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Abstract

A backbone-modified peptide derived from parathyroid hormone (PTH) is shown to function as an
inhibitor and inverse agonist of parathyroid hormone receptor-1 (PTHRZ1) signaling. This receptor
acts to regulate calcium and phosphate homeostasis, as well as bone turnover and development.
PTH is a natural agonist of PTHR1, and PTH(1-34) displays full activity relative to the natural 84-
residue hormone. PTH(1-34) is used clinically to treat osteoporosis. N-terminally truncated
derivatives of PTH(1-34), such as PTH(7-34), are known to bind to PTHR1 without initiating
intracellular signaling and can thus act as competitive antagonists of PTH-induced signaling at
PTHRZX. In some cases N-terminally truncated PTH derivatives also act as inverse agonists of
PTHR1 variants that display pathologically high levels of signaling in the absence of PTH. Many
analogues of PTH, however, are rapidly degraded by proteases, which may limit biomedical
application. We show that backbone modification via periodic replacement of a-amino acid
residues with homologous B-amino acid residues leads to an a/p-PTH(7-34) peptide that retains
the antagonist and inverse agonist activities of the prototype a-peptide while exhibiting enhanced
stability in the presence of aggressive proteases. These findings highlight the value of backbone-
modified peptides derived from PTH as tools for investigating determinants of PTH metabolism
and provide guidance for designing therapeutic agents for diseases arising from excessive ligand-
dependent or ligand-independent PTHR1 activity.

INTRODUCTION

Parathyroid hormone receptor-1 (PTHR1) is a B-family GPCR that is highly expressed in
kidney and bone.X PTHR1 signaling is crucial for maintaining ionized calcium (Ca2*)
concentrations within a narrow range in the bloodstream, and is thus activated by
parathyroid hormone (PTH) in response to Ca2* influx/efflux changes that occur on the
minute timescale. In parallel, PTHR1 regulates bloodstream concentrations of inorganic
phosphate (Pi) through the action of PTH. On longer timescales (days or weeks), PTHR1
activity modulates bone-building and bone-breakdown processes.2 Moreover, PTHR1
signaling regulates cell growth and differentiation programs during development, which
occurs via parathyroid hormone-related protein (PTHrP)-mediates signaling. Thus, PTHR1
responds to two endogenous agonists, PTH and PTHrP. Activation of PTHR1 leads to
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production of intracellular cyclic adenosine monophosphate (cCAMP), among other
secondary messengers, and stimulates downstream processes.3 Dysregulation of PTHR1
signaling is implicated in several human diseases.* Intermittent activation of PTHR1 via
once daily subcutaneous injection of PTH(1-34) stimulates bone growth and is used to treat
osteoporosis.?

Excessive activation of PTHR1 can lead to hypercalcemia and net bone breakdown.>
Overproduction of PTH by the parathyroid gland (primary hyperparathyroidism) is a
common cause of hypercalcemia.® Aberrant production of PTHrP by some types of cancer
cells can also lead to hypercalcemia (humoral hypercalcemia of malignancy), and life-
threatening complications.” Agents that block activation of PTHR1 by PTH or PTHrP could,
in principle, restore normal levels of blood calcium and ameliorate the associated symptoms.

Mutations in the gene encoding PTHRL represent an alternative path to pathological
signaling levels. Expression of PTHR1 variants with high basal levels of G-protein/cAMP
signaling in the absence of any agonist causes Jansen’s Metaphyseal chondrodysplasia, a
rare disorder associated with hypercalcemia and developmental irregularities affecting
growth plates and bone.8 Agents that reverse the high levels of ligand independent signaling
exhibited by these PTHR1 variants, i.e., inverse agonists of these receptors, could
conceivably be used to treat this disease.

Removal of the first six N-terminal residues of PTH(1-34) reduces affinity of resulting
analogues for PTHR1 by >100-fold and essentially abolishes the ability to stimulate
intracellular cAMP production.? Bovine PTH(7-34) [bPTH(7-34)] was shown to antagonize
PTH(1-34)-stimulated physiological responses in rats lacking endogenous parathyroid
hormone.10: 11 Subsequent studies found that replacing Gly with oTrp at position 12 in
bPTH(7-34) enhances PTHR1 affinity and cAMP inhibitory activity by 10-20 fold.12
bPTH(7-34) bTrp? acts as an inverse agonist of cCAMP signaling at constitutively active
PTHR1 variants,13 while bPTH(7—34), which has the native residue Gly at position 12, does
not,14 Both the stereochemistry and identity of the side chain at position 12 are important for
inverse agonist activity,14 indicating that inverse agonism likely results from a specific
peptide-receptor interaction promoted by the Gly-to-oTrp2 replacement.

An analogue of bPTH(7-34) bTrp2, with Met-to-nLeu substitutions at positions 8 and 18
and a Phe-to-Tyr modification at position 34, inhibited responses to exogenously
administered PTH(1-34) in thyroparathyroidectomized rats.1> However, administration of
this derivative of bPTH(7—34) pTrp!2 to humans with hyperparathyroidism and
hypercalcemia did not induce reductions in blood calcium levels6.

