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Mutation of Phenylalanine-34 of Parathyroid Hormone
Disrupts NHERF1 Regulation of PTH Type | Receptor Signaling

David Wheeler and W. Bruce Sneddon

Department of Pharmacology, University of Pittsburgh School of Medicine, Pittsburgh, PA 15261

Internalization of the PTH type I receptor (PTH1R) is
regulated in a cell- and ligand-specific manner. We
previously demonstrated that the sodium/proton ex-
changer regulatory factor type 1 (NHERF1; EBP50) is
pivotal in determining the range of peptides that inter-
nalize the PTH1R. Antagonist PTH fragments can inter-
nalize the PTH1R in some kidney and bone cell models.
PTH(7-34), which binds to, but does not activate, the
PTH1R, internalizes the PTH1R in kidney distal tubule
(DT) cells, where NHERF1 is not expressed. The effect
of antagonist PTHrP peptides has not, to this point,
been assessed. PTH1R internalization was measured by
real-time confocal fluorescence microscopy of DT cells
stably expressing 10> EGFP-tagged PTH1R/cell (7).
PTHrP(7-34) internalized the PTH1R in a manner indis-
tinguishable from PTH(7-34). Introduction of NHERF1
into DT cells, however, blocked PTH(7-34)—, but not
PTHrP(7-34)-, induced PTH1R internalization. To delin-
eate the sequences within PTHrP that determine whether
PTH1R internalization is affected by NHERF1, chim-
eric PTH/PTHrP fragments were tested for their abil-
ity to induce PTH1R internalization. PTH(7-21)/PTHrP
(22-34), PTH(7-32)/PTHrP(33-34), and PTH(7-33)/
PTHrP(34) at 1 pM each internalized the PTH1R 50-
70% in a NHERF1-independent manner. When the C
terminus of PTHrP was replaced with homologous
amino acids from PTH, NHERF1 inhibited PTH1R in-
ternalization. It was determined that simply mutating
F34 to A in PTH induced PTH1R internalization in a
NHERF1-independent manner. None of the chimeric
peptides activated the PTH1R but all effectively com-
peted for 1 nM PTH(1-34) in cyclic AMP assays. In
addition, all chimeric peptides competed for radiola-
beled PTH(1-34) in binding assays in DT cells. PTH(1-
34) and PTHrP(7-34), but not PTH(7-34), efficiently
recruited B-arrestin1 to plasma membrane PTH1Rs. We,
therefore, conclude that PTH(1-34) and PTHrP(7-34)
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induce a conformational change in the PTH1R that pro-
motes arrestin binding and dissociates NHERF1 from
PTH1R internalization.

Key Words: Hormones and receptors; PTH/PTHrP; sig-
naling.

Introduction

Parathyroid hormone (PTH) is an 84-amino-acid pep-
tide hormone that is secreted by the parathyroid glands in
response to low serum calcium levels. PTH binds to and
activates the PTH/PTHrP receptor, also known as the type
I PTH receptor (PTH1R). The first 34 amino acids of PTH
are sufficient to bind with high affinity and activate the
PTHIR. Positions 1-6 are important for adenylyl cyclase
stimulation by the PTHIR, the first two positions being
required for full activity (2-5). Positions 1 and 29-32 are
critical for stimulation of phosphoinositide turnover and
activation of protein kinase C (6,7). Sequences distal to
position 15 are thought to be important for binding of PTH
to the N terminal extracellular ligand-binding domain of
the PTHIR. The PTH-related protein (PTHrP) is synthe-
sized and released by many normal and malignant cell types.
It acts typically in an autocrine or paracrine fashion, in
contrast to the endocrine actions of PTH. In bone develop-
ment, PTHrP plays a pivotal role as a growth factor in bone
development, delaying chrondrocyte differentiation and
promoting bone growth (8). PTHrP is a 141-amino-acid
hormone that has high sequence identity to PTH at its N
terminus, sharing 8 of 13 amino acids. PTHrP also binds to
and activates the PTHIR. The first 34 amino acids of
PTHrP, like PTH, can fully activate the PTH1R. There are,
however, differences in the interactions between PTH and
PTHrP with the PTHIR, even in regions of high identity
between these two peptides (4).

The PTHIR belongs to Class B (also called Class II) of
the seven-transmembrane family of guanine nucleotide
binding protein (G protein)—coupled receptors (GPCRs)
(9). Receptors in this family bear some structural similarity
and exhibit a defining characteristic in that they activate
both adenylyl cyclase and phospholipase C (PLC) (10-12).
The responses of the PTHIR to agonists are regulated by
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Fig. 1. PTH(7-34) and PTHrP(7-34) both induce PTHIR endocytosis. The effect of 10 M of the indicated peptides on PTHIR
internalization in kidney distal tubule cells expressing 100,000 PTHIR/EGFP per cell (D1 cells). Receptor endocytosis was measured
by real-time quantitative confocal microscopy in D1 cells that had been transfected with empty pcDNA3 vector or NHERF1. The extent
of PTHIR internalization after a 15 min peptide exposure is presented. Results are the means + SEM of triplicate determinations in three
independent experiments. *p < 0.01 for PTH(7-34) in the presence of NHERF1 vs the absence of NHERF1 as determined by a one-way

