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Parathyroid hormone 1 receptor (PTH1R) is a member of the class B family of G protein-
coupled receptors, which are characterized by a large extracellular domain required for
ligand binding. We have previously shown that the extracellular domain of PTH1R is
subject to metalloproteinase cleavage in vivo that is regulated by ligand-induced receptor
trafficking and leads to impaired stability of PTH1R. In this work, we localize the cleavage
site in the first loop of the extracellular domain using amino-terminal protein sequencing of
purified receptor and by mutagenesis studies. We further show, that a receptor mutant
not susceptible to proteolytic cleavage exhibits reduced signaling to Gg and increased
activation of G, compared to wild-type PTH1R. These findings indicate that the
extracellular domain modulates PTH1R signaling specificity, and that its cleavage
affects receptor signaling.

Keywords: GPCRs, parathyroid hormone 1 receptor, matrix metalloproteinase, ectodomain cleavage, biased signaling

INTRODUCTION

Parathyroid hormone 1 receptor (PTHIR) is a key regulator of blood calcium levels and bone metabolism
in response to parathyroid hormone (PTH). Moreover, activation of PTHIR by parathyroid-related
hormone peptide (PTHrP) has been implicated in fetal development and in malignancy-associated
hypercalcemia (1). PTHIR is a member of the class B family of G protein-coupled receptors (GPCRs)
which are characterized by a large N-terminal extracellular domain (ECD; ~100 to 180 residues) that is
critically involved in ligand binding (2, 3). Similar to other class B GPCRs, the ECD of PTHIR consists of
two pairs of antiparallel B-strands flanked by a long and a short o-helical segment at the N- and C-terminal
end, respectively. The overall conformation is constrained by three conserved disulfide bonds which are
required for proper folding and for ligand binding (4-7). The ECD is oriented in an upright position above
the membrane surface with residues 15-34 of PTH binding into a groove formed by the ECD and the N-
terminal part of the ligand protrudes as a continuous 0-helix into the transmembrane domain of PTHIR
(Figure 1) (7). In line with the receptor structure, a two-step activation model has been proposed, where

Frontiers in Endocrinology | www.frontiersin.org 1

February 2022 | Volume 13 | Article 839351


https://www.frontiersin.org/articles/10.3389/fendo.2022.839351/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.839351/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.839351/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.839351/full
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:c.klenk@bioc.uzh.ch
https://doi.org/10.3389/fendo.2022.839351
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2022.839351
https://www.frontiersin.org/journals/endocrinology
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2022.839351&domain=pdf&date_stamp=2022-02-22

Klenk et al.

ECD Cleavage Modulates PTH1R Signaling

FIGURE 1 | Topology of PTH1R. Structure of the human PTH1R
(transmembrane domain, grey; ECD, teal) in complex with a PTH analog
(orange) (PDB ID: 6FJ3). Unstructured residues 61-105 of ECD loop 1 are
depicted as a dashed line. The receptor N-terminus residue (V3', as resolved
in the crystal structure), residues embracing ECD loop 1, and transmembrane
helices (TM1-7) are indicated.

first the C-terminal part of PTH binds to the extracellular domain,
and then the N-terminal part of PTH interacts with the receptor core,
thereby leading to receptor activation (8, 9). PTHIR couples to
multiple heterotrimeric G protein subtypes and can activate several
signaling pathways concomitantly. Predominantly, adenylyl cyclases
are stimulated by activation of G, as well as phospholipase CB by Gq
(10-12). Moreover, activation of G;,, resulting in inhibition of
adenylyl cyclase and activation of G153 leading to phospholipase
D and RhoA activation, as well as activation of mitogen-activated
protein kinases through G protein-dependent and -independent
mechanisms have been reported (13-18). PTHIR activation can
have anabolic and catabolic effects on bone. While continuous
administration of PTH enhances osteoclastogenesis leading to bone

resorption and calcium liberation, intermittent administration of
PTH results in bone formation through enhancing osteoblast
differentiation and survival, which is used as a treatment option for
severe osteoporosis (19, 20). Although the exact molecular
mechanisms are not clear yet, differential activation of signaling
pathways seems to play an important role in these opposing effects
upon PTHIR activation. While Gg-signaling is the predominant
pathway for promoting PTH-induced bone formation, Gg-
activation seems to have little or no effect on osteogenesis (21-23).
In addition, B-arrestin recruitment was shown to be essential for
selectively promoting bone formation upon treatment of mice with
recombinant PTH(1-34) (24). Moreover, many of these effects appear
to be regulated in a tissue- and cell-type specific manner (25).

