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1. Abstract 

We have generated and characterized a NanoLuc-parathyroid hormone 1 receptor (PTH1R) 
fusion protein that enables improved equilibrium and kinetic competition binding assays. We 
examined both the truncated endogenous parathyroid hormone (PTH) and a previously 
described α/-amino acid-containing, G protein-biased analogue (PTH-P2). Using our new 
assay system, we report that PTH-P2 binds PTH1R with lower affinity and induces less receptor 
internalization by endocytosis than PTH. However, PTH-P2 activates G protein-dependent 
cAMP generation to a comparable degree as PTH, meaning that it is both selective towards 
activation of a specific signaling cascade, and selective towards membrane localization. 

2. Introduction and Literature Review 

     Cellular signal transduction across eukaryotic plasma membranes facilitates dynamic control 

of protein synthesis through gene expression, as well as modulation of existing protein activity 

with post-translational modifications. Transmembrane G protein-coupled receptor proteins 

(GPCRs), which constitute over a third of all drug targets, are one of the mechanisms by which 

this signaling occurs.1 GPCRs have attracted interest for potential drug design through 

exploitation of a phenomenon known as agonist bias or functional selectivity, where structurally 

distinct ligands binding to GPCRs can favor the activation of certain downstream effectors over 

others.2 Some GPCRs, like the parathyroid hormone 1 receptor (PTH1R), also have multiple 

endogenous ligands that exert different timescales of action. In the case of PTH1R, parathyroid 

hormone (PTH) binds in a relatively high-affinity interaction resulting in extended, endosomal 

cAMP signaling, while parathyroid hormone-related protein (PTHrP) binds in a relatively low-

affinity interaction resulting in transient, plasma membrane cAMP signaling.3 PTH is also a 

agonist of both the PTH1R and PTH2R receptors. Previously, the Gellman Group has shown that 

altering ligand backbones can facilitate selectivity towards either PTH1R or PTH2R,4 as well as 

bias towards G protein-dependent cAMP signaling over β-arrestin signaling. Because β-arrestin 

is responsible for recruiting endocytic machinery, this G protein-dependent bias is thought to 



also result in a tendency for activated receptors to remain at the plasma membrane.5 One of 

these peptides previously described is a subject of this study, “peptide 2” (PTH-P2). 

     For preliminary screens of synthetically modified ligands with novel properties to move 

forward into the pre-clinical and clinical setting, it is useful for efficacy (through 

association/dissociation rates kon, koff, binding affinity Kd, and residence time RT) and potency to 

be determined. Recently, there has been increasing interest in using binding assays in which a 

fluorescently labeled ligand interacts with a NanoLuc (Nluc) luciferase-tagged GPCR in the 

presence of a substrate to emit light by bioluminescence resonance energy transfer (BRET), 

which acts as a signal that can be competed against by a ligand of interest. These BRET assays 

are cheaper, safer, and faster than traditional radiolabeled ligand binding assays.6 The Gellman 

Group has successfully ported this approach from Class A GPCRs, which bind small molecule 

ligands, to the Class B GPCRs which bind peptide hormones.7 We prepared a Nluc-PTH1R 

construct and verified its normal function in cAMP production and endocytosis (Gellman Group, 

unpublished); this report details validating the use of the Nluc-PTH1R construct in assays it was 

designed for, including determining kinetic parameters of the biased ligand PTH-P2. We also 

used this modified receptor to gauge PTH-P2’s altered function, stemming from its G protein 

bias. 

3. Materials and Methods 

Modified receptor: Nluc-PTH1R was obtained by appending DNA encoding the NanoLuc 

luciferase enzyme downstream of the endoplasmic reticulum signal sequence but before the 

PTH1R gene proper, separated by a glycine and dual-glycine spacer, respectively. This DNA was 

inserted into a pcDNA3.1 shuttle vector; all described assays involved transfecting 1.2 µg of the 

unlinearized vector into HEK293 cells. More information about the vector, including its 

sequence, can be found at: <https://www.addgene.org/162577/>. 



Probe synthesis: The probe is a labeled ligand consisting of the truncated form of the 

endogenous agonist, PTH(1-34), to which a lysine residue has been appended at the C-terminus. 