ANOVA with a post-hoc Bonferroni test for statistical significance.

multiple mechanisms. Upon activation, downstream second
messengers can feed back and attempt to shut off the signal
from the PTHIR. Typically, G protein—coupled receptor
kinase 2 (GRK?2) phosphorylates the agonist-activated re-
ceptor (13,14). This promotes arrestin recruitment (/5—-17)
and uncoupling of the receptor from its cognate G proteins,
G, and G,. Following this desensitization, the PTHIR is
endocytosed into intracellular compartments after which it
can be recycled back to the plasma membrane (resensitiza-
tion) (18), or targeted for degradation, leading to receptor
downregulation (/9,20). We have demonstrated that both
the synthetic PTH(7-34) and the secreted form of the peptide
PTH(7-84), which bind to but do not activate the PTHIR,
internalize the PTHIR very efficiently in kidney distal
tubule cells and rat osteosarcoma ROS 17/2.8 cells (1). In
contrast, neither PTH(7-34) nor PTH(7-84) internalizes
the PTHIR in kidney proximal tubule cells or the human
Sa0S-2 osteosarcoma cell line. The cell-specific effects of
PTH(7-34) on PTHIR internalization depend of the expres-
sionof NHERF]1 (7). NHERF1 is expressed in kidney prox-
imal tubule cells and SaOS cells but is absent in kidney dis-
tal tubule and ROS17/2.8 cells (7). Expression of NHERF1
inhibits PTH(7-34) induces PTHIR internalization in
kidney distal tubule cells (/). In contrast, expression of a
dominantnegative NHERF1 promotes PTH(7-34)-induced
PTHIR internalization in proximal tubule cells where
NHERFT1 is expressed at high levels. The synthetic peptide
PTHrP(7-34), like PTH(7-34), is a PTHIR antagonist. To

this point, it has not been compared with PTH for its ability
to induce PTHIR endocytosis.

Results

In previous studies, we demonstrated that PTH(7-34)
internalizes the PTH1R and that this internalization is regu-
lated by NHERF1. Because PTH and PTHrP both bind to
and activate the PTH1R, we sought to determine if PTHrP-
stimulated PTH1R internalization was similarly regulated.
PTH(1-34) and PTHrP(1-36), both PTH1R agonists, share
8 of 13 N terminal amino acids. PTH(7-34) and PTHrP(7-
34), by comparison, share four amino acids between posi-
tions 7 and 13. We, therefore, inquired whether these se-
quence disparities translated into differentially regulated
PTHIR internalization. PTH(1-34) and PTHrP(1-36) at 1
uM each internalized the PTHIR 50% after 15 min (Fig. 1)
in mouse kidney distal tubule cells that stably express 10°
PTHI1R/cell (D1 cells). These cells do notexpress NHERF1
(1). Expression of NHERF1 does not inhibit PTHIR inter-
nalization by these agonists (/) (data not shown). PTH(7-
34) and PTHrP(7-34) at 1 uM internalized the PTHI1R 80%
after 15 minin D1 cells (Fig. 1). PTH(7-34)—induced PTH1R
internalization was blocked by expression of NHERF1
(Fig. 1) (1), PTHrP(7 34)—stimulated PTH1R internaliza-
tion was not inhibited by NHERF1 (Fig. 1).

In order to determine the sequences within PTHrP that
promote PTHIR internalization by a NHERF1-independent
mechanism, a series of chimeric PTH/PTHrP peptides were
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Table 1

PTH and PTHrP(7-34) and Chimeric Peptides were Designed to Identify

Sequences Within PTH That Confer NHERF1-Sensitivity to PTHIR Internalization

PTH(7-34) LMHN
PTHrP(7-34) LLHD
PTH(7-21)PTHrP(22-34) LMHN
PTHrP(7-21)PTH(22-34) LLHD
PTH(7-32)PTHrP(33-34) LMHN
PTHrP(7-32)PTH(33-34) LLHD
PTH(7-33)PTHrP(34) LMHN
PTHrP(7-33)PTH(34) LLHD

LGKHILNSMER VEWLRKKLQD VHNF
KGKSIQDLRR  RFFLHHLIAE IHTA
LGKHLNSMER VFFLHHLIAE IHTA
KGKSIQDLRR REWLRKKLQD VHNF
LGKHLNSMER VEWLRKKLQD VHTA
KGKSIQDLRR  RFFLHHLIAE IHNF
LGKHLNSMER VEWLRKKLQD VHNA
KGKSIQDLRR  RFFLHHLIAE IHTF
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Fig. 2. NHERF1 inhibition of PTHIR internalization is dependent on sequences in the C terminus of PTH(7-34). The effect of 107 M
of the indicated peptides on PTHIR internalization in D1 cells. Receptor endocytosis was measured as outlined in Fig. 1. The extent of
PTHIR internalization after a 15 min peptide exposure is presented. Results are the means + SEM of triplicate determinations in four
independent experiments. *p < 0.01 in the presence of NHERF]1 vs the absence of NHERF1 as determined by a one-way ANOVA with

a post-hoc Bonferroni test for statistical significance.