We have previously shown that the ECD of PTHI1R can undergo
proteolytic cleavage by an extracellular metalloproteinase resulting
in reduced stability and degradation of the receptor. We also
demonstrated that N-terminal ECD cleavage occurred only at the
cell surface, and that internalization of the receptor resulting from
continuous activation by agonists prevented cleavage and thereby
stabilized the receptor. Furthermore, our experiments suggested that
the cleavage site is located within the first 90 residues of the receptor,
however the exact position was not fully resolved (26). In the
present study, we have localized the cleavage site in the unstructured
loop of exon E2 within the PTHIR ECD. Moreover, we
demonstrate that ECD cleavage results in an altered ligand
efficacy of PTH changing the G protein-coupling of PTHIR from
Gq to G

MATERIALS AND METHODS

Materials

Lipofectamine 2000 was purchased from Thermo Fisher Scientific.
[Nle&ls,Tyr34]PTH (1-34), a chemically more stable variant of native
PTH, was purchased from Bachem and is referred to as PTH(1-34).
Generation of a polyclonal rabbit anti-PTHIR (1781) antiserum was
described previously (27). Anti-rabbit peroxidase-conjugated
secondary antibodies were obtained from Dianova. Cy2-conjugated
anti-rabbit antibody was from Jackson Immuno Research Lab. All cell
culture media were obtained from PAN Biotech. All other reagents
were of analytical grade from Sigma-Aldrich or Applichem.

cDNA Constructs

A Strep-Tag II (WSHPQFEK) was fused to the C-terminal end of
human PTHIR (26) by PCR. Alanine mutations were introduced
into the extracellular domain of PTHIR by overlap extension PCR.
In total, 6 constructs with alanine blocks from Leu*-Met®, Glu®*-
Ser”', Ala’*-Arg”’, Lys**-Leu®, Tyr*-Lys”, and Glu**-Tyr'”* were
generated. All constructs were subcloned into pcDNAS5/FRT vector
(Thermo Fisher Scientific) using the restriction sites EcoRI and
Apal and verified by sequencing.

Cell Culture and Transfection

Flp-In CHO cells (Thermo Fisher Scientific) were maintained in 1:1
Dulbecco’s modified Eagle’s medium/Ham’s F12 medium
containing 10% (v/v) fetal calf serum, 100 U/ml penicillin,
100 pg/ml streptomycin and 100 pg/ml Zeocin (Thermo Fisher
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Scientific). Cells were maintained at 37°C in a humidified
atmosphere of 5% CO,, 95% air. To generate stable cell lines, cells
were transfected with pcDNAS5/FRT-PTHIR plasmids using
Lipofectamine 2000 (Thermo Fisher Scientific) according to the
manufacturer’s instructions. 48 h after transfection, cells were
selected in culture medium where Zeocin was replaced by 600 pg/
ml hygromycin B for approximately two weeks. Clonal cell lines
were derived from limited dilution series and screened for
expression of PTHIR by Western blot and immunocytochemistry.

SDS-PAGE and Western Blotting

Cells were lysed in SDS-loading buffer [50 mM Tris (pH 6.8), 2%
(v/v) SDS, 10% glycerol, 5 mg/ml bromophenol blue] for 20 min on
ice, briefly sonified and incubated at 45°C for 20 min. For reducing
conditions, 4% (v/v) B-mercaptoethanol was added to the lysis
buffer. Lysates were cleared by centrifugation and run on 10% SDS-
polyacrylamide gels in a Mini-PROTEAN 3 cell apparatus (Biorad).
Proteins were electroblotted onto Immobilon P membranes
(Millipore) using a Bio-Rad Mini trans-blot cell apparatus at
100 V for 60 min at 4°C. The blots were probed with anti-
PTHIR antibodies (1:4,000), followed by horseradish peroxidase-
conjugated goat anti-rabbit (1:10,000) and detection on Super RX
X-ray film (Fujifilm) using ECL Plus reagent (GE Healthcare).

