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loop, preferentially activates G protein over (-arrestin signaling while inhibiting NT binding, NT-induced
B-arrestin recruitment, and NTSR1 internalization, thereby acting as biased allosteric agonist and nega-
tive allosteric modulator. PP-001 also promotes the formation of both homo- and heteromeric multi-
receptor complexes. In vivo, PP-001 elicits potent, sustained hypotensive effects, reversible by the
NTSR1 antagonist SR48692. Although the precise mechanism of pepducin-receptor interaction remains
unclear, we identify a critical N-terminal RKK motif for PP-001’s biological activity. Finally, thermode-

naturation assays using purified NTSR1, combined with mutagenesis and molecular docking, provide ev-
idence for the role of the receptor’s H8 domain in direct pepducin interaction. Together, these findings
highlight pepducins as versatile modulators of GPCR function and as valuable pharmacological tools
for GPCR-targeted drug development.

© 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Pepducins represent a unique class of drugs designed to target G
protein-coupled receptors (GPCRs), also known as 7-
transmembrane domain receptors (7TMRs), by using a distinc-
tive intracellular allosteric mechanism. Structurally, pepducins
consist of a lipid moiety, most commonly palmitate, conjugated to
a peptide derived from one of the four intracellular domains (ICLs
1-3, C-terminus) of a receptor of interest'. Functionally, the lipid
serves as a tether to the cell membrane’s phospholipid bilayer and
allows the pepducin’s passive translocation between the outer and
inner leaflets>>. Once the pepducin penetrates the intracellular
compartment, it is thought to allosterically bind to its cognate
receptor and thereby modulate the signaling output*. However, the
nature of this modulation may be multifarious. Some pepducins
have been reported to directly promote 7TMR signaling and could
thus be classified as allosteric agonists® ’. Others have been
shown to inhibit the activity of an extracellular agonist, behaving
as negative allosteric modulators (NAMs) of their target
receptor® '°. Conceivably, they could also potentiate the activity
of an extracellular agonist and behave as positive allosteric
modulators (PAMs) of their receptor, although no examples of
pepducins acting in this way have been reported. A small number
of pepducins are also known to inhibit responses triggered by
other (agonistic) pepducins'"“'?. Importantly, these lipopeptides
can display signaling bias by preferentially activating (or inhib-
iting) a subset of the receptor’s associated signaling pathways,
unlike a balanced reference ligand®”'®. Finally, due to their
unique mode of action, pepducins may regulate receptor function
in ways that are simply not possible with traditional ligands'®. In
short, they have the potential to be very useful tools in drug dis-
covery, for both research and therapeutic purposes.

To date, pepducins have been derived from a range of 7TMRs,
including protease-activated receptors 1,2, and 4 (PAR1, PAR2, and
PAR4)1’15; chemokine receptors CCRZIG, CXCR1/217’18, and
CXCR4>'7; 2 adrenergic receptor (82R)*’; formyl peptide re-
ceptors 1,2, and 3 (FPR1 '9, FPR22°’21, and FPR322); sphingosine-1-
phosphate receptors SIPR1 and S1PR3'%?*; and urotensin receptor
(UTR)**. With such a varied list of targets, the pathophysiological
contexts in which pepducins have been studied are equally diverse:
arthritis®, cancer (breast?, intestinal?’*%, lung®*°, ovarian'®,
prostate3 1, and leukemia® 2), heart failure”, dermatitis and itch**3> s
diabetes36, liver disease37, sepsis”‘3 8, and thrombosis39‘40, to name
a few. Among them, PZ-128, a PAR1-derived pepducin, has suc-
cessfully completed Phase I*! and Phase IT*° clinical trials, and may

thus become a first-of-its class drug on the market. Despite these
advances, many questions remain about pepducins, including the
precise nature of the pepducin—receptor interaction, which is still
unclear. Thus, there is a need to deepen our mechanistic under-
standing of how these lipopeptides operate and to broaden our set of
available tools by applying the pepducin strategy to new targets.

To this end, we recently introduced a new series of pepducins
derived from the ICL1 of the neurotensin receptor type 1 (NTSR1),
one of the two 7TMRs bound by the neurotensin tridecapeptide
(NT)*. This Class A GPCR, expressed in central** and periph-
eral*** tissues, mediates diverse physiological effects, including
hypotension*® and hypothermia*’. Of particular interest, NTSR1
activation contributes to NT-induced opioid-independent anal-
gesia in rodents*>~>°. Prior to our work, NTSR1 had not been tar-
geted by pepducin technology, and research into the therapeutic
potential of pepducins in chronic pain paradigms was limited. We
recently demonstrated that the pepducin PP-001 derived from ICL1
exerted significant analgesic effects across multiple pain models**.
In the present study, we aim to characterize in depth the signaling
profile of PP-001 at NTSR1 and to elucidate the molecular basis of
pepducin-receptor interactions. Our results reveal complex modu-
lation of NTSR1 signaling, as PP-001 was found to behave as a
biased allosteric agonist, favoring G protein signaling over (-
arrestin recruitment, and as a negative allosteric modulator,
reducing NT binding and signaling. Alanine scanning mutagenesis
of both PP-001 and NTSR1’s ICL domains also identifies key
structural determinants governing this interaction. In particular, we
found that the N-terminal RKK motif of PP-001 plays a critical role
for its biological activity while the receptor’s eighth a-helix (HS)
constitutes a critical interface mediating pepducin-receptor inter-
action. Finally, thermodenaturation assays using purified NTSR1
receptor constructs, combined with molecular docking, provide
direct evidence of PP-001 binding to NTSRI.

2. Materials and methods
2.1.  Materials

To perform the experiments described here, we synthesized the
compounds NT, NT(8-13), and our NTSR1-derived pepducins at
the peptide synthesis facility of the Université de Sherbrooke
(http://www.usherbrooke.ca/ips/en/platforms/psp/). These include
the full-length ICL1 pepducin (NTSR1-ICL1-PP-001), a non-
palmitoylated control (NTSR1-ICL1-NP-001), a pepducin with a
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Table 1  Peptide sequences of tested compounds.
Compound Abbreviation Sequence
Neurotensin NT HN-—ELYENKPRRPYIL-COOH
Neurotensin (8-13) NT(8-13) H,N—RRPYIL —-COOH
NTSR1-ICL1-PP-001 PP-001 Palmitoyl- AR KKSLQSLQSTVH —CO-NH,
NTSR1-ICL1-NP-001 NP-001 HN-—ARKKSLQSLQSTVH —CO-NH,
NTSRI1-ICL1-PP-SCR-001 PP-SCR-001 Palmitoyl- LVQRLTA K S S K Q H S—CO-NH,
NTSR1-ICL1-PP-005 PP-005 Palmitoyl— A R K K S L —CO-NH,