designed (Table 1). Previous work of Gardella indicated,
that the C terminus of PTH is incompatible with the N termi-
nus of PTHrP with respect to receptor binding (28). Posi-
tions 5, 19, and 21 were found to be critical to maintaining
binding activity of chimeric peptides. We, therefore, de-
cided that the dividing point for initial chimeric peptides
would be at position 21. PTH(7-21)PTHrP(22-34) inter-
nalized the PTHIR 55% after 15 min in D1 cells (Fig. 2).
This is somewhat less than PTH(7-34) and may reflect a
reduced efficiency of the chimeric peptides to induce a con-
formational change in the PTHI1R that promotes receptor
internalization. Expression of NHERF1 had a minimal ef-
fect on PTH(7-21)PTHrP(22-34)—stimulated PTH1R endo-
cytosis. The reverse chimera, PTHrP(7-21)PTH(22-34),
internalized the PTH1R 40% after 15 min (Fig. 2) and expres-

sion of NHERF1 completely blocked this effect. These data
suggest that replacement of PTH sequences between posi-
tions 22 and 34 with homologous amino acids from PTHrP
dissociate NHERF1 and PTHIR internalization.
PTH(8-34) and PTH(9-34) internalized the PTHIR 45%
and 40%, respectively, and this endocytosis was blocked by
expression of NHERF1 (Fig. 3). In contrast, neither PTH
(10-34) nor PTH(7-31) internalized the PTHIR in D1 cells
(Fig. 3). This indicated that positions 7-9 and 32-34 might
be important for promoting PTH1R internalization by PTH.
We have also demonstrated that PTH(7-34)—induced PTHIR
internalization is PKC dependent (22). Positions 29-32 are
critical for activation of PKC by PTH (6, 7). Taken together,
this suggested that positions 32-34 of PTH might be im-
portant amino acids for PTH1R endocytosis. Both PTH and
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Fig. 3. Induction of PTHIR internalization requires positions 7—
9 and 32-34 of PTH(7-34). The effect of 10~° M of the indicated
peptides on PTHIR internalization in D1 cells is presented. Re-
ceptor endocytosis was measured by real-time quantitative con-
focal microscopy in D1 cells thathad been transfected with empty
pcDNA3 vector or NHERF1. The extent of PTHIR internaliza-
tion after a 15 min peptide exposure is presented. Results are the
means = SEM of triplicate determinations in four independent
experiments. *p <0.01 in the presence of NHERF1 vs the absence
of NHERF1 as determined by a one-way ANOVA with a post-hoc
Bonferroni test for statistical significance.

PTHrP share a histidine at position 32. Therefore, chimeric
PTH/PTHrP peptides were designed where positions 33 and
34 were substituted. PTH(7-32)PTHrP(33-34) internalized
the PTH1R 50% in D1 cells and this process, as with PTHrP
(7-34), was not inhibited by NHERF1 expression (Fig. 2).
PTHrP(7-32)PTH(33-34) internalized the PTHIR 53%
and, like PTH(7-34), this action was completely inhibited
by NHERF1 expression (Fig. 2). These data clearly dem-
onstrate that mutation of N33 and F34 in PTH promotes
NHERFT-insensitive PTH1R internalization by PTH(7-34).

PTH and PTHrP have the amino acids NF and TA in
positions 33-34, respectively. Asparagine and threonine are
polar amino acids that constitute a relatively conservative
substitution at position 33. In contrast, phenylalanine 34 of
PTH has a large aromatic sidechain and is very different in
size from alanine 34 of PTHrP. We, therefore, focused our
attention on position 34. PTH(7-33)PTHrP(34) internal-
ized the PTHIR in a NHERF-insensitive manner, whereas
PTHrP(7-33)PTH(34) stimulated PTHIR internalization
with the same magnitude but in a NHERF-sensitive manner
(Fig. 2). A single mutation of F34 in PTH therefore alters
the pathway of PTHIR trafficking by PTH(7-34).

fold stimulation

cAMP,
o

Fig. 4. Stimulation of adenylyl cyclase by chimeric PTH/PTHrP
peptide fragments. D1 cells were exposed to 107 M of the indi-
cated peptide for 15 min at 37°C and cAMP accumulation was
measured. Data are the mean + SEM normalized to unstimulated
controls (n = 3). *p < 0.01 vs control.

Peptide concentrations of 1 pM were employed for all of
the chimeric PTH/PTHrP PTHIR internalization experi-
ments. All of the peptides induced PTHIR internalization
at this concentration and we wanted to test their respective
antagonist properties in D1 cells. Therefore, we determined
the ability of each of these peptides to stimulate cyclic AMP
formation on their own in D1 cells and to inhibit cyclic
AMP formation by 1 nM PTH(1-34). As shown in Fig. 4,
only PTH(1-34) stimulated cyclic AMP formation in D1
cells (8.3-fold of control). Neither PTH(7-34), PTH(7-31),
nor any of the chimeric PTH/PTHTrP peptides tested affected
cyclic AMP. In contrast, all of the peptides tested, with one
exception, inhibited cyclic AMP formation by 1 nM PTH(1-
34) with EC5gs in the 200-2000 nM range and these values
were not affected by NHERF1 expression (Table 2). The nota-
ble exception to this was PTHrP(7-21)PTH(22-34), which
inhibited PTH(1-34)—stimulated cyclic AMP formation
withan EC5,0f 0.2 nM in D1 cells. Expression of NHERF1
in D1 cells shifted the ECs for this peptide to 200 nM.