Purification of PTH1R

Membranes from Flp-In CHO cells stably expressing PTHIR-
Strep2 were prepared as described before (28). Membranes were
solubilized in solubilization buffer [50 mM Tris-HCl (pH 7.4),
140 mM NaCl, 0.5% (w/v) n-dodecyl B-D-maltoside, 10 pg/ml
soybean trypsin inhibitor, 30 pg/ml benzamidine, 5 pg/ml leupeptin,
100 uM PMSEF] for 2 h, and insoluble material was removed by
centrifugation for 1 h at 100,000 x g. Solubilized PTH1R-Strep2 was
incubated with 1 ml Strep-Tactin sepharose (IBA GmbH) for 12 h
under constant agitation and washed with 10 column volumes of
wash buffer [100 mM Tris-HCI (pH 8.0), 1 mM EDTA, 150 mM
NaCl, 0.1% (w/v) n-dodecyl B-D-maltoside]. Bound receptor was
eluted with 1-2 column volumes of the same buffer supplemented
with 2.5 mM desthiobiotin and concentrated with a Microcon
centrifugal filter device (10,000 MWCO, Millipore).

Amino-Terminal Sequencing of Cleaved
Receptor Fragments

Fifty pg of purified receptor fragments were blotted onto PVDF
membranes and stained with Coomassie Blue. The fragments were

excised and subjected to automated Edman degradation
(Wita GmbH).

Immunocytochemistry and

Confocal Imaging

CHO cells stably expressing PTHR variants were grown on
coverslips overnight. Cells were then exposed (or not) to 100 nM
PTH(1-34) for 30 min as indicated. Cells were fixed with 4%
paraformaldehyde and 0.2% (w/v) picric acid in 0.1 M phosphate
buffer (pH 6.9) for 30 min at room temperature and washed five
times in PBS. For permeabilization, cells were incubated for 5 min in
methanol. After 10 min of preincubation in PBS containing 0.35%

(w/v) BSA, cells were incubated with anti-PTHIR antibody at a
dilution of 1:2,000 in PBS containing 0.35% (w/v) BSA for 1 h at
37°C. Bound primary antibody was detected with Cy2-labeled goat
anti-rabbit IgG (1:400). Specimens were examined using a Leica SP2
laser scanning confocal microscope.

Functional Receptor Assays and

Data Analysis

Signaling assays were measured in Flp-In CHO cells stably
expressing the indicated PTHIR variants. cAMP was measured
using a RIA kit (Beckman Coulter), and inositol phosphates were
separated by chromatographic separation of myo-[2->H]inositol
phosphates as described previously (29). Pharmacological data
were analyzed in Prism v6.0 (GraphPad Software). A three-
parameter logistic equation was fit to the data to obtain
concentration-response curves and E... values. Statistical
differences were analyzed using unpaired t-tests.

RESULTS

Our previous findings suggested that the protease cleavage site is
most likely located between Cys*® and Cys'®® (26), a region
including exon E2 of PTHIR which is unique among all other
class B GPCRs and which forms a disordered loop in the crystal
structures of the isolated PTHIR ECD (4) and full length PTHIR
(7) (Figure 1). We therefore created a series of mutants where
stretches of 8 residues in this region were mutated to Ala to
delineate the protease cleavage site (Figure 2A). Each of the six
resulting PTHIR variants was stably expressed in Flp-In CHO cells,
and expression and membrane targeting of the receptor were
analyzed by immunofluorescence (Figure 2B) using an antibody
detecting the C-terminal part of PTHIR (26, 27). All mutants
exhibited a distinct membrane staining which was comparable to
that of wild-type receptor. Upon stimulation with 100 nM PTH
(1-34) for 30 min, a sequestration of receptor from the cell surface
into endocytic vesicles was observed suggesting that each receptor
variant activated intracellular signaling pathways leading to
receptor internalization.

