N). Mutations were
added to FLAG-RGS14 using Qiagen QuikChange II and
the following primers. D563G: GGA TCC TTG AAC
TCC ACC ACC GGC TCA GCC CTC (forward) and
GAG GGC TGA GCC GGT GGT GGA GTT CAA GGA
TCC (reverse). D563N: GGA TCC TTG AAC TCC ACC
ACC AAC TCA GCC CTC (forward) and GAG GGC
TGA GTT GGT GGT GGA GTT CAA GGA TCC
(reverse).
Cell Lines and Culture–Opossum kidney cells (OK)
were obtained from J. Cole (47) and cultured in
DMEM/F-12 (Corning, 10-090-CV) supplemented with
5% heat-inactivated fetal bovine serum (GenClone 25514H, Genesee Scientific) plus 1% penicillin and
streptomycin. Human Embryonic Kidney cells (HEK)
were obtained from ATCC. They were cultured in DMEM
(Corning, 10-013-CV) supplemented with 10% FBS plus
1% penicillin and streptomycin. Human renal proximal
tubule epithelial cells immortalized with hTERT (RPTEC)
were obtained from ATCC under license from Geron
Corp. They were cultured in defined medium (DMEM/F12 (Corning, 10-090-CV) supplemented with 5 pM
triiodo-L-thyronine, 10 ng/ml recombinant human
epidermal growth factor, 25 ng/ml prostaglandin E1, 3.5
µg/ml ascorbic acid, 1 mg/ml insulin, 0.55 mg/ml
transferrin, 0.5 µg/ml sodium selenite, 25 ng/ml
hydrocortisone) plus 1% penicillin and streptomycin and
0.1 mg/ml G418.
Tissue and Cell Preparation–Human adult kidney
(HAK10, 65yo M; HAK55, 63yo/M; HAK57, 53yo/M;
HAK58, 63yo/F); CD13 (proximal tubule), and CD227
(distal tubule) cells were from male and female donors, as
indicated. Tissue procurement and processing have been
described (33). CD13 and CD227 cells were seeded on 6
well plates. Lysates were prepared using 1% Nonidet P-

computational modeling, we showed that the charged
(Glu), polar (Asn) or hydrophobic (Ala) patterns in the
RGS14 C-terminal peptide can promote formation of a
helix. Modeling of the peptide with the Asp-3/Gly-3
substitution revealed that the peptide is structurally stable
and remains in the conformation similar to the wild-type
RGS14 C-terminal motif. Based on this observation we
reasoned that RGS14ct-9Gly could bind PDZ2 in the
canonical PDZ-ligand mode. Structures evaluated from
MD simulations showed high similarity between the
orientation of Leu-0 and Ser-2 of PDZ2-RGS14ct-9 and
PDZ2-RGS14-9Gly. A notable difference between the
two peptide ligands is observed at the N-terminal end.
We speculate that loss of the electrostatic interaction
between
Asp-3/Gly-3
and
Arg180
promotes
conformational changes upstream of ligand position -3.
Thr-4 changes its position and orientation to maintain a
hydrogen bond equivalent to the Asp-3-Arg180 interaction
in wild-type PDZ2-RGS14ct-9. Formation of new specific
contacts between Thr-4 with Asn169 and Arg180 might
stabilize the PDZ2-RGS14ct-9Gly complex. We propose
that distinct conformational changes in the C-terminal
motif of RGS14 induced by the mutations, except Gly,
which is tolerated, impede association between PDZ2 and
RGS14, and the functional role of Asp-3 is to support a
dynamic network between average conformations of the
RGS14 C-terminus and its ability to occupy the PDZ2
binding pocket and interact with PDZ2
Although RGS14 has been studied in a variety of
tissues, its relevance to PTH-regulated phosphate
transport by NPT2A would require kidney expression,
which had not been described. We found that RGS14 is
well expressed in human kidney and in isolated proximal
and distal tubule cells. Notably, NPT2A is found
exclusively in proximal tubules (45). Hence, the presence
of RGS14 in distal tubules cells relates to some
independent regulatory activity.