The lack of a therapeutic effect following administration of a close analogue of bPTH(7-34)
DTrp12 may, in part, reflect degradation of this inhibitory peptide by endogenous
proteases.}” PTH(1-34) is rapidly degraded by purified proteases’8 and in tissue
homogenates®. Both PTH(1-34) and bPTH(7-34) oTrp!2 disappear rapidly from the
bloodstream when administered to animals.2%: 21, It is especially noteworthy that a majority
of a radiolabeled version of bPTH(7-34) oTrp!2 analogue in the bloodstream was found to
be degraded 10 minutes after intravenous injection?0 despite the observation that
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radiolabeled PTH(1-34) is highly stable in plasma.22 These observations indicate that
endogenous proteases catalyze the rapid degradation of injected PTH derivatives, but the
specific cells, organs, and proteases responsible for this degradation, particularly for N-
terminal fragments such as PTH(1-34), have not been unambiguously identified.23-27 The
relevant proteolytic activity is not found in standard plasma preparations.?2

The connection between proteolysis of PTH analogues and attenuation of biological activity
is complicated by the observation that PTH fragments, such as PTH(1-34), are rapidly
filtered from the bloodstream by the kidney22 and are endocytosed from the filtrate into
endosomes, where degradation can occur, in proximal tubule epithelial cells via either the
scavenger receptor megalin?8 or PTHR1.23 It is not clear whether proteolytic degradation of
PTH analogues directly causes attenuation of bioactivity, or whether degradation primarily
occurs as a secondary consequence following renal filtration, with filtration serving as the
primary mechanism for attenuation of PTH biological activity /n vivo. Thus, modifications
of bPTH(7-34) bTrp12 that do not interfere with inverse agonist activity but confer broad
resistance to proteolysis should enable experiments that reveal whether proteolytic
degradation is a primary cause of the lack of /n vivo activity manifested by this peptide.
Ultimately, insights from such studies should support efforts to develop PTHR1 antagonist/
inverse agonist agents that display clinical utility.

Altering the polypeptide backbone by replacing some a-amino acid residues with  residues
to generate “a/p peptides” can confer substantial resistance to peptidase/protease action
without loss of structural and functional properties.2® a/B-Peptides containing 25-33% B
residues evenly distributed along the sequence adopt a helical conformation very similar to
that of a canonical a-helix.30: 3132 Carefully designed a./B-peptides can substitute for a.-
peptides in binding to specific protein partners. This approach has produced a/p-peptide
mimics of BH3 domains that bind to Bcl-2 family proteins and induce apoptotic signaling,3!
a/p-peptide mimics of the gp41 CHR domain that inhibit HIV membrane fusion3%: 33 and
most recently a/p-peptide mimics of peptide hormones that signal through B-family
GPCRs.34 35 |n particular, we have described a/B-peptide analogues of PTH(1-34)
containing up to seven a-to-p replacements that match the potency of PTH(1-34) itself in
activating PTHR1, as judged by stimulation of cCAMP production in a cell-based assay.3*
Alternative approaches for providing PTH derivatives with non-native chemical
functionalities, which may also alter proteolytic susceptibility, have been recently reported
as well. A chemical ligation strategy that utilized the N-terminal serine residue in human
PTH was used to generate a peptoid-PTH hybrid.3¢ A different strategy used a non-native
cysteine residue to attach a lipid moiety to a truncated, weakly active PTH derivative to
enhance biological potency and reduce proteolytic susceptibility.37

The work described here builds from one of the previously described a./p analogues of
human PTH(1-34).34 This analogue contains a-to-B replacements at six sites extending
inward from the C-terminus, with a repeating aaaf pattern. Specifically, p residues were
placed at positions 14, 18, 22, 26, 30 and 34 [PTH(1-34) numbering]. At five of the sites,
the native a residue was replaced with the 83 homologue, that is, with the B residue bearing
the same side chain as the original a residue on the backbone carbon adjacent to nitrogen.
At the sixth site, position 14, the a/p-peptide contained B3-homotryptophan (B3-hTrp),
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rather than B3-hHis (to mimic the His at position 14 in native PTH), since B3-hHis is not
commercially available. This a/p analogue of PTH(1-34) binds to PTHR1 with affinity
comparable to that of PTH(1-34) itself and is comparable to the a-peptide in terms of
receptor activation (agonist potency and efficacy, as measured by cAMP production).34 The
a/p-peptide also displays significantly prolonged bioactivity in mice relative to PTH(1-34),
which correlates with a longer persistence of the a/B-peptide in the mouse bloodstream.34

The studies presented below are based on extension to bPTH(7-34) oTrp!2 (1 in Figure 1) of
the backbone modification strategy involving periodic a-to-f replacement. Peptide 1 was
selected as a prototype in these studies for two reasons. First, this peptide is among the most
potent antagonists of PTHR1 signaling known.3 12 Close analogues of peptide 1 have
undergone the most extensive biochemical and pharmacological characterization of any
PTHR1 antagonists and have proven effective in animal model systems.12: 1516 Thjs family
of compounds has not been surpassed functionally by any other small peptide antagonists of
PTHR1. Thus, comparisons between peptide 1 and new antagonists enable an assessment of
antagonist activity relative to an efficacious standard. Second, peptide 1 is a potent inverse
agonist* of two PTHR1 variants that display high constitutive signaling activity and cause
the rare genetic disorder Jansen’s Metaphyseal chondroplasia.3® Analogues of PTH(7-34)
with improved metabolic stability could help to elucidate and potentially improve the
pharmacological properties of PTHR1 inverse agonists/antagonists for treating diseases of
PTHR1 overactivation.1® 16. 39 The identification of a proteolytically stabilized analogue of
peptide 1 would thus provide a novel tool to assess the role of metabolic degradation in
controlling /n vivo PTHR1 antagonist efficacy, and provide a starting point for future efforts
to develop more effective inhibitors. The tight coupling between structural modifications and
inverse agonist activity provides a basis for exploring the utility of the backbone-
modification strategy as a potentially general source of functional mimics of bioactive
peptides.13: 14. 40