[Ala?]PP-001
[Ala’]PP-001
[Ala*]PP-001
[Ala’]PP-001
[Ala®TPP-001
[Ala’]PP-001
[Ala®]PP-001
[Ala’1PP-001
[Ala'*1PP-001
[Ala'"PP-001
[Ala'?]PP-001
[Ala'*1PP-001
[Ala'*1PP-001

NTSR1-ICL1-[Ala*]PP-001
NTSR1-ICL1-[Ala*|PP-001
NTSR1-ICL1-[Ala*]PP-001
NTSR1-ICL1-[Ala’]PP-001
NTSR1-ICL1-[Ala®]PP-001
NTSR1-ICL1-[Ala’]PP-001
NTSR1-ICL1-[Ala®]PP-001
NTSR1-ICL1-[Ala’]PP-001
NTSR1-ICL1-[Ala'°]PP-001
NTSRI1-ICL1-[Ala'']PP-001
NTSR-ICL1-[Ala'*]PP-001
NTSR1-ICLI-[Ala'*]PP-001
NTSR1-ICL1-[Ala'4]PP-001

Palmitoyl- AAKKSLQSLQSTV H—CO-NH,
Palmitoyl- ARAKSLQSLQSTVH—CO-NH,
Palmitoylm ARKASLQSLQSTVH—CO-NH,
Palmitoyl- ARKKALQSLQSTV H—CO-NH,
Palmitoyl- ARKKSAQSLQSTV H—CO-NH,
Palmitoyl- ARKKSLASLQSTVH—CO-NH,
Palmitoylm ARKKSLQALQST YV H—CO-NH,
Palmitoyl- ARKKSLQSAQSTVH—CO-NH,
Palmitoyl- ARKKSLQSLASTVH—CO-NH,
Palmitoyl- ARKKSLQSLQATV H—CO-NH,
Palmitoyl- ARKKSLQSLQSAVH —CO-NH,
Palmitoyl- ARKKSLQSLQSTA H—CO-NH,
Palmitoylm ARKKSLQSLQSTVA —CO-NH,

scrambled peptide sequence (NTSRI1-ICL1-PP-SCR-001), a
C-terminally truncated pepducin (NTSR1-ICL1-PP-005), and a
13-pepducin alanine scan series in which the amino acids at po-
sitions 2 to 14 of NTSR1-ICL1-PP-001 (corresponding to residues
R90 to H102 of hNTSR1) have been sequentially replaced by
alanine residues (NTSRI-ICL1-[Ala?]PP-001 to NTSRI-ICLI-
[Ala'*]PP-001). We also obtained the NTSR1 antagonist SR48692
from R&D Systems, Inc. (Minneapolis, MN, USA). The specific
peptide sequences are provided in Table 1.

Throughout this article, pepducins are referred to by their
abbreviated titles PP-001, NP-001, PP-SCR-001, etc. The pro-
tected amino acids and TentaGel R-RAM resins used in their
synthesis were obtained from Chem-Impex International (Wood
Dale, IL, USA). All other chemicals and reagents involved in the
synthesis of peptides and pepducins were obtained from Sigma-
Aldrich (Oakville, ON, Canada) or Fisher Scientific (Montreal,
QC, Canada). Dulbecco’s modified Eagle’s medium (DMEM):
Nutrient Mixture F12 (DMEM-F12), Leibovitz (L-15) medium,
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic  acid),
penicillin—streptomycin, fetal bovine serum (FBS), gentamycin
G418, phosphate-buffered solution (PBS), Hank’s Balanced Salt
Solution (HBSS), and trypsin (0.25%) supplemented with
0.53 mmol/L EDTA were all obtained from Wisent Bioproducts
(St. Bruno, QC, Canada). Opti-MEM Reduced Serum Medium
was acquired from Invitrogen (Burlington, ON, Canada). Salmon
sperm DNA (SSD) and polyethyleneimine (PEI) were sourced
from Sigma-Aldrich (Oakville, ON, Canada). Coelenterazine
400A (Deep Blue C) was provide by GoldBio (Gold Biotech-
nology, St-Louis, MO, USA). White opaque 96-well plates were
purchased from BD Falcon (Corning, NY, USA). 96-well plates
with gold-plated interdigitated finger electrodes for Electric Cell-
substrate Impedance Sensing (ECIS) were purchased from
Applied Biophysics (Troy, NY, USA).

2.2.  Pepducin synthesis
NTSR1-derived pepducins were synthesized using standard C—N

solid-phase peptide synthesis, with 12 mL polypropylene car-
tridges with 20 um PE frit (Applied Separations, Allentown, PA,

USA). 250 umol of TentaGel S RAM resin (0.24 mmol/g) were
deprotected with a mixture of piperidine:DMF (1:1) for
2 x 10 min. The fmoc-protected amino acids (3 eq.) were coupled
using HATU (3 eq.) and DIEA (6 eq.) in DMF (10 mL) for at least
2 h. The reactant and solvent were then filtered, and the resin was
washed with 10 mL DMF (2 x 5 min under agitation) and three
alternating cycles of washing with 2-propanol (7 mL) or DCM
(7 mL). Deprotection cycles were carried out with a mixture of
piperidine: DMF (1:1) for 2 x 10 min. After deprotection, the
solvent was removed by filtration, the resin was washed with
DME, 2-propanol, and DCM (as described above), and the Fmoc-
protected amino acid was then coupled using HATU/DIEA in
DME. Coupling of palmitate (3 eq.) was done in dry N-methyl-2-
pyrrolidone (NMP) with HATU (3 eq.) and DIEA (6 eq.).

Peptides and pepducins were cleaved from the resin using
92.5% TFA, 2.5% TIPS, 2.5% H20, and 2.5% EDT for at least 2 h
to provide the crude mixture of the desired peptide. The resin
suspension was filtered through cotton wool and the peptide
precipitated in 50 mL of tert-butyl methyl ether at O °C. The
suspension was centrifuged for 20 min at 1500 rpm, and the pellet
was resuspended in a mixture of water:acetonitrile (2:1) and
lyophilized before purification.