In summary, we report here for the first time that
human RGS14 plays an important role in PTH-regulated
phosphate transport by NPT2A, and that this regulatory
role of RGS14 involves direct and specific binding of its
cognate PDZ ligand to the PDZ2 domain of NHERF1
(Fig. 6). We determined the effects of identified human
genetic variants within the PDZ motif of RGS14 on
NHERF1 binding, and found that one (Asp563Asn)
disrupted the RGS14:NHERF1 complex and blocked
RGS14 actions. RGS14 is implicated by numerous GWAS
studies to be involved in various forms of chronic kidney
diseases (14-19). Relevant to that, we identified here at
least one human genetic variant that blocks RGS14 actions
on PTH-sensitive phosphate uptake. Ongoing and future
studies will further define novel signaling roles for RGS14
in proximal and distal renal tubules in both physiology and
disease.
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40 buffer supplemented with protease inhibitor mixture I
(EMD Millipore).
Protein lysates from mouse kidney were prepared by
mincing tissue with a razor blade on an ice-cold metal
block. The minced kidney was then homogenized using a
Cole-Parmer PTFE Tissue Grinder (30 ml size) in 2 ml of
ice-cold 1% Nonidet P-40 (50 mM Tris, 150 mM NaCl, 5
mM EDTA, 1% Nonidet P-40) supplemented with
protease inhibitor mixture I. After incubation on ice for 30
min, the lysate was centrifuged at 13,200 rpm in an
Eppendorf 5415-R refrigerated microcentrifuge. The
supernatant (mouse kidney protein lysate) was saved for
immunoblot analysis.
Protein lysates were prepared from HEK293 cells
transfected with RGS14. Cells were seeded on 6-well
plates. 24 h later, the cells were transfected with 1µg/well
of human RGS14 expression plasmid using JetPrime
(Polyplus). After 48 h, protein lysates were prepared using
1% Nonidet P-40 buffer supplemented with protease
inhibitor mixture I.
Coimmunoprecipitation, Immunoblotting–HEK cells
were seeded on 6-well plates. 24 h later, cells were
transfected with 1µg each/well of HA-NHERF1 and
FLAG-RGS14 (WT, mutants as indicated) using
jetPRIMEÒ (Polyplus, New York, NY). 48 h posttransfection, cells were lysed with 1% Nonidet P-40 (50
mM Tris, 150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40)
supplemented with protease inhibitor mixture I (EMD
Millipore). Lysis was performed for 15 min on ice.
NHERF1 was immunoprecipitated (IP) using anti-HA
agarose overnight at 4 °C. IP samples were washed 4 times
with 400 µl of lysis buffer and pelleted by spinning at
6000 rpm for 5 min at 4 °C in an Eppendorf 5415-R
refrigerated microcentrifuge. The final pellet was
resuspended in 60 µl of SDS-PAGE sample supplemented
with 5% β-mercaptoethanol (Sigma). Immunoprecipitated
proteins were eluted by incubating samples for 5 min at
95 °C and then pelleting the agarose by spinning for 1 min
at 13200rpm in an Eppendorf 5415 microcentrifuge.
Supernatant proteins were resolved on 10% SDSpolyacrylamide gels and transferred to Immobilon-P
membranes (Millipore) using the semidry method (BioRad). Membranes were blocked for 1 h at room
temperature with 5% nonfat dried milk in Tris-buffered
saline plus Tween 20 (TBST) (blocking buffer) and
incubated with the primary antibodies (polyclonal antiFLAG at 1:1000, polyclonal anti-HA at 1:1000) in
blocking buffer overnight at 4 °C. The membranes were
washed four times for 10 min in TBST and then incubated
with goat anti-rabbit IgG conjugated to horseradish
peroxidase at a 1:5000 dilution for 1 h at room
temperature. Membranes were washed four times for 10
min in TBST. Protein bands were detected by Luminolbased enhanced chemiluminescence (EMD Millipore

WBKLS0500).