We also performed binding studies using ['2I]PTH(1-
34) as a tracer in D1 cells in the presence and absence of
NHERF1 (Table 3). Both PTH(7-34) and PTHrP(7-34)
inhibited radiolabeled PTHrP binding with ICs, values of
50nM. Most of the chimeric peptides inhibited tracer bind-
ing with similar affinity. There were exceptions to this, how-
ever. Similar to its ability to inhibit cyclic AMP formation
by PTH(1-34), PTHrP(7-21)PTH(22-34) robustly inhibited
tracer binding in D1 cells with an IC5, of 3 pM. To our knowl-
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Table 2
ECs, Values = SEM for Inhibition by Chimeric
PTH/PTHrP Peptides of 1 nM PTH(1-34)—Stimulated
Cyclic AMP Formation in D1 Cells?

ECs, (-NHERF), ECs, (+NHERF),

Peptide nM nM

PTH(7-21)PTHrP(22-34) 500 + 10 700 + 15
PTHrP(7-21)PTH(22-34) 0.2 +£0.05 200 = 10
PTH(7-32)PTHrP(33-34) 800 = 10 1300 + 10
PTHrP(7-32)PTH(33-34) 2005 300+ 10
PTH(7-33)PTHrP(34) 200 + 15 200 + 10
PTHrP(7-33)PTH(34) 2000 £ 10 1500 + 15

9Data represent n = 3 performed in triplicate.

Table 3
ICs, Values = SEM for Inhibition
of Radiolabeled PTH(1-34) Binding in D1 Cells“

ICs, (-NHERF), ICs, (+NHERF),

Peptide nM nM
PTH(7-34) 505 300« 10
PTHrP(7-34) 50+5 20+ 0.5
PTH(7-21)PTHrP(22-34) 50 0.5 5+0.5
PTHrP(7-21)PTH(22-34)  0.005 £ 0.001 0.4 +0.05
PTH(7-32)PTHrP(33-34) 4 +0.05 0.2 +£0.05
PTHrP(7-32)PTH(33-34) 90+5 400 £ 15
PTH(7-33)PTHrP(34) 6+0.5 60 % 15
PTHrP(7-33)PTH(34) 300« 15 40+5

9Data represent n = 3 performed in triplicate.

edge, this is the highest affinity PTHIR ligand described
to date. This is a very exciting finding and is the focus of
ongoing investigations in our laboratory. The presence of
NHERFT1 shifted the ICs for this peptide to 400 pM. PTH
(7-32)PTHrP(33-34) and PTH(7-33)PTHrP(34) also inhib-
ited tracer binding with greater affinity than PTH(7-34),
with ICsys of 4 nM and 6 nM, respectively. The data indi-
cate that all of the chimeric PTH/PTHrP peptides tested in
the PTH1R internalization should be bound to the PTHIR
at maximal levels at a concentration of 1 pM and NHERF1
expression has a modest effect on the binding.

Based on photoaffinity crosslinking studies, PTHIR
antagonists such as PTH(7-34) are thought to primarily in-
teract with the extracellular N terminus of the PTHIR (the
N domain), with minimal contacts to the transmembrane
helix bundle and extracellular loops (the J domain) (2,29,
30). Recently, a new class of synthetic PTH1R antagonists
was characterized that bind to the J domain (37). We tested
two of these peptides for their ability to stimulate PTHIR
internalization in D1 cells. Neither peptide 807 ([Deg!?,
Bpa? Nle®,Q'°, A2 W4 Y S|rPTH(1-15)NH2) nor peptide
827 ([Ac5c!,Bpa?,Aib* Nled,Q'0, A2 W4 Y ISIrPTH(1-15)

10+
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Fig. 5. J domain antagonists do not internalize the PTHIR . The
effect of 107° M of the indicated peptides on PTHIR internaliza-
tionin D1 cells. Receptor endocytosis was measured by real-time
quantitative confocal microscopy in D1 cells that had been trans-
fected with empty pcDNA3 vector or NHERF1. The extent of
PTHIR internalization after a 15 min peptide exposure is pre-
sented. Results are the means + SEM of triplicate determinations
in three independent experiments. *p < 0.01 vs control as deter-
mined by a one-way ANOVA with a post-hoc Bonferroni test for
statistical significance.

NH?2) internalized the PTHIR (Fig. 5) as compared with
55% internalization by PTH(1-34). Both peptides were used
at 1 uM, well above the ICs, for competition with radiola-
beled PTH(1-15) of 100 nM (31). These data provide a clear
distinction between the classical N domain PTHIR antag-
onists that can internalize the receptor in the absence of
NHERF]1 and the J domain antagonists that lack this ability.