Purification was done on a Waters Mass-triggered preparative
HPLC system (Sample Manager 2767, Binary Gradient Module
2545, with two 515 HPLC pumps, a System Fluidics Organizer,
and a 2998 Photodiode Array Detector) combined to a SQ De-
tector 2 and equipped with an X Select CSH Prep C18 5 mm
OBD 19 mm X 250 mm column using a 25%—40% gradient of
acetonitrile with 0.1% formic acid for 15 min. The fractions were
analyzed by UPLC/MS (Water H Class Acquity UPLC, mounted
with  Acquity UPLC BEH C;g column, 1.7 pum,
2.1 mm x 50 mm, and paired to a SQ Detector 2) using a
gradient of 5%—95% acetonitrile with 0.1% formic acid for
2 min. Fractions with a purity of 95% or greater were then
lyophilized and stored at —20 °C until use. HRMS was per-
formed on a Bruker MaXis 3G high-resolution Q-ToF. Purified
product yielded a white powder after being freeze-dried. Stock
solutions in 100% DMSO were prepared for biological assays at
10-mmol/L concentrations.
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2.3.  Plasmids and constructs

The cDNAs encoding hNTSR1 and the G{; subunit were pur-
chased from the Bloomsburg University cDNA Resource Center
(Bloomsburg, PA, USA). Those encoding Ga,-RlucIl’', Gay-
Rlucll®?, Gaya-Rlucll®®, Ga;s-Rlucll>*, GFP10-Gy,*>>°, Rlucll-
B-arrestin-1>7 or —2%, and rGFP-CAAX>® were kindly provided
by Dr. Michel Bouvier (Université de Montréal). The plasmids
encoding NTSR1-GFP10%° and APJ-GFP10°' were previously
constructed by our team using an InFusion advantage PCR cloning
kit (Clontech Laboratories, Mountain View, CA, USA). To
generate the NTSR1-Rlucll and APJ-Rlucll constructs for this
study, the complete coding sequences of hNTSR1 and hAPJ re-
ceptors were amplified by PCR without their stop codons, inserted
in frame into a pIRES(puroR)-Rlucll-StrepTagll vector following
BamHI digestion, and fused to Rlucll by a 7 amino acid
GSGSAGT linker using the InFusion advantage PCR cloning kit
according to the manufacturer’s recommendations. Finally, a
3xHA-hNTSR1 pcDNA3.1 construct was purchased from the
Bloomsburg University cDNA Resource Center (Bloomsburg, PA,
USA) and provided to GenScript (Piscataway, NJ, USA) as the
template for the construction of the 27 NTSR1 ICL mutant cDNAs
(ICL Mutants 1—27). The specific mutations introduced are pro-
vided in Supporting Information Table S7. Constructs were veri-
fied by DNA sequencing before use. Engineered recombinant
NTSR1-3 and NTS-22 were constructed using standard cloning
procedures and polymerase chain reaction. The receptor modifi-
cations are presented in Supporting Information Fig. S2 and
Table S6, as described elsewhere®>%2,

2.4.  Cellular assays

2.4.1.  Cell culture and transfections

Multiple cell lines were used to characterize the in vitro behavior
of our pepducin series. Chinese hamster ovary cells (CHO-K1,
CCL-61 from ATCC, Manassas, VA, USA) were cultured in
DMEM-F12 medium supplemented with 20 mmol/L HEPES, 10%
FBS, and penicillin (100 U/mL)-streptomycin (100 mg/mL).
CHO-KI1 cells stably expressing hNTSR1 (CHO-hNTSRI, ES-
690-C), purchased from PerkinElmer (Montreal, QC, Canada),
were cultured in the same conditions but further supplemented
with 0.4 mg/mL of geneticin (G418). Human embryonic kidney
293 (HEK293) cells were cultured in DMEM supplemented with
20 mmol/L HEPES, 10% FBS, and penicillin (100 U/mL)-
streptomycin (100 mg/mL). All cell lines were maintained in a
humidified atmosphere at 37 °C and 5% CO, and were used be-
tween passages 5 and 25.

For transient expression of recombinant proteins, 100-mm cell
culture dishes were seeded with 2 x 10° cells. Cells were trans-
fected 24 h later with 12 mg cDNA; if the amount of cDNA
required for the assay did not reach this total, transfection mixes
were completed with SSD. Transfection complexes were formed
by incubating plasmids for 25 min in Opti-MEM serum-free
media with the transfection reagent polyethyleneimine (PEI) at a
3:1 PEL:cDNA ratio®, then gently deposited onto cells.

2.4.2.  Bioluminescence resonance energy transfer (BRET)
assays
24.2.1. G protein dissociation and Parr recruitment. To

monitor G protein dissociation, CHO-K1 cells were transfected
with either Gag-Rlucll, Gey;-Rlucll, Gaoa-Rlucll, or Gay3-Rlucll,
as well as GFP10-Gy; Gg@,, and hNTSR1. To monitor Barr

recruitment, CHO-K1 cells were transfected with RluclI-B-arrestin
1 or Rlucll-B-arrestin 2 and NTSRI1-GFP10. At 24 h post-
transfection, the cells were detached with trypsin (0.25%) con-
taining 0.53 mmol/L EDTA and plated (50,000 cells/well) in white
opaque 96-well plates. At 48 h post-transfection, the cells were
washed once with HBSS, and 90 pL. of HBSS containing 20 mmol/L
HEPES was added (or 80 pL for the allosteric modulator assays).
Cells were equilibrated for 1 h at 37 °C. In the agonist assays, cells
were stimulated for 10 min with increasing concentrations of NT(8-
13) (107 to 10™' mol/L) or NTSR1-derived pepducins (10~ to
1078 mol/L), followed by coelenterazine 400A (5 pmol/L). In the
allosteric modulator assays, cells were first stimulated with fixed
concentrations of the pepducins (0, 1, 10, 32, 100 pmol/L) for
10 min, followed by increasing concentrations of NT or NT(8-13)
(107° to 1072 mol/L) and coelenterazine 400A (5 pmol/L).
Plates were read multiple times over a 20-min period, using a
Mithras® LB 943 plate reader (Berthold Technologies, Oak Ridge,
TN, USA) with a filter set selected for BRET?> measurement
(Aemgyuerr 410 £ 80 nm; Aemgrpio 515 £ 40 nm) set to a 1-s inte-
gration time. The BRET? ratio was set at 515:410 nm (GFP10
emission:Rlucll-coelenterazine 400A emission).