RESULTS AND DISCUSSION

Synthesis

bPTH(7-34) oTrpl2 (1) and the a/p-peptide analogue 2 (Figure 1a) were synthesized using
microwave-assisted solid phase chemistry30 based on Fmoc protection of backbone amino
groups. Positions of a-to-B3 replacement in 2 are identical to the sites of a-to-g3
replacement in a previously described a/p-peptide mimic of PTH(1-34) (analogue D6, Fig.
1).34 a-Residues other than His 14, were replaced with homologous B2 amino acid residues,
the building blocks for which are commercially available. Previous work demonstrated that
replacing His 14 with Trp in PTH(1-14)*! or PTH(1-34) derivatives*? did not diminish the
receptor affinity or bioactivity of these derivatives. Protected B3-hHis is not commercially
available, so His 14 was replaced with p3-hTrp, which was shown to be tolerated in a/g-
peptide derivatives of PTH(1-34).34

Binding to PTHR1

We evaluated the affinity of peptides 1 and 2 for PTHR1 using a well-established
competition binding assay*3 44 that uses radiolabeled PTH(1-34) and membranes isolated
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from a HEK-293 cell line that stably expresses human PTHR1 (GP2.3 cell line3%). A close
analogue of 1, containing Tyr at position 34 instead of Phe [PTH(1-34) numbering], has
previously been tested in radiolabel binding assays.? 14 We included human PTH(1-34)
(Figure 1a) as a positive control and point of comparison for peptides 1 and 2. Bound
radioactivity resulting from association of radiolabeled PTH(1-34) with PTHR1 is
diminished in a dose-dependent fashion following addition of unlabeled PTH(1-34), a-
peptide 1, or a/p-peptide 2. a/B-Peptide 2 matches a-peptide 1 in affinity for PTHRZ1;
peptides 1 and 2 both bind less tightly to the receptor than does PTH(1-34) (Figure 2 and
Table 1), as expected based on previous findings with 1 and other truncated analogues.?: 12
This trend presumably reflects a loss of energetically important contacts between residues 1-
6 of PTH(1-34) and PTHR1. The very similar behavior of peptides 1 and 2 is significant in
light of previous findings that peptide 1 is among the most potent and effective PTHR1
antagonists known and can inhibit PTH-mediated biological responses in vivo.1®

Inhibition of PTHR1 activation

The abilities of a-peptide 1 and a/B-peptide 2 to inhibit PTH(1-34)-stimulated responses in
cells were compared. A close analogue of 1 with Tyr at position 34 has previously been
evaluated in cAMP inhibition assays.12 14 Stimulation of cAMP production was monitored
using SGS-72 cells, which were derived from osteoblastic SaOS-2 cells.*> These cells
express endogenous PTHR1 and have been stably transfected to express a luciferase variant
that is activated by intracellular cCAMP.46. 47

The SGS-72 cell line was used to assess inhibition of PTHR1 activation instead of the
HEK-293-derived GP2.3 cell line described above because preliminary studies showed that
antagonist peptides more potently inhibited PTHR1-mediated cAMP responses in SGS-72
cells than in GP2.3 cells (data not shown). This difference in antagonist behavior may arise
from lower levels of PTHR1 found on the surface of SGS-72 in comparison to GP2.3 cell
lines (data not shown); a previous study of other PTH antagonist peptides found greater
antagonist potencies in Sa0S-2 cells than in a stable porcine kidney cell line (HKRK-B7)
that expresses high levels of the human PTHR1.48 The greater sensitivity of the assay based
on SGS-72 cells provides a more incisive comparison between PTHR1 antagonist agents.

To mimic previous experiments showing that 1 inhibits cAMP production when
administered before a PTHR1 agonist,12 we incubated varied concentrations of either 1 or 2
with SGS-72 cells for 15 minutes prior to addition of PTH(1-34) or other PTHR1 agonists
(Figure 3, Table 1). Inhibition of M PTH(1-11) and LA-PTH (Figure 1a) agonism of PTHR1
was assessed because these peptides induce signaling responses in a manner different from
that of PTH(1-34). M-PTH(1-11) and LA-PTH are both synthetic derivatives of PTH that
were previously identified in structure-activity relationship studies*® 50, M-PTH(1-11)
binds only to the transmembrane region (TMR) of PTHR1, whereas PTH(1-34) and LA-
PTH bind to both the TMR and the extracellular domain (ECD) of this receptor.*® LA-PTH
has higher affinity than does PTH(1-34) for the G-protein uncoupled state of PTHRL1. This
difference, in vitro, results in slower dissociation of LA-PTH from the receptor, relative to
dissociation of PTH(1-34); in vivo LA-PTH induces longer biological responses than does
PTH(1-34).50 Comparing the antagonistic effects of a/B-peptide 2 with those of a-peptide 1
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on PTHR1 activation by agonist peptides with different modes of association was pursued to
provide further insight into the extent to which 2 is a functional mimic of 1.