The C-terminal lysine, in turn, is conjugated to 6-carboxytetramethylrhodamine (TMR) to form 

the final probe, PTH-TMR (Figure 1). PTH-TMR was prepared by solid-phase peptide synthesis 

as PTH(1-34) modified with a C-terminal lysine residue.  After verification with mass 

spectrometry, the lysine residues was conjugated by amide bond coupling to TMR, purified 

through HPLC, then verified for mass. 

cAMP assays: To analyze the ability of Nluc-PTH1R to facilitate cAMP accumulation, we 

employed an assay previously used and described by our research group for the class B GPCR 

GLP-1R.8 

Association/dissociation assays: To determine the kinetic parameters and binding affinity of 

our probe, we ran association/dissociation binding experiments where cells expressing Nluc-

PTH1R were exposed to 10 nM PTH-TMR for approximately 15 minutes. Afterwards, the 

solution was dumped from the cells, which were then exposed to unlabeled PTH(1-34) for 

another 10 minutes. During the entire time, light emission from the BRET interaction between 

Nluc and PTH-TMR was measured by a plate reader. A previously described curve fitting model 

was used to determine kinetic parameters and binding affinity.9 

Endocytic internalization and competition binding assays: We examined a peptide, “peptide 

2” or PTH-P2, that the Gellman Group previously found to be a G protein-biased agonist of 

PTH1R.5 To compare the behavior of PTH(1-34) and PTH-P2, we assessed endocytic 

internalization of Nluc-PTH1R with an assay similar to one previously described for the β-AR 

GPCR.10 Reduction of light emission from Nluc reacting with the membrane-impermeable 

substrate H-coelenterazine acted as an indirect measurement of receptor endocytosis following 

200 nM ligand exposure; the plate reader analyzed light emission for 30 minutes. Finally, we 



ran previously described competition binding6 assays with PTH(1-34) and PTH-P2 against PTH-

TMR to yield kinetic parameters and binding affinity of PTH-P2, which can be compared to 

those of PTH(1-34). Once again, light emission from the BRET interaction between Nluc and 

PTH-TMR was the signal. The data was analyzed with a previously described curve fitting 

model.9 

 

 



Figure 1. Chemical structure of PTH-TMR; PTH(1-34) = 

SVSEIQLMHNLGKHLNSMERVEWLRKKLQDVHNF, using the one-letter amino acid abbreviation 

system. 

4. Results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Association and dissociation binding curves for Nluc-PTH1R stimulated with the 
labeled probe PTH-TMR. ΔmBRET = thousand-fold scaled change in the ratio of the 
luminescence intensity of the donor and acceptor channels (460 nm and 590 nm, 
respectively); kon = ligand association constant; koff = ligand dissociation constant; Kd = 
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binding affinity. Each point on the upper graph represents a timepoint where luminescence 
was measured during an experiment. Each point on the lower three graphs represents an 
experimental replicate (n = 3). Error bars represent standard error. This figure was 
prepared by Brian Cary in the Gellman Group, using data collected by Kevin Nguyen. 
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cAMP Production 

 

pEC50 EC50 (nM) 

PTH-TMR 10.1 ± 0.1 0.087 

PTH-P2 9.89 ± 0.1 0.13 

 

Figure 3. G protein pathway dose-response curve for Nluc-PTH1R stimulated with either the 
labeled probe PTH-TMR or the G protein-biased α/-amino acid agonist PTH-P2. The curve 
generated by PTH-TMR binding is used as the baseline for comparison; each datapoint represents 
the mean of triplicate, independent experiments (n = 3). cAMP = cyclic adenosine monophosphate; 
EC50 = peptide concentration inducing a half-maximal response; pEC50 = -log10(EC50); log = log10. 
Error bars represent standard error. This figure was prepared by Brian Cary, using data collected 
by Kevin Nguyen. 
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Competition Binding 

 

pIC50 IC50 (nM) 

PTH 6.87 ± 0.05 140 

PTH-P2 6.01 ± 0.06 970 

 

Figure 4. Competition binding curves for Nluc-PTH1R stimulated with either unlabeled PTH(1-34) 
or PTH-P2. The data is displayed as percentages of the maximum PTH-TMR bound; the PTH(1-34) 
curve represents triplicate experiments (n = 3), and the PTH-P2 curve represents duplicate 
experiments (n = 2). PTH = PTH(1-34); IC50 = peptide concentration inducing dissociation of half 
the amount of labeled PTH-TMR probe used in the experiment; pIC50 = -log10(IC50). Error bars 
represent standard error. This figure was prepared by Brian Cary, using data collected by Brian 
Cary. 
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Receptor Internalization 