2.4.2.2.  Receptor endocytosis. To monitor NTSR1 receptor
endocytosis, CHO-K1 cells were transfected with NTSR1-Rlucll
and rGFP-CAAX using the transfection reagent PEI, then trans-
ferred into 96-well opaque white plates 24 h later, as described
above. At 48 h post-transfection, cells were washed with HBSS,
received 90 pL of HBSS containing 20 mmol/L HEPES (or 80 puL
for the allosteric modulator assays), and were equilibrated for 1 h at
37 °C. In the agonist assays, cells were first stimulated with coe-
lenterazine 400A (5 pmol/L), and BRET? luminescence was
recorded on a Mithras” LB 943 plate reader (Berthold Technologies,
Oak Ridge, TN, USA) for 5 min at 20-s intervals, to acquire a
baseline pre-pepducin stimulation. Cells were then stimulated with
vehicle (HBSS, 1% DMSO), NT(8-13) (1 umol/L), or NTSR1-
derived pepducins (50 umol/L), and BRET? was recorded for a
further 30 min at 20-s intervals (0.5-s integration time) at 37 °C. In
the allosteric modulator assays, cells were first stimulated with
vehicle (HBSS, 1% DMSO) or with NTSR1-derived pepducins (50
or 100 pmol/L) and incubated at 37 °C for 10 min, before receiving
5 umol/L of coelenterazine 400A. As above, BRET? was recorded
for 5 min at 20-s intervals before stimulation with HBSS or NT(8-
13) (1 pmol/L), then monitored for a further 30 min. BRET? ra-
tios for each condition were normalized to reflect a BRET> change
factor: BRET? ratios at each time-point were compared to (divided
by) baseline BRET? ratios. These normalized responses were then
compared to (subtracted from) those of the vehicle condition (or
vehicle + HBSS condition).

2.4.2.3.  Receptor homo- and heteromerization. To monitor
NTSR1-NTSR1 homomeric or NTSR1-APJ heteromeric in-
teractions, BRET? titration experiments were performed using the
biosensor couples hNTSRI1-Rlucll and hNTSRI-GFP10;
hNTSR1-Rlucll and hAPJ-GFP10; or hAPJ-Rlucll and hNTSR1-
GFP10. CHO-K1 cells (NTSR1-NTSR1 homomer experiments) or
HEK293 cells (NTSR1-APJ heteromer experiments) were seeded
(300,000 cells/well) onto 6-well cell culture dishes and transfected
24 h later with transfection complexes. Each condition received a
total of 2.1 pg cDNA, corresponding to fixed amounts (50, 100 ng)
of 7TMR-Rlucll and increasing amounts (0—2 pg) of 7TMR-
GFP10. Transfection mixes were completed with SSD. At 24 h
post-transfection, cells were detached with trypsin (0.25%)
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supplemented with 0.53 mmol/L EDTA and plated (100,000 cells/
well) into white opaque 96-well plates. At 48 h post-transfection,
cells were washed once with HBSS and received 90 pL of HBSS
supplemented with 20 mmol/L HEPES. Cells were then equili-
brated for 1 h at 37 °C, after which they were stimulated with
buffer, with NT(8-13) or Apelin-13 (1 pmol/L), or with NTSR1-
derived pepducins (50 or 100 umol/L) for 10 min, followed by
coelenterazine 400A (5 pmol/L). Plates were read multiple times
over a 20-min period, using a Mithras’> LB 943 plate reader
(Berthold Technologies, Oak Ridge, TN, USA) with a filter set
selected for BRET? measurement (lemguen 410 + 80 nm;
Jemgepio 515 £ 40 nm). The BRET? ratio was determined as
GFP10em/Rlucllem. Baseline BRET? ratios (condition with no
transfected 7TMR-GFP10) were subtracted from each condition’s
BRET? ratios to obtain ABRET?.

2.5.  Pepducin GPCRome

To probe the specificity of the NTSR1-derived pepducins, a stock
solution of PP-001 was sent for testing to the NIMH Psychoactive
Drug Screening Program (PDSP) directed by Dr. Bryan Roth
(UNC School of Medicine, North Carolina, USA), an open-source
resource for interrogating the druggable GPCRome®. The
PRESTO-Tango assays were performed as has been previously
described. Briefly, HTLA cells (HEK293 cells stably expressing a
tTA-dependent luciferase reporter and a Barr2-TEV fusion pro-
tein) were plated into 384 well plates and incubated overnight,
before transfection with cDNA coding for 318 distinct 7TMR-
Tango constructs, using a calcium phosphate precipitation proto-
col. On the day of testing, cells were serum-starved for 4 h, then
stimulated with 10 pmol/L PP-001 prepared in Tango assay buffer.
As positive and negative controls, respectively, D2R-Tango-
expressing cells were stimulated with quinpirole and non-
transfected cells were stimulated with PP-001. Plates were incu-
bated overnight. Media was removed and BrightGlo reagent
(Promega) solution (20 pL) was added subsequently. Plates were
incubated for 20 min in the dark before luminescence reading.
Four independent experiments were performed in duplicate. Data
are reported (Supporting Information Table S1) in decreasing
order of fold-change.

2.6.  Radioligand binding

To determine the pepducins’ ability to affect orthosteric NT
binding at the NTSR1 receptor, competitive radioligand binding
assays were performed. CHO-hNTSR1 cells were cultured as
described above; once 80% confluency was reached, cells were
washed with PBS and frozen at —80 °C. Frozen cells were thawed,
scraped from the dish with 10 mmol/L Tris buffer with 1 mmol/L
EDTA (pH 7.5) and centrifuged at 15,000xg for 5 min at 4 °C.
The pellet was resuspended in binding buffer (50 mmol/L Tris-
HCI [pH 7.5], 0.2% BSA). 15 pg of cell membranes expressing
the hNTSR1 receptor were incubated with 45 pmol/L '*°I-[Tyr3]-
NT (2200 Ci/mmol, purchased from PerkinElmer, Billerica, MA,
USA) in the presence of increasing concentrations of NT(8-13)
(1072 to 107® mol/L), PP-001, NP-001, PP-SCR-001, [Ala*|PP-
001, or [Ala"*]PP-001 (10~® to 10~* mol/L) for 60 min at room
temperature.