To test whether any of the mutations had an effect on protease
cleavage, the migration patterns of PTHIR variants were analyzed
by reducing SDS-PAGE and Western blotting. As demonstrated
previously, the ECD of PTHIR residing at the cell surface is cleaved
by extracellular metalloproteinases. The resulting N-terminal
fragment of the ECD (~10 kDa) remains tethered to the receptor
core by a single disulfide bond under native conditions but is lost
under reducing conditions leading to an apparent molecular weight
of the receptor of ~80 kDa (26). In contrast, sustained receptor
activation by PTH(1-34) resulting in continuous receptor
internalization rendered the receptor inaccessible for extracellular
proteases and thus protected the full-length receptor with a
molecular weight of ~90 kDa [Figure 2C, left panel; c.f (26)].
Similar to wild-type PTHIR, mutants where residues 64-71, 80-87,
88-95 or 96-103 had been replaced by alanines migrated at ~80 kDa
in reducing SDS-PAGE, indicating that protease cleavage was not
prevented by the respective mutations. In contrast, PTHIR*¢**
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exclusively migrated at ~90 kDa similar to wild-type receptor where
cleavage had been prevented by stimulation with PTH(1-34). For
PTHIR’>”* two bands were detected which co-migrated with the
cleaved and non-cleaved receptor species. Thus, mutating the region
between Leu’® and Met® to alanine fully inhibited proteolytic
cleavage of the PTHIR ECD, indicating that the main cleavage
site is located in this region. PTHIR”>”** exhibited incomplete
inhibition of cleavage, suggesting another, less susceptible cleavage
site or an incomplete masking of the cleavage site around residues
56-63.
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FIGURE 2 | Mapping of the protease cleavage site of PTH1R ECD by alanine scan. (A) Amino acid sequence of the extracellular domain of the human PTH1R.
Stretches of 8 amino acids that were replaced by alanine residues are indicated by horizontal bars. Exon E2 is marked above the sequence. (B) CHO cells stably
expressing PTHR variants were treated with 100 nM PTH(1-34) for 30 min or left untreated. Subsequently, cells were fixed, permeabilized, and stained with rabbit
anti-PTH1R antibody followed by Cy2-labeled anti-rabbit antibody. PTHR was visualized by confocal microscopy. (C) CHO cells stably expressing PTHR variants
were lysed, and PTH1R was monitored by reducing SDS-PAGE and Western blotting. Cells were treated with 100 nM PTH(1-34) for 12 h prior to cell lysis where
indicated. Arrowheads depict the cleaved (MW ~80 kDa) and the uncleaved (MW ~90 kDa) PTH1R band. n.s., not stimulated

To corroborate these findings, we determined the amino acid
sequence of the N-terminus of the cleaved 80 kDa fragment of
PTHIR. PTHIR was purified from stably expressing Flp-In CHO
cells via a C-terminal Strep-Tag II. 50 g of purified protein were
blotted onto PVDF membrane and stained with Coomassie blue. A
band corresponding to the cleaved PTHIR fragment was excised
and analyzed by Edman degradation (Figure 3A). Three different
N-termini were identified, located at positions Ser®, Ser”* and Lys*’
in the ECD of PTHIR (Figure 3B). Finally, the complete ECD of
PTHIR (residues 23-177) was subjected to a computational cleavage
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FIGURE 3 | Mapping of the protease cleavage site of PTH1R ECD by N-
terminal sequencing. (A) Human PTH1R with C-terminal Strep-Tag Il was
purified from stably expressing CHO cells by two-step affinity purification. A
fraction of the purified receptor was subjected to Western blot and probed
with anti-PTH1R antibodies (left panel). The remaining purified receptor
protein (~50 pg) was transferred on PVDF membranes and stained with
Coomassie blue R250. The band corresponding to PTH1R was cut out and
subjected to microsequencing (right panel, dashed box). (B) Sequence of
exon E2 (amino acids 61-105). Sequences obtained from microsequencing
are shaded gray. The position of the N-terminal amino acid is marked by an
arrow. Residues 84-86 (gray diagonal stripes) were not resolved in the
Edman degradation.