a/B-Peptide 2 matches the efficacy and potency of parent a-peptide 1 for inhibiting PTH(1-
34)-stimulated cAMP responses in SGS 72 cells (Figure 3a). In addition, 2 is comparable to
1 in inhibiting intracellular cAMP responses stimulated by LA-PTH30 (Figure 3b), as well as
M-PTH(1-11)*° (Figure 3c). The slightly weaker inhibition of M-PTH(1-11)-induced
signaling by 2 in comparison to inhibition by 1 suggests that the a.-to-f residue substitutions
in 2 may alter interactions with the PTHR1 transmembrane region; however, any such
differences result in only minor reductions in M-PTH(1-11) inhibition potency (< 5-fold,
table 1) and are not reflected in binding assays using PTHR1 (Figure 1). These findings
using agonists that bind PTHRL1 via distinct modalities provide additional evidence that o/f-
peptide 2 is a close functional mimic of a-peptide 1.

Control experiments show that neither a.-peptide 1 nor a/B-peptide 2 substantially reduces
the low basal cAMP levels seen in SGS-72 cells (Fig. S1a) or the stimulation of CAMP
production caused by addition of isoproterenol, which activates the Bo-adrenergic receptor,
an A-family GPCR that is endogenously expressed in SGS-72 cells (Fig. S1b). Experiments
using a different B-family GPCR agonist, vasoactive intestinal peptide (VIP), which
activates VIP-receptor 1 (VIPR1) that is also endogenously expressed in SaOS-2 cells,>!
show that both 1 and 2 weakly inhibit VIP induced cAMP production (ICgg > 1 uM; Fig.
S1c). The origin of this behavior was not further explored, because 1 and 2 are
approximately 1,000-fold less potent as antagonists of VIP-induced cAMP responses
relative to their activity as antagonists of PTH(1-34) mediated cCAMP responses. Thus, it is
unlikely that inhibition of VIPR1-mediated cAMP production would be relevant in
biological settings. We conclude that the antagonism of PTH-induced cAMP production
observed for both a-peptide 1 and a/B-peptide 2 is specifically mediated by binding of these
peptides to PTHR1.

Peptides 1 and 2 did not stimulate increases in cellular pools of phosphorylated extracellular
signal-regulated kinases (ERKs)-1/2 in HEK-293-derived cells stably expressing PTHR1
(GP2.3 cells), while PTH(1-34) induced pronounced increases (Fig. S2). These results are
generally consistent with the expected antagonist properties of N-terminally truncated PTH
analogues,>2 although a previous study using a different cell assay system found that an
analogue of peptide 1 with Tyr at position 34 [PTH(1-34) numbering] could stimulate a
moderate increase in ERK-1/2 phosphorylation via recruitment of B-arrestin to PTHR1.53
The findings thus leave open the possibility that the ERK-1/2 response to PTH ligands can
vary depending on cell type and/or specific structural properties of the ligand.

Inverse agonism in cells expressing constitutively active PTHRL1 variants

a-Peptide 1 suppresses spontaneous cAMP production by PTHR1 variants that cause
formation of high basal (ligand-independent) levels of intracellular cAMP.14 This inverse
agonist activity is dependent on the Gly-to-oTrp replacement at position 12, as bPTH(7-34)
analogues with glycine at position 12 do not reduce basal signaling by these same
constitutively active forms PTHR1 but instead act as neutral antagonists of PTHR1
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activation.>2 To test whether ./ peptide 2 mimics the inverse agonist activity of a-peptide
1, we evaluated the ability of this a/p peptide to reduce basal cAMP production in HEK293-
based cell lines that stably express luciferase CAMP reporter4’ and either the H223R or
T410P mutant variant of the human PTHR1 (GHR10 or GTP4 cell lines, respectively).13
These two PTHR1 variants induce relatively high levels of cAMP production in the absence
of a PTH agonist, and both are associated with the human disease Jansen’s Metaphyseal
chondrodysplasia.38

Incubation of cells expressing PTHR1-H223R or PTHR1-T410P with
isobutylmethylxanthine (IBMX), a cell-permeable inhibitor of cAMP hydrolysis, results in
accumulation of substantial levels of intracellular cCAMP, as indicated by a strong
luminescence signal (Fig. 4a). Addition of either 1 or 2 inhibits further accumulation of
intracellular cAMP in GHR10 or GTP4 cells in a time- and dose-dependent manner (Fig.
4b—e, Fig. S3). The similarity of the inverse agonist profiles of a peptide 1 and a/B-peptide
2 show that 2 retains the ability to engage the PTHR1 variants in a manner that suppresses
constitutive signaling, despite the multiple a-to-f replacements.