In the binding experiments performed with HA-hNTSR1 and
the ICL mutants (Mutants 1—27, whose sequences are shown in
Table S7), HEK293 cells were transfected with 6 pg of cDNA,
completed to 12 pg with SSD. At 24 h post-transfection, cells

were washed with PBS and frozen at —80 °C. Cells were scraped,
centrifuged, and resuspended in 1 mL of binding buffer without
BSA (50 mmol/L Tris—HCI1 [pH 7.5]). Cell membranes were
quantified using the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific, Montreal, QC, Canada) according to the manu-
facturer’s instructions. Cell membrane suspensions were re-
prepared in 6 pg/well of binding buffer (50 mmol/L Tris—HCl
[pH 7.5], 0.2% BSA). ICL mutants were subdivided into 3
groups relative to their cell surface expression data: Group 1 (full
cell surface expression), including Mutants 3, 6, 7, 9, 10, 11, 12,
13, 15, 21, 22, 23, 24, 25, 26, and 27; Group 2 (partial cell surface
expression), including Mutants 2, 5, 8, 14, 16, 17, and 20; and
Group 3 (poor cell surface expression), including Mutants 1, 4, 18,
and 19. Cell membranes were incubated with 125I—[Tyr3]—NT
(2200 Ci/mmol) in binding buffer in the presence of increasing
concentrations of NT(8-13) (1072 to 107° mol/L) or PP-001
(107° to 10™* mol/L) for 60 min at room temperature; Group
1 cell membranes were incubated with 90 pmol/L '*°I-[Tyr’]-NT,
Group 2 cell membranes with 180 pmol/L '**I-[Tyr*]-NT, and
Group 3 cell membranes with 300 pmol/L '*I-[Tyr*]-NT.

After incubation, the binding reaction mixtures were trans-
ferred to PEI-coated 96-well filter plates (glass fiber filters GF/B,
Millipore, Billerica, MA, USA). Reaction was terminated by
filtration, and plates were washed three times with 200 pL of ice-
cold binding buffer. Glass filters were then counted using a vy-
counter (2470 Wizard2, PerkinElmer, Mississauga, ON, Canada).
Nonspecific binding was measured in the presence of 10~ mol/L
unlabeled NT(8-13) and represented less than 5% of total binding.
Data were normalized according to NT(8-13) to control for un-
wanted sources of variation.

2.7.  Electric cell-substrate impedance sensing (ECIS)

To monitor whole-cell integrative responses to pepducin treat-
ment, CHO-hNTSRI1 cells were seeded (35,000 cells/well, 300
pL/well) onto cysteine-stabilized, Poly-L-Lysine-coated 96-well
plates with interdigitated finger gold-plated electrodes
(96W20idf) purchased from Applied Biophysics (Troy, NY, USA)
and used as recommended by the manufacturer. Cells were
cultured in serum-containing media for 24 h, then serum-starved
for 16—18 h prior to the experiment. On the day of the experi-
ment, the cells were washed with PBS and received 90 pL of L-15
modification medium. The biophysical parameters of the cell
monolayer (i.e., electrical resistance to a 4000-Hz single fre-
quency AC current) were recorded with an ECIS Z# linked to a
96-well array station (Applied Biophysics, Troy, NY, USA) for a
minimum period of 60 min prior to compound stimulation, to
acquire a stable baseline. Cells were treated with L-15 media or
10 pmol/L of PP-001, PP-SCR-001, or the PP-001 alanine scan
series ([Ala’]PP-001, [Ala*]PP-001, [Ala*]PP-001, ... [Ala'*]PP-
001). The dynamic mass redistribution (DMR) dynamics were
then recorded for a further 60 min post-compound stimulation.
The electrical resistivity traces shown represent the averaged
normalized response, calculated as the resistance of the cell
monolayer (ohms) divided by the average baseline resistance
(ohms) prior to compound stimulation.

2.8.  Cell surface expression of NTSRI ICL mutants
To determine the cell surface expression of the 27 NTSR1 ICL

mutants (whose sequences are shown in Table S7), ELISA was
conducted. HEK293 cells were seeded (100,000 cells/well) into
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24-well plates coated with poly-L-Lysine and transfected with
cDNA (415 ng/well) coding for WT HA-hNTSRI1 receptor or HA-
hNTSR1 ICL mutants (Mutants 1—27) using PEI (3:1 PEL:cDNA).
Then, 48 h post-transfection, cells were fixed with 3.7% (v/v)
formaldehyde in Tris-buffered saline (TBS, 20 mmol/L Tris—HCI
[pH 7.5], and 150 mmol/L NaCl) for 5 min at room temperature.
Cells were washed three times with TBS and incubated for 45 min
in TBS supplemented with 3% (m/v) fat-free dry milk to block
nonspecific binding sites. A mouse monoclonal anti-HA antibody
coupled to HRP (Roche) was added at a 1:1000 dilution in TBS
3% fat-free milk and incubated for 2 h at room temperature on a
nutating mixer. Following incubation, cells were washed three
times with TBS  before receiving 250 pL  of
3,3'5,5'-Tetramethylbenzidine (TMB, Sigma-—Aldrich, Oakville,
ON, Canada). Plates were incubated for 15 min at room temper-
ature, or until the colorimetric reaction (colorless to blue) was
complete for the positive control (WT). The reaction was stopped
by adding 250 pL of HCI 2N. At that point, 200 pL of the yellow
reaction product was transferred to 96-well plates, and the
absorbance was read at 450 nm on a Mithras® LB 943 plate reader
(Berthold Technologies, Oak Ridge, TN, USA). Cells transfected
with the empty pcDNA3.1+ vector (mock) were used to deter-
mine background.

2.9.  Expression and protein purification of NTSRI1-3 and
NTSRI1-22

NTSR1-3 and NTSR1-22 were expressed in Sf9 insect cells
using Bac-To-Bac Bacculovirus Expression System (Thermo
Fisher Scientific). Membrane form cells expressing NTSR1-3 or
NTSR1-22 were prepared using three rounds of washing and
ultracentrifugation at 250,000xg, first in the presence of lysis
buffer containing 10 mmol/L HEPES (pH 7.5), 20 mmol/L KCI,
and 10 mmol/L MgCl,, and twice with a washing buffer con-
taining 10 mmol/L HEPES (pH 7.5), 1 mol/L NaCl, 20 mmol/L
KCI, and 10 mmol/L. MgCl,. The purified membrane was then
resuspended in the lysis buffer supplemented with 20% (v/v)
glycerol. 1 mmol/L benzamidine and 5 pg/mL leupeptin were
added for the first two steps. The membranes were then incubated
for 1 h at 4 °C with protease inhibitors, 1 mg/mL iodoacetamide,
and 15 pmol/L NT(8-13). The receptor was then solubilized in
50 mmol/L HEPES (pH 7.5), 800 mmol/L. NaCl, 0.5% (w/v) n-
dodecyl-B-p-maltopyranoside (DDM, Anatrace, Maumee, OH,
USA), and 0.1% (w/v) cholesteryl hemisuccinate (CHS, Sig-
ma-Aldrich) in the presence of protease inhibitors. The super-
natant was isolated by ultracentrifugation for 1 h at 350,000x g
and then incubated with TALON resin (TALON Superflow beads,
Cytiva, Wilmington, DE, USA) overnight at 4 °C. The TALON
resin was washed with 20 column volumes of wash buffer 1
containing 50 mmol/L HEPES (pH 7.5), 150 mmol/L NaCl,
20 mmol/L. MgCl,, 20 mmol/L imidazole, 8 mmol/L ATP, 10%
(v/v) glycerol, 0.1% (w/v) DDM, 0.02% (w/v) CHS, and 15 pmol/
L NT(8-13), followed by 10 column volumes of wash buffer 2
containing 50 mmol/L. HEPES (pH 7.5), 150 mmol/L. NaCl,
30 mmol/L imidazole, 10% (v/v) glycerol, 0.05% (w/v) DDM,
0.01% (w/v) CHS, and 15 pmol/L. NT(8-13). The receptor was
eluted using 2.5 column volumes of elution buffer containing
50 mmol/L. HEPES (pH 7.5), 150 mmol/L NaCl, 250 mmol/L
imidazole, 10% (v/v) glycerol, 0.01% (w/v) DDM, 0.002% (w/v)
CHS, and 15 pmol/L NT(8-13). Finally, an Amicon Ultra 0.5 mL
100K (Millipore, Oakville, ON, Canada) was used to concentrate
NTSR1-3 and NTSR1-22 at a concentration of 5 mg/mL.