Phosphate Transport–RPTEC or OK cells were
seeded on 12 well plates. 24 h later, cells were transfected
with 1µg/well of WT or mutant FLAG-RGS14 plasmid,
as indicated, using jetPRIME (Polyplus, Strasbourg, FR).
48hr later, cells were serum-starved overnight and then
treated for 2 h with 10 nM (RPTEC) or 100 nM (OK cells)
PTH(1-34). Phosphate uptake was measured as described
(32). The hormone-supplemented medium was aspirated,
and the wells were washed three times with 1 ml of Nareplete wash buffer (140 mM NaCl, 4.8 mM KCl, 1.2 mM
MgSO4, 0.1 mM KH2PO4, 10 mM HEPES, pH 7.4). The
cells were incubated with 1 µCi [32P]orthophosphate
(PerkinElmer Life Sciences, NEX053) in 1 ml of Nareplete buffer for 10 min. Phosphate uptake was
terminated by placing the plate on ice and rinsing the cells
three times with Na-free buffer (140 mM N-methyl-Dglucamine, 4.8 mM KCl, 1.2 mM MgSO4, 0.1 mM
KH2PO4, 10 mM HEPES, pH 7.4). The cells in each well
were extracted overnight at 4 °C using 500 µl 1% Triton
X-100 (Sigma). A 250-µl aliquot was counted in a
Beckmann Coulter LS6500 scintillation spectrometer.
Data were normalized to phosphate uptake under control
conditions defined as 100%.
Immunofluorescent staining and Image Capture–
Immunofluorescent staining was performed with the
PerkinElmer Opal kit (Perkin-Elmer, Waltham, MA).
Briefly, 5-µm thick FFPE sections, baked and
deparaffinized, were processed for antigen retrieval,
blocking, primary and secondary antibody incubations
and signal amplification according to manufacturer’s
protocol. RGS14 (16258-1, Proteintech, Rosemont, IL,
1:200) was visualized using Opal 520 (green) and
NHERF1 (EBP50, ab3452, Abcam, Cambridge, MA,
1:200) was visualized using Opal 570 (red).
Fluorescent images were acquired using the Aperio
Versa Digital Pathology Scanner (Leica Biosystems,
Buffalo Grove, IL). The Versa scanner is based on a Leica
DM6000B microscope with motorized stage and
autofocus capabilities. Slides were scanned at 40X
objective magnification with the DAPI, FITC and TRITC
filters. Optimal exposure times were determined before
automated scanning.
System Modeling and Protocols for MD Simulation
and Analysis–Molecular Dynamics (MD) simulations
were performed using the AMBER16 package with the
AMBER force field (ff99SB). The model of NHERF1
PDZ2 bound carboxy-terminal fragment of RGS14 was
prepared using the PDZ2-PTHR complex as a template
(43). In the Leap program (48) the 9-residue, carboxyterminal –585LQEEWETVM593 motif of PTHR was
replaced by –558LNSTTDSAL566 in RGS14. The complex
was then solvated with TIP3P water molecules in a
periodically replicated box, neutralized with a Na+ ion,
6
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and energy minimized over 500 steps including 100 steps
of steepest descent minimization using the AMBER 16
pmemd module.
Equilibration and production simulations were
performed as detailed previously (43). Briefly, the short
runs (0.7 -0.8 ns) were conducted under the NPT ensemble
[constant number of particles (N), pressure (P), and
temperature (T)] to equilibrate the water molecules.