There are conflicting reports on the importance of re-
ceptor phosphorylation in the induction of PTHIR inter-
nalization. We previously reported that both PTH(1-34) and
(7-34) induce PTHIR phosphorylation (22). We therefore
tested PTH(7-34), PTHrP(7-34), and the chimeric peptides
for their respective abilities to stimulate PTH1R phospho-
rylation in D1 cells in the presence or absence of NHERF1
(Fig. 6) using in vivoreceptor phosphorylation as described
previously (22). All of the peptides induced PTH1R phos-
phorylation at 1 pM. There may have been a modest inhibi-
tory effect of NHERF1 on PTHIR phosphorylation by
PTH(7-32)PTHrP(33,34) and PTHrP(7 32)PTH(33-34).
This is not likely related to PTH1R internalization because,
despite inducing similar levels of receptor phosphoryla-
tion, only PTH(7-32)PTHrP(33,34) is able to internalize
the receptor in the presence of NHERF1. While all of the
peptides tested reproducibly induced PTH1R phosphory-
lation, the apparent enhanced ability of PTH(7-21)PTHrP
(22-34), PTH(7-32)PTHrP(33,34), and PTHrP(7-32)PTH
(33-34) to induce PTHIR was not reproducible.
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Fig. 6. Chimeric PTH/PTHrP peptides all induce PTHIR phosphorylation. PTHIR phosphorylation was assessed in D1 cells in the
presence or absence of NHERF1 as described in Methods. pPTHIR represents the phosphorylated PTHIR. PTHIR represents the level
of PTHIR/EGFP as measured by Western blots using a polyclonal anti-EGFP antibody. D1 cells were exposed to 10~ M of chimeric
peptides 1-6 or vehicle (C) as outlined in Methods. The data were reproduced three times. A representative experiment is presented.

The B-arrestins play a key role in the internalization
of GPCRs. We sought to determine if NHERF1 regulates
PTHIR mobilization of B-arrestins or arrestin-dependent
receptor internalization. We hypothesized that differences
therein underlie the ability of some PTH1R ligands to disso-
ciate PTHIR internalization from NHERF1. The binding
of B-arrestin1 to PTHIR residing on the plasma membrane
of D1 cells was measured using image cross-correlation
spectroscopy (ICCS). The fraction of binding was mea-
sured in cells with and without NHERF1 (Fig. 7). Binding
of arrestin to PTH1R was negligible before the addition of
ligand, independent of NHERF1 expression. Addition of
PTH(1-34) promoted a dramatic increase in the binding of
B-arrestin] to PTHIR. This increase was modestly but sig-
nificantly reduced by the expression of NHERF1 (p=0.004).
Addition of PTH(7-34) did not induce any increase in [3-
arrestin-1-bound receptor, independently of the expression
of NHERFI. In contrast, 100 nM PTHrP(7-34) caused a
robust increase in the binding of B-arrestinl to PTHIR,
which was modestly but significantly (p = 0.04) decreased
by NHERF-1 expression.

Discussion

In our earlier work, we demonstrated that both the syn-
thetic PTH(7-34) and the secreted form of the peptide PTH
(7-84), which bind to but do not activate the PTHI1R, inter-
nalize the PTHIR very efficiently in kidney distal tubule
cells and rat osteosarcoma ROS 17/2.8 cells (7). In fact,
PTH(7-34) is more efficacious than PTH(1-34) atinducing
PTHIR internalization in these cells. The mechanistic de-
tails that account for this difference are, at present, unknown.
In contrast, neither PTH(7-34) nor PTH(7-84) internalizes
the PTHIR in kidney proximal tubule cells or the human
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Fig. 7. (A) The binding of B-arrestin1 to PTHIR residing on the
plasma membrane of D1 cells was measured using image cross-
correlation spectroscopy. The fraction of binding was measured
in cells with and without NHERF1. The following ligands were
used to promote arrestin binding: PTH(1-34) (100 nM), PTH(7-34)
(100 nM), and PTHrP(7-34) (100 nM). Data represent mean +
SEM of four independent measurements. *p < 0.005, **p <0.05 vs
empty vector as determined by a one-way ANOVA with a post-hoc
Bonferroni test for statistical significance. (B) D1 cells were con-
currently transfected asin A, lysates prepared, and HA-NHERF1
expression was confirmed in duplicate by immunoblot using a
monoclonal anti-HA antibody.
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Sa0S-2 osteosarcoma cell line. The cell-specific effects of
PTH(7-34) on PTHIR internalization depend of the ex-
pression of NHERF1 (/). Expression of NHERF1 inhibits
PTH(7-34)-induced PTHIR internalization. In this article,
we demonstrate that PTHrP(7-34) also internalizes the
PTHIR but in a NHERF1-independent manner (Fig. 1).
We determined that mutation of phenylalanine 34 of PTH
induces PTHIR internalization by a NHERF1-indepen-
dent mechanism (Fig. 2). Conversely, F34-PTHrP(7-34)
(A34 replaced by the homologous amino acid from PTH)
fails to alter NHERF1-regulation of PTHIR internaliza-
tion. Photoaffinity crosslinking studies using photoreactive
L-p-benzoylphenylalanine (Bpa)-substituted PTH(1-34)
and PTHrP(1-34) peptides have identified interactions
between the C terminal of the peptide ligands and the extra-
cellular N terminal of the PTHIR. Alanine scanning muta-
genesis and crosslinking experiments identified position
23 in the C terminal of PTHrP as having important contacts
with the ligand-binding domain of the PTHIR. Bpa®*-
PTHrP(1-36) binds to threonine-33 and glutamine-37 in
the N terminal extracellular domain (32). This interaction
is important for binding of the agonist, PTH(1-34), as well
as the antagonist, PTH(7-34). Furthermore, Bpa?’-PTH(1-
34) has been shown to crosslink to leucine-261 in the first
extracellular loop (33). The distal portion of PTH(7-34) is
critical for induction of receptor internalization. Deletion
of positions 32-34 eliminates PTH1R sequestration (Fig. 3)
and also results in a reduction of the ability of N-terminally
truncated PTH peptides to bind the PTH1R (data not shown).
It is tempting to speculate that the large aromatic sidechain
of F34 in PTH and the small sidechain of A34 in PTHrP
have very different interactions with the ligand binding
domain of the PTHIR and that these interactions underlie
conformational changes in the PTHIR that could dissoci-
ate NHERF1 from the PTHIR.