To assess the consequences of backbone modification on susceptibility to cleavage by
proteases, we incubated either a-peptide 1 or a/B-peptide 2 with either the digestive
protease bovine trypsin or the fungal enzyme proteinase K. We used these model proteases
instead of endogenous mouse proteases or plasma preparations because the protease(s)
responsible for degradation of PTH derivatives /n vivo have not been unambiguously
identified, and PTH derivatives are stable in standard plasma preparations.22 Our
experiments were intended to provide a general assessment of the susceptibility of peptides
1 or 2 to degradation by aggressive proteases. Trypsin shows a high preference for
hydrolyzing amide bonds following lysine or arginine residues, while proteinase K prefers to
hydrolyze amide bonds following aliphatic or aromatic residues.®* HPLC was used to
determine the proportion of each peptide remaining intact after various periods of exposure
to each protease.30

a/B-Peptide 2 is substantially more stable than is a.-peptide 1 in the presence of trypsin (t12
>20 min vs. 0.7 min) or proteinase K (t1/2=2.5 min vs. 0.13 min, respectively) (Table 1, Fig.
5, Figure S4). Sites of proteolysis were determined via MALDI-TOF mass spectrometric
analysis of protease reaction solutions. As expected, trypsin cut at sites following lysine or
arginine in 1 and 2, although incorporation of a-to-p replacement altered the preferred site
of protease activity between the two peptides (Figure 5¢). An independent replicate of the
proteolysis experiment using trypsin (Figure S4) shows that trends observed in these
experiments are generally reproducible. A major site of proteinase K catalyzed cleavage in 2
was identified after Ser16 [PTH(1-34) numbering], which is found within the segment
containing a-to-p replacements. Partial replacement of B3 residues with cyclically
constrained p-residues near this susceptible site, which is known to enhance proteolytic
stability in some cases,33 may provide an inverse agonist of PTHR1 with enhanced
resistance to degradation by proteinase K.
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Assessment of antagonist activity in vivo

We sought to evaluate the capacity of a-peptide 1 and a/p-peptide 2 to function as
antagonists /n7vivo by injecting them into mice and measuring their effects on PTH(1-34)-
induced changes in blood ionized calcium (Ca2*) and inorganic phosphorus (Pi) levels. In
the first experiment, the antagonist peptides were injected four minutes prior to injection of
PTH(1-34). The antagonists were injected at a 50-fold excess relative to the agonist (500
nmol/kg vs. 10 nmol/kg). The excess of antagonist peptides administered relative to PTH(1-
34) in this study (50-fold excess) is identical to that used in a past study in which a bPTH(7-
34) pTrpl2 analogue continuously infused at 50-fold excess relative to PTH(1-34) strongly
inhibited PTH-mediated calcium mobilization in thyroparathyroidectomized rats.® In
vehicle-pretreated control mice, injection of PTH(1-34) induced the expected increases in
blood Ca2* and expected decreases in blood Pi levels, which appeared near-maximal at the
one- and two-hour post-injection time points, and returned to baseline by four hours post-
injection (Fig. 6 a, b). In mice pre-injected with peptide 1 or 2, there was a slight dampening
of the hypercalcemic and hypophosphatemic responses induced by the injected PTH(1-34),
as compared to the responses induced by the agonist in the vehicle-pretreated control mice.
The dampening effect was most prominent for a./p-peptide 2 in the calcium response data,
for which a level of statistical significance was attained at the two-hour time point (Fig. 6a—
b). It is possible that higher doses of 1 or 2 could more effectively attenuate PTH(1-34)-
stimulated responses /7 vivo, however, a previous study showed that infusion of a bPTH(7-
34) pTrp!2 antagonist analogue at 200-fold excess over PTH(1-34) was only moderately
more effective in inhibiting /n vivo responses than infusion of the same antagonist at 50-fold
excess.15 This precedent suggests that moderately higher doses of 1 or 2 would probably not
substantially alter the /in vivo efficacy.

In a second approach, the antagonists were injected one hour after injection of PTH(1-34),
again at a 50-fold excess relative to PTH(1-34) (500 nmol/kg vs. 10 nmol/kg). This
approach was adopted based on prior pharmacokinetic/pharmacodynamic data showing that
PTH(1-34) clears from the circulation with a half-life of about 5-10 minutes, yet elicits
robust effects on blood CaZ* and Pi levels for ~2—3 hours after injection.?! These findings
raised the possibility that the capacity to detect the effects of a PTHR1 antagonist on PTH-
induced Ca2* and Pi mobilization might be enhanced by injecting the antagonist one hour
after the agonist, when the blood concentrations of the latter peptide are diminished, but its
pharmacodynamic effects are still apparent. The results of experiments using this approach
revealed that peptides 1 or 2 again had only small effects on the PTH(1-34)-induced
responses; the effects of a/p-peptide 2, nevertheless, appeared greater than those of 1, and
reached statistical significance for reversal of the hypophosphatemic response (Fig. 6¢—d).
These findings suggest that the PTH-induced hypophosphatemic response may be more
sensitive to modulation in levels of PTHR1 signaling, and thus easier to detect, than the
corresponding hypercalcemic response, as suggested by the rapid phosphaturic response
observed in a previous study.>°
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CONCLUSIONS