During this equilibration harmonic restrains were applied
to the ligand and methodically lowered from ks = 10
kcal/mol/Å2 to 0.1 kcal/mol/Å2. Then, equilibration runs
(40-50 ns) were continued under the NVT ensemble
[constant number of particles (N), volume (V), and
temperature (T)] with harmonic restrains ks = 0.1
kcal/mol/Å2 applied to the N-terminal backbone atoms of
the ligand and the PDZ domain. Production simulations
(100 ns) were carried out with similar weak harmonic
restrains (ks = 0.1 kcal/mol/Å2) to prevent diffusion of the
complex from the simulation box. All simulations were

performed at 300 K with configurations saved every 2 fs
for analysis. Analysis of the trajectories was carried out
with cpptraj, a complementary trajectory analysis program
in the AMBER 16 suite. The RMSDs of the backbone
atoms (N, CA, C) relative to their starting positions were
calculated for the PDZ2-RGS14 complex, PDZ2 and
RGS14ct-9 over the entire MD trajectory. The absence of
the backbone conformational changes for the core of
PDZ2 as well as for the carboxy-terminal motif of the
bound peptide during the equilibration and production
simulation indicates that the resulting complex is stable
and remains close to the initial structure.
Statistical Analysis–Results were analyzed using Prism 7
software (GraphPad, La Jolla, CA). Data represent the
mean ± SE of n ≥ 3 independent experiments and were
compared by analysis of variance with post hoc testing
using the Bonferonni procedure. p values < 0.05 were
considered statistically significant.
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Footnotes
Human proteins are indicated by 3-letter uppercase convention; genes in italics. Only the first letter is
uppercase for the corresponding mouse protein or gene.
The abbreviations used are: PTH, parathyroid hormone; PTHR, PTH receptor; NPT2A, Sodiumphosphate cotransport protein 2A; RGS14, regulator of G protein signaling 14;
PDZ, postsynaptic density protein 95 (PSD95), drosophila disc large tumor suppressor (DlgA), and
zonula occludens 1 protein (ZO1); GAP, GTPase activating protein; RBD, ras-binding domain; GPR, G
protein regulatory domain; PKA, cAMP-dependent protein kinase; RPTEC, normal human Primary
Renal Proximal Tubule Epithelial Cells; OKH, NHERF1-deficient Opossum Kidney cells; MD, molecular
dynamics simulation; HEK, Human Embryonic Kidney cells
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Figure Legends
Figure 1. RGS14 binding to NHERF1. A, Diagram of the human RGS14 and NHERF1 sequence and
domain structures. B, Coimmunoprecipitation of FLAG-RGS14 with HA-NHERF1. HEK293 cells were
transfected with FLAG-RGS14 and HA-NHERF1 and recovered in complex as outlined in Experimental
Procedures. B, RGS14 binds preferentially to the NHERF1 PDZ2 domain. HEK293 cells were
cotransfected with wild-type (WT) NHERF1, or with constructs in which the core-binding motif was
scrambled in PDZ1 (S1), PDZ2 (S2) or both PDZ1 and PDZ2 (S1S2) along with RGS14. Each of these
experiments (A and B) was performed twice with comparable results.
Figure 2. Genetic variants within the PDZ ligand of human RGS14 disrupt NHERF1 binding. A)
Naturally occurring genetic variants and engineered mutations placed within the PDZ ligand of human
RGS14. Single letter amino acid code for residues forming the C-terminal PDZ recognition motif of human
RGS14. The wild-type sequence is –DSAL. Naturally occurring variants G (Gly) and N (Asn) are found at
position 563, corresponding to the -3 site of the ligand, and Ser (S) and V (Val) at 565, conforming to the 1 position of the ligand. B, Analysis of amino acid specificity at Asp563 RGS14. Coimmunoprecipitation
analysis of NHERF1 binding to wild-type (Asp563) RGS14, or with naturally occurring variants Asn (N) or
Gly (G); or engineered mutants Ala (A) or Glu (E). Only Glycine supported binding with NHERF1. Similar
results were observed in n=4 independent experiments. C, characterization of binding determinants at RGS
position 365. Ala565 is a residue located at the permissive -1 position of the wild-type RGS14 PDZ ligand.
Replacement with variant forms Val (V) or Ser (S) robustly coimmunoprecipitated with NHERF1. The blot
is representative of 5 analyses. D, quantitative summary of coimmunoprecipitation experiments in B and
C.