2.10.  Thermodenaturation assays

7-Diethylamino-3-(4-maleimidophenyl)-4-methylcoumarin (CPM)
was obtained from Thermo Fisher Scientific (Mississauga, ON,
Canada) and resuspended in DMSO at a concentration of
500 pmol/L. The assay used 30 or 40 pg of purified NTSR1-3 or
NTSR1-22, respectively. The protein was added to a reaction
buffer containing 50 mmol/L. HEPES (pH 7.5), 150 mmol/L NaCl,
0.05% (w/v) DDM, 0.001% (w/v) CHS, and 10 pmol/L CPM.
The mixture was incubated in the presence of 100 pumol/L of
indicated ligand or vehicle for 20 min at room temperature.
Unfolding of NTSR1 was induced using a Rotor-Gene Q (Qiagen.
Bay St., ON, Canada) thermocycler by slowly increasing the
sample temperature (4-0.5 °C per step from 30 to 95 °C), resulting
in an emission of a fluorescence signal detected in the blue
channel (excitation 365 nm/emission 460 nm) from CPM chemi-
cal reaction to newly exposed receptor cysteines®®. The melting
temperature was determined by the maximum of the first deriva-
tive of the normalized thermodenaturation curve using GraphPad
Prism 10.

2.11.  Molecular modeling

2.11.1.  Receptor model

The NT(8-13)—bound rat neurotensin receptor 1 (NTSR1) crystal
structure (PDB 4GRV) was used as the starting template®’.
Missing side chains were rebuilt in MOE v2024.0601, hydrogens
were added, and protonation states at pH 7.4 were assigned with
Protonate3D (Chemical Computing Group ULC. Molecular
Operating Environment (MOE), 2024.06; CCG: Montreal, QC,
Canada, 2024). The receptor—ligand complex (NTSR1 with
NT(8-13) retained in the orthosteric site) was embedded into a
symmetric  1-palmitoyl-2-oleoylphosphatidylcholine  (POPC)
bilayer using CHARMM-GUI Membrane Builder, solvated with
TIP3P water and 150 mmol/L NaCl®®. All simulations were per-
formed in GROMACS v2023.2%°. The CHARMM36m protein and
lipid force field parameters were used with PME electrostatics, a
1.2 nm real-space cutoff (force-switch 1.0—1.2 nm), LINCS
constraints on bonds involving hydrogens, and a 1—2 fs time
step’®. Following steepest-descent energy minimization, the sys-
tem was equilibrated with standard CHARMM-GUI restraints:
(i) six NVT/NPT stages totaling ~2 ns with positional restraints
on protein heavy atoms and lipid headgroups (force constants
decreased from 4000 — 0 kJ/mol-nm?), then (ii) unrestrained
NPT production for 100 ns at 303.15 K and 1 bar using a velocity-
rescale thermostat (77 = 1.0 ps, semi-isotropic coupling) and
C-rescale  barostat (P = 5.0 ps, compressibility
45 x 107 bar )77, The final equilibrated snapshot was
extracted as the receptor for docking (NT retained).

2.11.2.  Pepducin (PP-001) model

PP-001 is a 10-residue lipidated peptide with an N-terminal pal-
mitoyl group and an amide C-terminus as in functional experi-
ments. An initial 3D model was generated with the
RoseTTAFold2 web server, then checked in MOE for stereo-
chemistry and capped/charged to match experimental condi-
tions’®"®. The palmitoyl group was attached at the N-terminus;
standard protonation states were used at pH 7.4. Partial charges
and parameters for the peptide were assigned by MOE’s default
force-field typing for docking.
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2.11.3.  Docking protocol

Docking was performed in MOE v2024.0601 using the “Dock”
module with the General docking scenario and two-stage work-
flow; Placement: Triangle Matcher; Rescoring 1: London dG and
30 top-scoring poses per input conformer. Refinement: Induced-
Fit (Forcefield) with local receptor flexibility enabled in the
selected H8/ICL pocket (side chains free within the pocket; non-
selected atoms tethered with a 10 kcal mol~' A~ force con-
stant; reaction-field electrostatics, GB/VI final energy). Rescoring
2: GBVI/WSA dG and final keep: 10 poses®’. No hard distance
restraints were applied; the site definition confined sampling to the
intracellular groove while allowing the pepducin and pocket side
chains to reorganize. Because PP-001 acts at the cytoplasmic face,
the docking site was defined on the intracellular side of NTSR1. A
receptor surface surrounding ICL1, ICL2, ICL3, and H8 was
selected in MOE as the docking region. The orthosteric peptide
NT(8-13) was kept in place throughout to enforce a non-
competitive topology during search and refinement.

2.12.  Blood pressure

The animal experimental procedures approved by the Ethical and
Animal Care Committee of the Université de Sherbrooke (proto-
col 035-18B) were conducted in accordance with the policies and
directives of the Canadian Council on Animal Care, and followed
the ARRIVE Guidelines. Adult male Sprague—Dawley rats
(250—300 g) were purchased from Charles River Laboratories
(Saint-Constant, QC, Canada) and kept on a 12 h light/12 h dark
cycle with ad libitum access to food and water.