The PTHR1 agonist peptide, PTH(1-34), is an effective therapeutic agent for severe
osteoporosis. Antagonists or inverse agonists of PTHR1 signaling are also of therapeutic
interest, because they could be useful in the treatment of hyperparathyroidism, malignancy-
associated hypercalcemia and/or Jansen’s Metaphyseal chondrodysplasia.* -8 Past work 7n
vitro identified a close analogue of a-peptide 1 as both an antagonist and an inverse agonist
of PTHR1.12-15 However, an attempt to reverse PTH/PTHR1-mediated hypercalcemia /n
vivo with this peptide in patients with primary hyperparathyroidism, and thus high levels of
endogenous PTH, was not successful.1® This lack of efficacy may result in part from a
capacity of PTH to bind pseudo-irreversibly to PTHR1 and stimulate signaling from within
endosomal compartments;> antagonist peptides would be unlikely to gain access to
endosomal PTH-PTHR1 complexes. Another possible cause of a-peptide inactivity /n vivo
is short half-life. In general, conventional, a-peptides such as PTH(1-34) or 1 show poor
stability in biological contexts because they are rapidly cleaved by proteases.1’: 19. 56 we
thus wondered whether the failure of an a.-peptide antagonist related to 1 to achieve efficacy
in a clinical trial with patients with hyperparathyroidism1® could be explained, at least in
part, by a rapid rate of proteolysis following administration in animals. The experiments
described here were intended to explore this possibility.

Our in vitroresults show that a/B-peptide 2 mirrors the established PTHR1 antagonist/
inverse agonist a-peptide 1 in terms of PTHR1 affinity, antagonist activity and inverse
agonist activity. Moreover, a/B-peptide 2 exhibits markedly greater stability in the presence
of proteases. Our experiments in mice, however, did not reveal a dramatic difference
between a-peptide 1 and a/p-peptide 2 in vivo in terms of blocking the hypercalcemic or
hypophosphatemic effects of exogenously added PTH(1-34). In our previous studies,3* a
substantial difference was shown between the durations of bloodstream residency for
PTH(1-34) and for the analogous 34-residue a/B-peptide containing the same six a-to-p
replacements used here in antagonist peptide 2 (D6, figure 1). These prior results led us to
surmise that antagonist a./p-peptide 2 itself would persist longer in the mouse bloodstream
than antagonist a-peptide 1. This hypothesis is indirectly supported by our /n vitro finding
that o/B-peptide 2 is significantly less susceptible to proteolysis than is a-peptide 1. Despite
these favorable /n vitro findings, however, we did not observe enhanced action of the a./p-
peptide /n vivo. 1t is currently not possible to test directly whether 2 persists for longer in the
bloodstream than 1 because methods commonly used to detect PTH peptides in the
bloodstream rely either on recognition of PTH fragments with specific antibodies, which are
not usually suitable for detecting a/B-peptides,®’ or on a bioassay approach to assess
PTHR1-based signaling activity present in blood samples*2, which so far is not feasible for
PTHRL1 antagonists.

The in vivoresults reported here lead us to conclude that reducing the susceptibility of a
PTHRZ1 antagonist to proteolysis does not, by itself, lead to a major enhancement in the
capacity of the antagonist to block effects of an exogenously added PTH agonist ligand on
Ca?* and Pi mobilization. Because of their relatively small size, PTH(7-34) and the o/
analogue are likely to be removed rapidly from the bloodstream by the kidney,22 such that
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any enhancement of /n vivo stability engendered by pB-residue introduction may be masked
by rapid kidney filtration.

We note that our assessment of the relative importance of proteolysis versus renal filtration
in determining the biological activity of PTHR1 antagonists in mice was made possible by
the identification of an a/p-peptide analogue that mirrors the prototype peptide in all tested
biological properties but shows substantially higher stability in the presence of proteases.
Our findings highlight the potential value of slowing renal filtration for the identification of
improved PTHR1 antagonists. Larger proteins are less rapidly filtered from the blood by the
kidney than small proteins,®® so increasing the size of small peptides offers a mechanism for
attenuating the impact of renal filtration. Covalent appendage of polyethylene glycol
polymers (PEG) to peptide and protein drugs has extended the duration of biological
availability>® and efforts are currently underway to apply this approach to PTH and
derivatives.50

The similarity of the inverse agonist activities exhibited by peptides 1 and 2 is significant in
the context of efforts to design faithful mimics of polypeptides with specific biological
signaling activities. Results presented here indicate that the incorporation of six a-to-f
replacements does not significantly alter the ability of resulting a./p-peptide, 2, to associate
with constitutively active variants of PTHR1 and promote adoption of a PTHR1
conformation with reduced basal signaling activity. This finding is noteworthy given that a
specific side chain alteration (Gly-to-oTrp!2) is necessary for realization of peptide-mediated
inverse agonism!4 of PTHR1 and that one a.-to-B replacement (position 14) is quite close to
this critical site. This finding encourages future efforts to apply the backbone modification
strategy to create proteolytically stabilized mimics of other bioactive polypeptides.

The inverse agonist action of a/B-peptide 2 has yet to be explored /n vivo. Jansen’s
Metaphyseal chondrodysplasia is a rare disease caused by PTHR1 gain-of-function variants,
such as H223R, that exhibit elevated basal signaling. High levels of ligand-independent
signaling diminish the capacity of the receptor to specifically respond to ligand and regulate
key cell differentiation programs that operate in the developing skeleton and other

tissues.8: 38 The mechanistic features of biological processes that are regulated by PTHR1
via paracrine-acting PTHrP during development, are likely to differ considerably from those
that are regulated by PTHR1 v7a endocrine-acting PTH during the acute regulation of blood
Ca?* and Pi concentrations.1 It is thus conceivable that the capacity of a PTH antagonist/
inverse agonist ligand to modulate one system versus the other would also differ. Since our
current studies /n vitro show that a/B-peptide 2 can suppress the basal signaling of PTHR1-
H223R at least as effectively as can a-peptide 1, future studies aimed at assessing the
capacity of peptide 2 to correct the skeletal defects seen in transgenic mice harboring the
H223R allele®? seem warranted.