site search using positional weight matrices (PWM) for 11 matrix
metalloproteinases (MMPs) (30). This procedure revealed a total of
19 putative cleavage sites located between residues 30 to 173.
However, only cleavage site Ser®|Ile®> was common to all 11

TABLE 1 | Computational cleavage site prediction of PTH1R ECD.

MMPs and exhibited the highest PWM scores among all other
predicted cleavage sites (Table 1). Taken together, these findings
support the results of the alanine scan, suggesting that the primary
cleavage occurs at Ser® |1le°” of PTHIR.

To test whether ECD cleavage affected receptor function, we
assessed activation of the two canonical signaling pathways of
PTHIR G; (cyclic AMP, cAMP) and G (inositol phosphates, IP)
by wild-type PTHIR, by the fully cleavage-deficient mutant
PTHIR®®%*#  and by the partially cleaved mutant
PTHIR’*7?A, All measurements were performed in stably
expressing CHO cells that had been matched for equal
receptor expression levels. Compared to wild-type PTHIR,
maximal PTH-induced generation of cAMP was reduced by
37% for PTHIR**®**, whereas no change was observed for
PTHIR’>76A (Figure 4A and Table 2). In contrast, PTH-
induced generation of [*H]IP was increased by 35% for
PTHIR**®**, whereas no change was observed for PTHIR'>
7A (Figure 4B and Table 2). In summary, these findings suggest,
that full cleavage of the ECD of PTHIR leads to decreased
efficacy of PTH(1-34) in G signaling and increased efficacy in
G, signaling. PTHIR”*7°* did not differ from wild-type PTHIR,
which may be explained by the fact that the majority of
PTHIR™7* was still proteolytically processed (Figure 3B).
Thus, cleavage appears to directly modulate the signaling bias
of PTHIR.

DISCUSSION

Previously, we have reported that the ECD of PTHIR is subject
to cleavage by metalloproteinases. PTHIR cleavage is a
constitutive phenomenon and is inhibited by receptor

P1 position Residues (P5-P5’) MMP

2 3 8 10 14 15 16 17 24 25
30 VDADD|VMTKE 1.32
37 TKEEQUIFLLH 0.19
40 EQIFLILHRAQ 3.46 2.19 3.43 1.50
46 HRAQA|QCEKR 2.37 1.71
51 QCEKR|LKEVL
61 QRPAS|IMESD 6.75 8.76 6.13 5.72 8.26 7.60 5.37 7.00 3.42 7.88 5.82
80 GKPRK|DKASG 1.36
86 KASGKILYPES 1.63 1.31 2.44 4.71
100 EAPTGISRYRG 2.52
102 PTGSR|YRGRP 1.90
114 PEWDH|ILCWP 2.62
125 GAPGE|VWAVP 3.56 3.14 2.03 0.21
134 PCPDY/|IYDFN 2.48 1.64 5.02 4.48
137 DYIYDIFNHKG 2.06
144 HKGHA|YRRCD 2.67 0.81
155 NGSWE|LVPGH 5.18 2.47 4.00
160 LVPGHINRTWA 2.05 1.74 2.03 1.35
166 RTWAN]YSECV 1.97 2.16
173 ECVKF|LTNET 3.15 6.44 1.30 2.98 3.50 4.39