To monitor pepducin-induced changes in rat arterial blood
pressure, male Sprague-Dawley rats were anesthetized with a
mixture of ketamine and xylazine (87:13 mg/kg, i.m.) and placed
in a supine position on a heated thermostatic pad. A PE50 catheter
with heparinized saline was inserted into the rat’s right carotid
artery and connected to a Micro-Med transducer (model TDX-
300) linked to a blood pressure Micro-Med analyzer (model
BPA-100c). Another PE10 catheter with heparinized saline was
inserted into the left jugular vein for intravenous injection of
compounds. Mean, systolic, and diastolic blood pressure, as well
as heart rate, were recorded at 1-s or 5-s intervals for the duration
of the test. Once basal blood pressure was stable, rats received 10-
s bolus injections (1 mL/kg) of saline, vehicle (saline, 5%
DMSO), or 55 nmol/kg dose solutions of NT(813), PP-001, NP-
001, PP-SCR-001, [Ala’]PP-001, and [Ala'*]PP-001. In the
SR48692 + PP-001 group, rats were injected with the non-peptide
antagonist SR48692 (1 mg/kg) 10 min prior to PP-001 adminis-
tration. DMABP was determined relative to baseline. The mini-
mum blood pressure relative to baseline (maximum DMABP) for
each individual animal was determined, and values were pooled.

2.13.  Statistical analysis

All data obtained for this study were plotted onto graphs using
GraphPad Prism 10 software (RRID:SCR_002798) and represent
the mean £ standard error of mean (SEM) of multiple indepen-
dent experiments. Specific n values are provided in the figure
legends. Sigmoidal concentration-response curves were plotted
using the “log(agonist) vs. response (three-parameters)” regression
or, in the case of the binding experiments, using the non-linear
regression “One-site-Fit Log(ICsp)”. pECso (or pICsp) and Ep.x
values were compared using one-way ANOVA tests with Dun-
nett’s correction for multiple comparisons. Titration curves were

plotted using the “one-site-specific binding” regression for bind-
ing saturation experiments. Similarly, BRETsy, and BRET,,.
values were compared using one-way ANOVA with Dunnett’s
correction. Otherwise, the details for data normalization, statistical
analysis, and P values are provided in the figure legends.

3. Results

3.1.  PP-001 preferentially promotes G protein activation over
Barr recruitment

We recently designed and synthesized a pepducin series derived
from the first intracellular loop (ICL1) of hNTSR1*%. This series
included a full-length ICL1 pepducin (NTSRI1-ICL1-PP-001), a
non-palmitoylated control (NTSR1-ICL1-NP-001), and a pepducin
with a scrambled peptide sequence (NTSR1-ICL1-PP-SCR-001),
which will be referred to throughout this paper by the abbreviations
PP-001, NP-001, and PP-SCR-001, respectively. Their sequences,
along with those of all peptides and lipopeptides tested throughout
this study are provided in Table 1. Importantly, pepducin PP-001 has
been shown to be effective in reversing nociceptive behaviors in
rats, even in chronic neuropathic and inflammatory pain para-
digms*?. Here, we have thoroughly investigated the signaling pro-
file of PP-001 by evaluating the activation of Gag, Gajj, Gaga,
Gays, Barrl, and Barr2 signaling pathways in NTSR1-expressing
cells in response to a range of pepducin concentrations. (Please
note that the G-arrestins 1 and 2 (here, Barrl and Barr2) can be
referred to by the alternative names arrestin-2 and arrestin-3).

To do so, we relied on bioluminescence resonance energy
transfer (BRET?)-based cellular assays designed to monitor G
protein dissociation and Barr recruitment, the principles of which
are illustrated inFig. la and b, respectively (Note that these
schemas depict the classical mode of 7TMR activation by an
extracellular, orthosteric ligand, whereas pepducins are thought to
modulate their target receptor by acting on an intracellular allo-
steric site'®). These assays, which monitor the interaction between
donor-tagged (Rlucll) and acceptor-tagged (GFP10) proteins,
were performed 30 min after stimulation with pepducins in tran-
siently transfected CHO-hNTSRI cells. The BRET? ratios ob-
tained were compared to NT’s C-terminal hexapeptide, NT(8-13).
This hexapeptide represents the minimal biologically active
fragment of NT®! and has been shown to exhibit a signaling
signature identical to that of NT in CHO-hNTSR1 cells®. NT(8-
13) is therefore used as the reference compound in this study.

As shown in Fig. 1c and d, our results are consistent with a
biased signaling paradigm. Indeed, stimulation with PP-001 led to
a marked increase in signaling pathway activation in the G protein
dissociation assays. Maximum values of 41 £+ 9% (Gay),
43 + 13% (Gayy), 67 £ 11% (Gaoa), and 68 £+ 7% (Gays)
pathway activation were obtained at 100 umol/L. PP-001. How-
ever, no recruitment of Barrl and Barr2 at NTSR1 was observed at
the same concentration. Importantly, neither NP-001 nor PP-SCR-
001 induced any change in BRET?, and thus do not appear to
affect G protein signaling or Sarr recruitment. Given that none of
the G protein-related concentration—response curves could be
fitted to a complete sigmoidal regression, including a second
maximal plateau, we were unable to determine reliable potencies
(ECsp) for PP-001. Without these reliable potencies, we were also
unable to do traditional bias quantifications using approaches
based on determining intrinsic relative activity (RA;) values®?%3 or
comparing transduction coefficients (t1K)®* derived from the
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Figure 1  PP-001 activates G protein signaling pathways but does not recruit s to NTSR1. (a) Principle of the BRET? G protein dissociation
assay. Agonist-induced G protein activation leads to a loss of BRET? signal, as donor-tagged (RlucIl) Ga proteins and acceptor-tagged (GFP10)
Gy proteins dissociate. (b) Principle of the BRET? recruitment assay. The BRET? signal increases as donor-tagged (Rlucll) cytosolic s are
recruited to the acceptor-tagged (GFP10) receptor, after agonist binding. (c) G protein dissociation in CHO-K1 cells transiently expressing the
NTSRI1 receptor, monitored by BRET?, in response to increasing concentrations of NT(8-13), PP-001, NP-001, or PP-SCR-001. (d) Recruitment
in CHO-KI1 cells, monitored by BRETz, in response to increasing concentrations of NT(8-13), PP-001, NP-001, or PP-SCR-001. Data represent
the mean == SEM of at least three independent experiments, tested in triplicate. Luminescence was measured 30 min after pepducin stimulation.
BRET? ratios were normalized to NT(8-13): data from vehicle-treated cells were set as 0% activation (or recruitment) and data from NT(8-13)
(1 pmol/L)-treated cells were set to 100% activation (or recruitment). Schemas were created with Biorender.com. NS: non-stimulated (treated

with vehicle only).