Peptide ligands that bind and inhibit signaling at PTHR1 can be modified using an a.-to-p
residue replacement strategy to provide a/p-peptides that retain the ability to bind receptor
and inhibit signaling, but show improved stability in the presence of proteases. Although a/
B-peptide 2 did not cause enduring antagonism of PTH activity /in vivo, future efforts aimed
at developing more effective antagonist and inverse agonist ligands of PTHR1 for
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therapeutic application will benefit from the availability of the approach described here for
enhancing biological stability without substantially altering receptor-binding activity.
Further exploration of backbone-modified peptides in the context of PTHR1 agonists,
antagonists and/or inverse agonists may provide new paths toward agents with improved
properties for treating a number of PTHR1-related diseases, including osteoporaosis,
hypoparathyroidism or Jansen’s metaphyseal chondrodysplasia.

ng assays
Reported IC5q values are the average of 3 independent assays. Each assay consists of 11 data
points (different concentrations) per peptide. Binding to PTHR1 was assessed by previously
described competition assays** performed in 96-well plates by using membranes from a
HEK 293 derived cell line stably transfected with human PTHR1 (GP2.3 cell line). In brief,
binding was assessed by using 12°1-PTH(1-34) as tracer radioligand and including GTPyS
in the reaction mixture (10 pM).

PTHR1 cAMP antagonism assays

ERK phosph

cAMP antagonism was assessed using a cell line that endogenously expresses wild type
PTHR1 (SGS-72 cells).*6 These cells were both stably transfected with Glosensor cAMP
reporter (Promega Corp.)*’ Monolayers of confluent cells were pre-incubated with media
(CO, independent media, Life Sciences) containing d-luciferin (0.5 mM) in 96-well plates at
room temperature until a stable baseline level of luminescence was established (30 min).
Varying concentrations of antagonist peptides were then added for 15 minutes. Agonist
peptides were then added, and luminescence responses were recorded using a Perkin Elmer
plate reader. The maximal luminescence response (observed 12-20 min after ligand
addition) was used for generating dose-response curves. Dose-response curves were fit to a
sigmoidal dose-response model with variable slope.

orylation assays

Ligand effects on PTHR1-mediated signaling via the ERK-1/2 pathway were assessed in
GP-2.3 cells. Intact cells in 96-well plates were treated with media alone (vehicle) or media
containing a test ligand, and the plates were incubated at room temperature for 15 minutes.
The cells were then rinsed, lysed and the lysates were analyzed for phosphorylated ERK-1/2
proteins using the antibody-based SureFire assay system (Perkin Elmer).

PTHR1 cAMP inverse agonism assays

CAMP inverse agonism was assessed using HEK-293-derived cell lines stably transfected to
express Glosensor CAMP reporter and PTHR1 variants (H223R in the GHR10 cell line or
T410P in the GTP4 cell line).13 These receptor variants induce high levels of cAMP
signaling in the absence of ligands, relative to that induced by wild type PTHR1.13
Monolayers of confluent HEK 293 cells were incubated with buffer containing d-luciferin
(0.5 mM) and isobutylmethylxanthine (2 mM) in 96-well plates at room temperature for 30
minutes. Varying concentrations of inverse agonist peptides were then added, and
luminescence was recorded over 30 minutes using a Perkin Elmer plate reader.
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Luminescence readings were taken every two minutes. Readings made 30 minutes after
inverse agonist addition were used to construct dose response curves.

In Vivo Pharmacology: Calcemic Response

Mice (CD1, female, age 9-12 weeks) were treated in accordance with the ethical guidelines
adopted by Massachusetts General Hospital. Mice (n=6-7 per group) were injected
subcutaneously with vehicle (10 mM citric acid/150 mM NaCl/0.05% Tween-80, pH 5.0) or
vehicle containing agonist (human PTH(1-34)) at a dose of 10 nmol/kg body weight or
antagonist (1 or 2) at a dose of 500 nmol/kg body weight. Prior to injection, mice were
grouped according to basal blood calcium concentrations to ensure each group possessed
similar average (mean) blood ionized calcium levels at t=0. Groups were not statistically
different on basis of mean basal blood calcium concentration at t=0. Blood was withdrawn
just prior to injection (t=0) or at times thereafter. Tail vein blood was collected and
immediately used for analysis. Blood Ca2* and phosphate concentration was measured with
a Siemens RapidLab 348 Ca2*/pH analyzer.

Protease Susceptibility Assays

An HPLC assay was used to assess proteolytic susceptibility.30 See the supporting
information detailed methodological protocols.

Peptide Synthesis and Purification

Peptides were synthesized as C-terminal amides on NovaPEG rink amide resin (EMD) using
previously reported microwave-assisted solid-phase conditions, based on Fmoc protection of
main chain amino groups.3? See supporting information for further methodological details.