The interactions of antagonists that bind to the N termi-
nal extracellular domain of the PTH1R are clearly different
from antagonists that interact with the transmembrane
bundle and the extracellular loops. We demonstrated that
the “J domain antagonists,” in contrast to the “N domain
antagonists” that we are focusing on, are unable to internal-
ize the PTHIR in the presence or absence of NHERF]1 (Fig.
5). This is consistent with a role for peptide binding to the
N terminus of the PTHIR transducing a signal and altering
the receptor conformation that leads to internalization in
some cells. The J domain antagonists used in this study
were highly modified PTH(1-15) peptides that were opti-
mized for their ability to bind the PTHI1R with high affinity
(31). In contrast, the native PTH(1-15) sequence only effi-
ciently binds and initiates conformational changes in the
receptor in the presence of additional sequences that pro-
mote peptide binding to the extracellular N terminus (34).

Receptor phosphorylation plays an important role in the
classical mechanism of GPCR internalization. Typically,
the agonist-activated receptor is phosphorylated by GRK2

(13,14). This promotes arrestin recruitment (/5—/7) and
uncoupling of the receptor from its cognate G proteins, Gy
and Gq. Following this desensitization, the PTHIR is endo-
cytosed into intracellular compartments after which it can
be recycled back to the plasma membrane (resensitization)
(18), or targeted for degradation, leading to receptor down-
regulation (/9,20). The C terminal of the PTHIR contains
multiple sites for serine phosphorylation, but there are
conflicting data from different cell lines concerning the
role that phosphorylation plays in PTHI1R internalization.
We presented data in this article (Fig. 6) that demonstrate
that PTH(7-34), PTHrP(7-34), and chimeric PTH/PTHrP
peptides of the same length all induce PTH1R phosphory-
lation in D1 cells in the presence or absence of NHERFI.
These data can be interpreted in a couple of different ways.
First, PTHIR phosphorylation by N terminally truncated
PTH/PTHTrP peptides may be an epiphenomenon that is not
related to PTHIR internalization because it occurs even
in the presence of NHERF1-induced blockade of receptor
endocytosis. Alternatively, antagonist-induced PTH1R phos-
phorylation may be required for receptor internalization but,
in this instance, NHERF1-induced inhibition of PTHIR
internalization occurs downstream of PTHIR phosphory-
lation. This will have to be tested in future studies. PTHI1R
phosphorylation and internalization has been examined in
other cell lines. In LLC-PK1 cells, mutation of seven C-
terminal serine residues to alanine markedly reduced ago-
nist induced PTHIR internalization (35). A murine model
with a genetic knock-in of this phosphorylation-deficient
receptor exhibited exaggerated cAMP and calcemic re-
sponses to administered PTH, likely as a result of a reduc-
tion in PTH1R desensitization and internalization (36). A
similarly substituted, phosphorylation-deficient PTHIR,
when expressed at high levels in HEK 293 cells, was inter-
nalized normally in response to agonist binding (24). In con-
trast, a similarly substituted phosphorylation-deficient opos-
sum PTHIR exhibited a 30% reduction in agonist-induced
receptor internalization in HEK293 cells (37). This under-
scores the cell-specific nature of the regulation of PTHIR
internalization.