 

% PTH 

PTH 100 ± 16 

PTH-P2 0.4 ± 10* 

 

Figure 5. Endocytic internalization of Nluc-PTH1R stimulated by either unlabeled PTH(1-34) or 
PTH-P2. Data represents the mean of triplicate, independent experiments (n = 3). The data 
generated by PTH(1-34) is used as the baseline for comparison. PTH = PTH(1-34). Error bars 
represent standard error. * = p < 0.05 by Student’s two-tailed t test. This figure was prepared by 
Brian Cary, using data collected by Kevin Nguyen and Brian Cary. 

 

 

 

 



5. Discussion and Conclusions 

     Firstly, we demonstrated that the Nluc-PTH1R construct, which we determined exhibited 

similar biological properties as wild-type PTH1R (Gellman Group, unpublished), is useful for 

association and dissociation binding experiments. We showed that the labeled probe ligand 

PTH-TMR can indeed produce a BRET signal upon binding; the signal then disappears after 

washing and treatment with unlabeled ligand. From this data, kinetic parameters kon, koff, and 

the binding affinity KD for a ligand, can be determined (Figure 2).  

     Next, we compared properties of the G protein-biased PTH-P2 ligand, the labeled PTH-TMR 

probe, and PTH(1-34). cAMP production assays showed no significant difference between 

ligand dose-dependent activation of adenylyl cyclase between either PTH-P2 and PTH-TMR 

(Figure 3), which is comparable to that of PTH(1-34) (Gellman Group, unpublished). 

Comparing the ability of either PTH-P2 or PTH(1-34) to compete PTH-TMR off Nluc-PTH1R in 

equilibrium competition assays revealed that PTH-P2 exhibits a right-shifted dose-response 

curve, relative to PTH(1-34) (Figure 4). This means that PTH-P2 binds the receptor more 

weakly than PTH(1-34). Finally, comparing receptor internalization through endocytosis 

illustrates that PTH-P2 induces little to no internalization compared to PTH(1-34) (Figure 5), 

consistent with its bias against activating the β-arrestin-mediated endocytosis pathway.11 In 

other words, compared to PTH(1-34), PTH-P2 favors activating cAMP signaling at the plasma 

membrane, and not also from endosomes. 

     The utility of our Nluc-GPCR BRET assay system goes beyond determining kinetic 

parameters and affinity. Pathogenic single-nucleotide variants of PTH1R have been clinically 

identified from people with rare genetic conditions like Eiken syndrome.12,13 The Nluc-GPCR 

BRET assay system could be used to assess the molecular consequences of these variations 

through site-directed mutagenesis, followed by cAMP, internalization, and binding assays 



described in this study. Recent work on the mechanisms of intrinsically disordered peptide 

binding to GPCRs14 suggests that it is plausible for ligand-receptor interactions of Class B 

GPCRs, in general, to be more complex than a single, relatively rigid conformation. Differences 

in BRET signals might reveal details of ligand-dependent conformational changes. 

     However, there could be obstacles to the adoption of the Nluc-GPCR BRET assays by other 

laboratories and industries. Previously, we found that placing the Nluc in the same position in 

the GLP-1R and PTH1R receptors did not alter their native functions, but it attenuated the 

normal function of the GCGR receptor (Gellman Group, unpublished). This position, at the N-

terminus, is also unlikely to be suitable for closely related Class B2 adhesin-type GPCRs that 

have relatively extensive N-termini connected to “tethered” ligands,15 although Nluc might 

theoretically be placed elsewhere on the receptor. 

     Nevertheless, the advantages of the Nluc-GPCR BRET assay system, chiefly its elimination of 

radioactive ligands without compromising receptor function in most cases, make it attractive 

for researchers who may be: 1) developing biased drug candidates, 2) developing drug 

candidates that favor signaling at either the plasma membrane or endosomes, and 3) 

understanding the mechanistic underpinnings of endogenous ligand-receptor interactions. Our 

work has presented a proof-of-concept of the assay system with the PTH1R. 
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