Data calculations

Data were processed by using the Microsoft Excel and GraphPad Prism 4.0 software
packages. Data from binding and cAMP dose-response assays were analyzed using a
sigmoidal dose-response model with variable slope as previously used for analysis of data of
this type.34 Data sets were statistically compared by using Student’s t test (two-tailed)
assuming unequal variances for the two sets. Statistical calculations were carried out
assuming Gaussian data distribution.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structures of peptides derived from parathyroid hormone (PTH) used in this study
(a) Sequences of peptides used in this study. The conventional single-letter code is used to

indicate a residue identity. Blue dots indicate sites of a-to-B2 replacement; each @2 residue
bears the side chain of the a residue indicated by the letter. D-tryptophan residues are
represented with a lowercase “w”. (b) Structures of amino acid residues used in this study.
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Figure 2. Binding of peptides at PTHR1
Binding to PTHR1 was assessed using cell membrane preparations derived from a HEK-293

cell line stably transfected to express human PTHR1. Experiments were carried out in the
presence of GTPyS (107 M) using 1251-PTH(1-34) as a tracer radioligand. Binding values
are reported in Table 1. Data are presented as means (x SEM) of three experiments, with
each condition assessed in duplicate in each experiment. Curves represent fitting of a
sigmoidal dose response with variable slope model to the data.
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Figure 3. Inhibition of cAMP responses at PTHR1 by peptides
PTHR1-mediated CAMP responses were assessed using a SaOS-2 derived cell line (SGS-72)

that expresses PTHR1 at endogenous levels and is stably transfected to expresses a
luciferase variant that is activated by intracellular cAMP. cAMP antagonism ICsgq values are
reported in Table 1. Antagonist peptides were incubated with cells at indicated doses for 15
minutes before addition of (a) human PTH(1-34), (b) LA-PTH, or (c) M-PTH(1-11) at final
concentrations of 0.3 nM, 0.3 nM or 10 nM respectively. Maximum luminescence responses
were then recorded 12—20 minutes after peptide addition and were used to generate dose
response curves. Data are presented as means (+ SEM) of five experiments. Curves represent
fitting of a sigmoidal dose response with variable slope model to the data.
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Figure 4. Inverse agonism activity of peptides at constitutively active PTHR1 mutants
Cells were incubated in CO5 independent media containing D-luciferin (0.5 M) and 3-

isobutyl-1-methylxanthine (IBMX, 2 mM) for 30 minutes before addition of inverse agonist
peptides (panel a). These experiments were performed in HEK-293 cells transfected to
stably express either hPTHR1 T410P (GTP4 cell-line, panels b and d) or H223R (GHR10
cell line, panels ¢ and e) variants. The time courses presented in panels b and ¢ represent
alterations in intracellular cAMP levels stimulated following addition of peptides at a final
dose of 1 uM. Dose response plots presented in panels d and e represent relative
luminescence levels recorded 30 minutes after addition of inverse agonist peptides or
vehicle. The y-axis in panel e is presented using a discontinuity to highlight the dose
response relationship observed. Data are presented as means (£ SEM) of three experiments,
with each condition assessed in duplicate in each experiment.
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Figure 5. Evaluation of peptide stabilities in the presence of proteinase K or trypsin
Peptides were incubated with (a) proteinase K or (b) trypsin using conditions described in

the methods section. The amount of peptide remaining intact at indicated time points was
measured using an HPLC-based assay. Data are presented as means (+ SD) from a single
experiment, with each condition assessed in duplicate. Results were fitted to an exponential
decay model constrained to a plateau value of zero, which showed good agreement between
the model and experimental data (r2>0.95), except for peptide 2 in the presence of trypsin,
which was not evaluated using this model. Data points for peptide 2 in panel b are connected
by a broken line to reflect this difference. The exponential decay model was used to provide
estimated peptide half-lives for degradation experiments, except for peptide 2 in the
presence of trypsin. Peptide half-lives are reported in Table 1. A replicate trypsin proteolysis
experiment yielding similar data is presented in figure S4. (c) Amide bonds susceptible to
protease-catalyzed hydrolysis were identified through characterization of peptide fragments
appearing after incubation with protease using MALDI-TOF masss pectrometry.
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Figure 6. Assessment of peptides 1 and 2 as antagonists of PTH(1-34) induced calcemic and
phosphatemic responses in mice

Data points represent mean SEM. *p<0.05 versus vehicle in n = 6 or 7 female CD1 mice.
Experiments were run according to the schematic provided in supporting figure S5.(a-b)
Peptide 1 or 2 or vehicle was injected four minutes prior to PTH(1-34). See methods section
for further experimental details. (a) Levels of ionized calcium within the bloodstream of
mice treated with 1, 2, or vehicle. (b) Levels of inorganic phosphate within the bloodstream
of mice treated with 1, 2, or vehicle.(c—d) Peptide 1 or 2 or vehicle was injected one hour
after PTH(1-34). Experiments were run according to the schematic provided in supporting
figure S5. See methods section for further experimental details. Black arrows represent the
time at which 1, 2, or vehicle were injected. (c) Levels of ionized calcium with in the
bloodstream of mice treated with 1, 2, or vehicle. (d) Levels of inorganic phosphate within
the bloodstream of mice treated with 1, 2, or vehicle.
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