We demonstrated that PTH(7-34) does not recruit -
arrestinl (Fig. 7) but is, nonetheless, able to robustly inter-
nalize the PTHIR (/). This is different from the findings of
the Lefkowitz laboratory (38), who determined that PTH(7-
34) promoted an interaction between the f-arrestins and
the PTHIR in transfected HEK293 cells. The discrepancy
likely reflects differences in methodology. The Lefkowitz
study examined co-immunoprecipitation of B-arrestins with
the PTHIR in whole cell lysates, whereas we were using
ICCS to examine only the PTHIR at the plasma membrane.
We determined that NHERF1 completely inhibits this -
arrestin—independent PTHIR internalization induced by
PTH(7-34). In contrast, both PTH(1-34) and PTHrP(7-34)
recruit B-arrestinl to the PTHIR and receptor internaliza-
tion is not inhibited by NHERF1. Romero and colleagues,
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Fig. 8. A working model of NHERF1 regulation of PTHIR inter-
nalization. PTH(1-34) and PTHrP(7-34) each recruit B-arrestins to
the PTHIR and internalize the PTH1R ina NHERF1-independent
manner. PTH(7-34) does not recruit -arrestins and internalizes
the PTHIR in a NHERF1-inhibitable manner. NHERF1 inhibits
B-arrestin-independent PTHIR internalization while only mod-
estly affecting B-arrestin binding to the PTHIR.

using total internal reflection and confocal microscopy,
have determined that NHERF1 tethers the PTHIR to actin
filaments (G. G. Romero, personal communication). This
slows down receptor movement in and out of the mem-
brane and facilitates formation of complexes with other
cytoskeletal proteins. The PTH1R is concentrated in actin
stress fibers in the presence of NHERF. This does not pre-
vent internalization of the PTHIR by ligands that promote
B-arrestin recruitment, but it does slow down this process.
Tethering by NHERF, however, prevents arrestin-indepen-
dentinternalization of the PTH1R by the antagonist PTH(7-
34). In the absence of NHERF1, the PTHIR moves much
more freely in the membrane and is more diffusely distrib-
uted within the cell and the plasma membrane. We propose
that this freedom of movement permits the PTHIR to be
internalized without antecedent 3-arrestin binding. It is un-
clear why changing F34 to A in PTH(7-34) promotes PTH1R
internalization in the absence of NHERF1. Presumably this
alters the receptor conformation induced by ligand binding
such that B-arrestins are recruited and NHERF1 is no longer
able to tether the PTHIR to actin and it internalizes on
binding to A34-PTH(7-34) or PTHrP(7-34). We propose a
model in Fig. 8 to summarize these findings. We conclude
that NHERF]1 blocks arrestin-independent but not arrestin-
dependent PTHIR internalization. Furthermore, the dif-
ferential ability to recruit B-arrestins between PTH(7-34)
and PTHrP(7-34) underlies their inability or ability, respec-
tively, to dissociate PTHIR internalization from NHERF1
regulation.

The ability of the synthetic PTHrP(7-34) fragment to
induce PTHIR internalization, while not physiological, is
informative in terms of how PTHIR levels can be exoge-
nously regulated. Under pathophysiological circumstances

such as renal failure, N-terminally truncated PTH peptides
are secreted by the parathyroid glands, the most predomi-
nant of these being PTH(7-84) (39). Levels of these peptides
are elevated and may contribute to PTH resistance by selec-
tively downregulating the PTHIR in specific tissues such
as renal distal tubules, where NHERF1 is absent. If a less
selective downregulation of the PTHIR is desirable, syn-
thetic peptides could be designed that break the NHERF1-
dependence of this process and promote PTHIR internal-
ization in a broader range of cells and tissues. Replacement
of F34 in PTH with alanine would likely accomplish this
goal. Very little is known about the role of PTH1R confor-
mational changes that occur on binding N-terminally trun-
cated PTH and PTHrP peptides and how this affects arrestin
recruitment. Itis interesting that the two fragments, PTH(1-
34)and PTHrP(7-34), promote very different signaling cas-
cades (the former robustly stimulates cAMP formation,
while the latter does not) and yet they both efficiently recruit
B-arrestinl to the PTHIR. Future studies in our laboratory
will focus on characterizing PTHIR receptor conforma-
tions that promote arrestin binding and how this dissociates
the PTHIR from NHERFI.

Methods

Peptides

The chimeric peptides used in the study are described in
Table 1. The University of Pittsburgh School of Medicine,
Department of Molecular Genetics and Biochemistry Pep-
tide Core Facility synthesized these peptides, and hPTH(7-
31), as free acid amides. Each lyophilized peptide was re-
constituted in 10 mM sodium acetate at a concentration of
100 mM and stored at —80°C. In addition, hPTH(8-34), (9-
34), and (10-34) were obtained as a gift from Harald Jupp-
ner at Massachusetts General Hospital in Boston, MA.

Cell Culture and DNA Transfection

The preparation, subcloning, characterization, and cul-
ture conditions of mouse kidney distal tubule cells have
been described (27). Cells were grown in a 50:50 mix of
DMEM/F12 (10-092-CV; Mediatech, Inc.), which was
supplemented with 5% heat-inactivated FCS (Invitrogen)
and 1% PS (5 mg penicillin, 5 mg streptomycin/mL; In-
vitrogen Life Technologies) in a humidified atmosphere of
95% air-5% CO, at 37°C. The immortalized mouse DT cells
were stably transfected with human (hPTH1R)/enhanced
green fluorescent protein (EGFP) as described previously
(22). The EGFP moiety lies in frame at the C terminus of
the PTHIR. We have previously demonstrated that this does
not interfere with PTH1R signaling nor does it impair the
interaction between NHERF1 and the PTHIR (/). These
D1 cells were maintained in DMEM/F12 supplemented
with 5% FCS, 1% PS, and 1% G418 (50 mg/mL solution,
Invitrogen). D1 cells express 10° receptors/cell as determined
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by Scatchard analysis of radioreceptor binding assays using
['21]hPTH(1-34) as the radioligand (23). D1 cells plated
on 25 mm glass coverslips, where indicated, were transiently
transfected with 1 uyg mNHERF1 (a gift from Edward Wein-
man at the University of Maryland School of Medicine) or
empty pcDNA3.1 vector (Invitrogen), using Fugene 6
(Roche Applied Science). Fluorescent PTHIR internaliza-
tion studies were performed 48 hr post-transfection.