Figure 3. RGS14 inhibition of PTH-sensitive phosphate transport in kidney cells is disrupted by
genetic variants. Phosphate transport was measured in OKH cells transfected with empty vector control
(EV), wild-type NHERF1 (WT), or one of the indicated mutations at amino acids 563 (A) or 565 (B) within
the human RGS14 sequence. Measurements were performed in triplicate. n=3-5 independent
determinations. ** p< 0.01.
Figure 4. Endogenous RGS14 is expressed in human kidney and blocks PTH-sensitive phosphate
uptake in human kidney cells. A, RGS14 in human kidney proximal (lane 1) and distal (lane 2) tubule
cells and HEK cells transfected with RGS14 (lane 3). Lysates were prepared and immunoblotted as
described in Experimental Procedures. Similar results were obtained in 2 experiments. B, RGS14, NHERF1
expression in human kidney. Representative image from whole-slide scan (40×) of formalin fixed, paraffin
embedded 5-µm section of human kidney stained with RGS14 (green) and NHERF1 (red). Proximal
tubular colocalization is observed (white arrow). Scale bar = 50 µm. C, RGS14 immunoprecipitates with
NHERF1 in proximal tubule cells. NHERF1 was immunoprecipitated from donor samples 55, 57, and 58.
RGS14 and NHERF1 were analyzed as detailed in Experimental Procedures. The result is illustrative of 2
experiments. D, RGS14 expression inhibits PTH-regulated phosphate transport in RPTEC cells. Cells were
transfected with empty vector (EV) or FLAG-RGS14. 48 h later, cells were treated for 2 h with 10 nM
PTH(1-34). Phosphate uptake was measured as detailed in Experimental Procedures. Data represent the
mean ± S.E. (error bars) of n = 3 independent experiments performed in triplicate. Data were normalized
for each experiment, where phosphate uptake under control, untreated conditions, was defined as 0%
inhibition.
Figure 5. Computational prediction of NHERF1 PDZ2 binding to RGS14 C-terminal PDZ ligand and
modeling of RGS14 coding variants. A, model structure of PDZ2 bound the C-terminal peptide of
RGS14ct-9. PDZ2 is highlighted in green cartoon, whereas the RGS14ct-9 peptide is represented in wheat
sticks. The last four N-terminal residues of the peptide not involved in the interaction with PDZ2 are omitted
for simplicity. The key residues (except the carboxy-terminal motif) stabilizing the complex are highlighted
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and labeled on the structure. The dotted line represents a hydrogen bond or salt bridge between a hydrogen
atom and acceptor with a distance labeled in Å. Hydrogen atoms are white, oxygens are red, and nitrogens
are blue. B, representative structures of the C-terminal peptides of WT and mutated RGS14. The structures
of the unbound 23 residues peptide of RGS14 with Asn, Gly, Ala or Glu at the position -3 (purple, cyan,
green and magenta, respectively) has a tendency to form a helical segment at the C-terminus while a peptide
with the Gly substitution (cyan) has a similar fold as WT RGS14ct-9 (blue). The structures were generated
using Pep-FOLD3 on-line computational framework.
Figure 6. Proposed model for RGS14 regulation of PTH-sensitive phosphate uptake by NPT2A in
renal proximal tubule cells. The [NPT2A:NHERF1:Ezrin] protein complex promotes uptake of phosphate
across apical membrane renal proximal tubule cells. PTH activation of the PTH receptor (PTHR)-Gs
complex stimulates adenylyl cyclase to generate cAMP, which activates PKA bound to Ezrin. PTH-induced
activation of PKA, along with PKC, and GRK6 (not shown) phosphorylate NHERF1 to uncouple it from
NPT2A and inhibit phosphate uptake. Findings described here show that the C-tail PDZ-ligand of RGS14
binds the PDZ2 domain of NHERF1 to block PTH-induced inhibition of NPT2A phosphate uptake.
Furthermore, we show that human genetic variants within the PDZ ligand of RGS14 disrupt RGS14 actions
on NHERF1 and PTH-sensitive phosphate uptake.
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