The sequence of the mature PTH1R ECD (amino acids 23-177) was analyzed for MMP cleavage sites with CleavPredict (30) using position weight matrices for 11 MMPs (MMP-2, MIMP-3,
MMP-8, MMP-9, MMP-13, MMP-14, MMP-15, MMP-16, MMP-17, MMP-24, MMP-25). For each cleavage site, the residue number of P1, the sequence corresponding to P5-P5’
[numbering according to Schechter and Berger (31)] and the position weight matrix score (PWM score) for each MMP subtype are given.
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activation (26). In the present study we aimed to characterize the
role of proteolytic processing of the extracellular domain, and we
provide evidence for the exact location of the cleavage site as well
as for a modulation of signaling properties upon cleavage. N-
terminal sequencing of the 80 kDa receptor core (remaining after
shedding the cleaved N-terminal fragment by disulfide
hydrolysis) revealed three nearby cleavage sites (Glu®*|Ser®’,
Ala’?|Ser”® and Arg’®|Lys*®). However, computational analysis
using cleavage patterns of 11 MMPs suggested a putative
cleavage site at Ser®'|Ile®® which was located 3 amino acids
upstream of the first free N-terminus identified by
microsequencing. A systematic alanine scan within this region

1
-7 -6 -5

[PTH(1-34)], log M

FIGURE 4 | Protease cleavage changes the signaling specificity of PTH1R from G, and G (A) Fip-In CHO cells stably expressing PTH1R, PTH1R® %" or PTHIR"> 7% were
stimulated for 20 min with PTH(1-34) at the indicated concentrations, and cAMP levels were quantified with a radioimmunoassay. The means + S.E.M. of five independent
experiments are shown. (B) Fip-In CHO cells stably expressing PTH1R, PTH1R 6% or PTH1R"27% were incubated with [myo-2-H(N)Jinositol and 0.2% fetal calf serum for
16 h. Cells were stimulated for 60 min with the indicated concentrations of PTH, and [°H]IP; levels were quantified in a scintillation counter after chromatographic separation.

of the ECD showed, that only PTHIR**** was completely
resistant to proteolysis, while mutation of residues 64-71 to
alanine did not prevent proteolysis, further supporting the
proximal site at residue 61. Only a fraction of PTHIR"*74
remained intact whereas the majority of receptor was found as
the cleaved 80 kDa form. This may suggest, that the alanine
mutations at residues 72-79 mask the cleavage site around
residues 56-63 to some extent or may hamper protease
interaction resulting in incomplete protease cleavage.
Considering the results from computational and biochemical
analyses, we propose that Ser®'|1le® is the most likely primary
cleavage site. The free N-termini observed in Edman degradation

TABLE 2 | Effects of ECD cleavage on cAMP generation and IP accumulation.

Difference vs. PTH1R, cAMP (%)

Difference vs. PTH1R, [°H] IP (%)

Mean + SEM 95% C.l. P Mean + SEM 95% C.l. P
PTH1R56-63A -37.3+59 -52.7t0 -21.9 0.0015 35.3 +10.7 10.6 to 60.1 0.011
PTH1R279A -1.9+1.3 53t01.5 0.21 5.6 +19.4 -48.810 37.6 0.78

C.1., confidence interval.

PTH-induced Epay values for cAMP and IP generation of PTH1R®6"%%4 or PTH1R”?7%* were compared against that of PTH1R using unpaired t tests. Data summarize results of 3-5

independent experiments.
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at Ser®, Ser”” and Lys® may be the result of limited exopeptidase
action following endopeptidase cleavage. Ser®' is located within
the first residues of a large loop connecting the top layer formed
by oul-helix with the first B-strand of the middle layer of the o.-B3-
B-o fold of PTHIR ECD. Notably, residues 61-104 were not
resolved in any structure of PTHIR-ECD or full length PTHIR
suggesting high flexibility in this region (4, 7, 32). Considering
the orientation of the ECD in the full-length structures, Ser®!
would be located at the distal part of the receptor facing away
from the membrane and, thus, may be well accessible for
extracellular proteases (Figure 1).