Quantitative, Real-Time Fluorescence
Measurement of PTHIR Internalization

PTHIR internalization was examined and quantified in
D1 cells as described previously (/). Receptor internaliza-
tion is measured as a loss of plasma membrane fluores-
cence after addition of PTH fragments and results are con-
sistent with internalization of radiolabeled PTH(1-34) (/).
Control experiments confirm that no photobleaching of EGFP
occurs when D1 cells are treated with vehicle.

Cyclic AMP Assays

Ligand-stimulated accumulation of cAMP was deter-
mined in the presence of 1 mM 3-isobutyl-1-methylxanthine.
cAMP was measured chromatographically as previously
described (5). Where activation properties of the chimeric
PTH/PTHrP peptides were being assessed, cCAMP was mea-
sured in cells treated for 15 min with 1 uM of the indicated
peptide. In competition experiments, cells were incubated
with increasing concentrations of chimeric peptide concur-
rently with 1 nM hPTH(1-34). Competition curves were fit
and ECs, values calculated using a four-point logistic algo-
rithm (Prism, GraphPad Software).

Radioligand Binding

Confluent D1 cells on 24 well plates (100,000-200,000)
were incubated on ice for 2 h with 100,000 cpm of high-pres-
sure liquid chromatography—purified ['2°1][Nle318Tyr34]
hPTH(1-34)NH2 in 250 pL of Dulbecco’s modified Eagle’s
medium/F-12 medium containing 5% fetal bovine serum,
essentially as described (23,24). In brief, cells grown to con-
fluence in 24-well plates were incubated for 2 h on ice to
prevent internalization of the radioligand and to achieve
equilibrium binding. Under these conditions, the concentra-
tion of radioligand was 0.1 nM. Where indicated, the radio-
ligand was incubated concurrently with various concen-
trations of competitor peptides. Following incubation, the
cells were washed twice with ice-cold phosphate-buffered
saline and collected in 0.5 mL of 0.1 N NaOH, and bound
['21]PTH was assessed using a Wallac Wizard 1470 Auto-
matic Gamma Counter. Specific binding competition curves
were fit and ICs values calculated using a four-point logis-
tic algorithm (Prism).

In Vivo Receptor Phosphorylation

PTHIR phosphorylation by chimeric PTH/PTHrP pep-
tides in D1 cells was performed exactly as described pre-

viously (22). As a control, PTHIR levels were assessed
using Western blots as described (22) using a rabbit poly-
clonal anti-GFP antibody (Invitrogen).

Image Cross-Correlation Spectroscopy (ICCS)

These experiments were based on the experimental ap-
proach described by Wiseman et al. and Bacia and Schwille
(25,26). ICCS involves rapid (approx 60 ms/frame) two-
channel scanning of a small section of the plasma mem-
brane of cells containing two different protein-conjugated
dyes. Correlations between the fluctuations in the fluores-
cence intensity of the two channels are used to generate a
cross-correlation function, which can then be used to cal-
culate the fractional binding of one of the fluorescent spe-
cies to the other (27). For these experiments, D1 cells were
cultured in Mattek dishes and co-transfected with PTH1R/
EGFP and mRed (a monomeric variant of dsRed)—[3-arres-
tin-1. Only cells that expressed comparable amounts of both
fluorescent proteins, as determined by confocal microscopy,
were used for these studies. All confocal microscopy studies
were conducted on an Olympus Fluoview 1000 equipped
with a SIM scanner using the photon counting option to
ensure accurate quantitation of the fluorescence fluctua-
tions. The 488 nm line of an argon laser and the 543 nm line
of a HeNe laser were used to excite eGFP and mRed, respec-
tively. Emission bandpasses were optimized to eliminate
bleedthrough using the spectral detection system of the
instrument. Images were collected at 50-60 ms intervals.
Up to 300 images per experiment were collected. The cells
were kept at 37°C using an open perfusion incubator (Har-
vard Apparatus, Inc). The data collected were exported to
Imagel and analyzed using a plug-in specifically written to
calculate image autocorrelation and image cross-correla-
tion. This plug-in was based on code originally developed
by Tully (Compix, Inc). The fractional degree of binding of
PTHIR to arrestin was calculated from the ratio of the
amplitudes of the cross-correlation function and the PTHIR
and B-arrestinl autocorrelation functions, as described by
Kim et al. (27).

Statistical Analyses

Where indicated, a one way analysis of variance (ANOVA)
was performed, followed by post-hoc Bonferroni analysis
using Prism software.
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