Processing by MMPs and other metalloproteinases has been
described previously for a limited number of other GPCRs, e.g. for
B,-adrenergic receptor (33), endothelin B receptor (34, 35),
thyrotropin receptor (36, 37), protease-activated receptor 1
(PAR-1) (38, 39), GPR124 (40) and more recently for GPR37
(41, 42). Apart from PAR-1 and the adhesion family receptor
GPR124, where protease cleavage unmasks the endogenous ligand
resulting in receptor activation, a functional consequence of
protease cleavage has not been explicitly reported. To our
surprise, proteolytic cleavage of the PTHIR ECD directly
affected receptor signaling. In contrast to wild-type receptor, the
cleavage-deficient mutant PTHIR***** exhibited reduced cAMP
and increased IP responses to PTH stimulation. Protease cleavage
thus enhanced coupling efficacy of the receptor to the G, pathway,
while reducing Gg-coupling at the same time, resulting in a
signaling bias. Biased signaling is defined as ligands giving
different degrees of activation in separate signaling pathways of
the same receptor. Besides binding of ligands to allosteric sites on
the receptor that stabilize distinct active receptor conformations,
interaction of a receptor with intracellular adaptor proteins and
subcellular receptor sequestration have been reported to affect
signaling bias (43-45). For PTHIR, several ligands and
intracellular adaptors which direct signaling specificity to G,, Gq
or G protein-independent pathways have been described (17, 22,
24, 46-49). All of these PTH/PTHrP derivatives carry
modifications at the N-terminal part, which directly interacts
with the transmembrane domain of the receptor, suggesting that
signaling specificity is mediated by direct conformational
stabilization of the receptor core. Our findings now indicate that
the ECD, which accommodates the C-terminal part of PTH and
which is commonly believed to only serve as an “affinity trap” for
the ligand, can also affect signaling specificity of the receptor.

There is growing evidence, that extracellular regions of GPCRs
play important roles in fine-tuning receptor activity and signaling
selectivity. Apart from PARs and adhesion receptors, where the
buried ligand is proteolytically released from the receptor’s N-
terminus, extracellular loops play an important role in modulating
the function of several class A and class B receptors (50). More
importantly, calcium-mediated interaction of extracellular loop 1
and PTH has been shown to modulate PTHIR activity (51-53).
Recent studies on glucagon receptor suggest that the ECD itself
may act as an allosteric inhibitor by interaction of a:1-helix of the
ECD with extracellular loop 3 of the receptor core (54). Moreover,
recent cryo-EM structures of active-state class B GPCRs including
PTHIR reveal a high degree of conformational flexibility of the
ECD (32, 55, 56), and it has been proposed that the dynamic

motion of the ECD may contribute to biased agonism of class B
GPCR ligands (57, 58). In line with that, an antibody primarily
binding to cu1-helix of the ECD has been shown to modulate -
arrestin signaling of PTHIR (59) suggesting that perturbation of
ECD orientation or conformation may alter receptor signaling.
Proteolytic cleavage at Ser®' is expected to result in increased
conformational flexibility of o1-helix of PTHIR ECD as the helix
remains tethered to the receptor only through a disulfide bond
between Cys*® and Cys''” (26). As a consequence, especially the
N-terminal part of al-helix may gain additional flexibility
(Figure 1). Notably, within this region residues 32-41 make
important contacts to PTH including the flexible central region
of the peptide (Figure 5) (4, 7). This region was shown to be
critical for initiating the two-step binding mechanism of PTH (60).
Thus, it may well be conceivable that alterations in the flexibility
and orientation of o.1-helix of PTHIR ECD can allosterically affect
receptor signaling. Whether these effects are mediated by an
altered interaction of the ECD with the transmembrane core, by
a rearrangement of the ligand in the binding pocket, or involve
interaction of additional proteins such as RAMPs (receptor
activity-modifying proteins) with PTHIR (61, 62) needs to
be studied.

FIGURE 5 | Interface between PTH and a1-helix of PTH1R ECD. Crystal
structure of the PTH1R ECD (teal) in complex with PTH (orange) (PDB ID:
BFJ3). Residues forming the interface are shown as stick, and contacts are
indicated as blue dashed lines. The unstructured loop 1 of the ECD is shown
as black dashed line.
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In summary, we have mapped the cleavage site within the
ECD of PTHIR and demonstrate for the first time, to our
knowledge, that protease cleavage of the ECD of a GPCR
modulates G protein signaling specificity.
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