Black and Leff operational model®. However, the complete lack
of PP-001-mediated Barr recruitment at 100 pumol/L strongly
suggests that PP-001 behaves as a G protein-biased allosteric
agonist. In addition, PP-001 did not induce Qarr2 recruitment
across a panel of 318 distinct 7TMRs, as determined using the
PRESTO-Tango assay®, supporting its selective activity at
NTSRI (Table S1).

3.2.  PP-001 inhibits NT orthosteric binding and NT-induced
Barr recruitment

PP-001 appears to act as a biased allosteric agonist of NTSRI,
preferentially activating G protein signaling pathways over Barr
recruitment. However, it is now recognized that allosteric ligands
can assume multiple identities, leading to classifications such as
“ago-PAM” or “ago-NAM” (i.e., compounds that act as allosteric
agonists in one signaling pathway, but as PAMs or NAMs in
another)®. As a result, we sought to determine whether treatment
with PP-001 also affects NT binding at the orthosteric site or the
activation of NT-promoted signaling pathways.

First, we tested PP-001 in a competitive radioligand binding
assay. For this purpose, CHO-hNTSRI1 cell membrane prepara-
tions were incubated with radiolabeled NT (['**I]-NT) in the
presence of increasing concentrations of unlabeled ligands. As
shown in Fig. 2a, the pepducin PP-001 inhibited radiolabeled NT
binding in a concentration-dependent manner, with an ICsy of
5.5 £ 0.8 pmol/L and complete inhibition at 100 pmol/L. As
expected, NT(8-13) displaced radiolabeled NT with an ICs, of

1.0 = 0.1 nmol/L. Importantly, the peptide sequence of PP-001
alone (NP-001) had no effect on NT binding, suggesting that
this “displacement” induced by PP-001 is not due to direct
competition with NT at the orthosteric site, but results from the
insertion of PP-001 into the membrane and its allosteric action.
PP-SCR-001 was largely inactive, but slighly reduced NT binding
at 100 umol/L.

Second, we performed BRET? experiments to monitor G
protein dissociation and Garr recruitment in an allosteric
modulator-type assay, in which full concentration-response
curves of NT were generated in cells pre-treated with fixed, but
increasing concentrations of pepducins. As shown in Fig. 2b and c,
pre-treating cells with PP-001 led to divergent effects in G protein
versus Qarr assays. In G protein dissociation assays, PP-001
increased the basal levels of pathway activation in a
concentration-dependent manner, consistent with its previously
determined allosteric agonist action. Treatment with PP-001 did
not change NT’s E, .« in a statistically significant manner (Sup-
porting Information Table S2). Additionally, although we
observed a slight shift in NT’s ECs, values in each G protein
pathway, this was accompanied by a corresponding increase in
SEM. Therefore, we cannot conclude that NT’s potency was
affected by PP-001 pre-treatment. If PP-001 inhibited NT-
mediated signaling, as might be expected from the radioligand
binding experiments, this result was effectively masked by its
agonist action on G protein signaling.

In the Barr assays, however, there was a clear inhibitory effect
on NT-mediated recruitment. A concentration-dependent decrease
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Figure 2  PP-001 allosterically inhibits NT binding and NT-promoted recruitment, but not NT-promoted G protein activation. (a) Displacement
of '®I-radiolabeled NT following incubation of CHO-hNTSR1 membranes with increasing concentrations of unlabeled NT(8-13), PP-001, NP-
001, or PP-SCR-001 in a competitive radioligand binding assay. (b, ¢) NT-induced G protein dissociation and recruitment in CHO-K1 cells
expressing NTSR1, pre-treated (10 min) with increasing concentrations (0, 1, 10, 32, and 100 pmol/L) of PP-001, as monitored by BRET>. (d, e)
NT-induced Ge;3 dissociation and 1 and 2 recruitment in CHO-K1 cells pre-treated (10 min) with increasing concentrations (0, 1, 10, and
100 pmol/L) of NP-001 and PP-SCR-001 (e), as monitored by BRET?2 Luminescence was measured 30 min after pepducin stimulation, 20 min
following NT(8-13) stimulation. Data represent the mean + SEM of at least three independent experiments, tested in triplicate. Gamma radiation
counts were normalized according to NT(8-13): data from untreated samples were set to 0% specific binding and data from NT(8-13) (1 umol/L)-
treated samples were set to 100% specific binding. BRET? ratios were normalized according to NT(8-13), in the “vehicle” pre-stimulation
condition: data from vehicle-treated cells were set to 0% activation (or recruitment) and data from cells treated with NT(8-13) (1 pmol/L)

were set to 100% activation (or recruitment). NS: non-stimulated (treated with buffer only).

in the efficacy (E.x) of NT to recruit both Garrl and farr2 was
observed, reaching statistically significant levels at 10 pmol/L of
PP-001 and above (P < 0.05). At 100 umol/L. of PP-001, NT-
mediated recruitment was almost completely abolished, with in-
hibition of 91 + 7% and 80 £ 20% for Barrl and Barr2, respec-
tively (Table S2; P < 0.0001 (Barrl), P < 0.01 (Barr2)). As with
the G protein assays, we cannot conclude that the potency of NT
to recruit Barrs was inhibited by PP-001, as the flattening of the
NT curves led to a higher degree of uncertainty in the calculated
ECs¢ values. Nevertheless, comparison of the pECs, values be-
tween PP-001-treated and vehicle-treated conditions revealed a
statistically significant rightward shift in NT potency, especially
for Garrl (Table S2; P < 0.05). Once again, the negative control
pepducins NP-001 and PP-SCR-001 had no effect on the potency
or efficacy of NT (Fig. 2d and e, Supporting Information
Table S3); the pre-treated and vehicle-treated NT curves were
superimposable in the G protein (Ga,3) and (arr assays. As an
additional control, we tested palmitate in the same experimental

paradigm to ensure that a high concentration of lipids inserted into
the cell membrane could not alone disrupt NTSR1 signaling. NT-
promoted signaling was not affected by palmitate pre-treatment
(Table S3). Overall, these results suggest that, in addition to
acting as a biased allosteric agonist of NTSR1, PP-001 acts as a
NAM against the orthosteric NT binding and Barr signaling
pathways.

3.3.  PP-001 inhibits NT-induced receptor internalization

To support the results showing that PP-001 not only does not
promote fBarr recruitment to NTSR1 but also inhibits NT-induced
Barr recruitment, we sought to evaluate the effect of PP-001 on
NTSRI1 receptor internalization. As it has been well established
that Garr recruitment is a key step in the process of NTSRI
endocytosis®’ %’ we expected PP-001 treatment to mirror the
results described above (i.e., not promote receptor internalization
itself but inhibit NT-promoted receptor internalization). To
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Figure 3

PP-001 does not promote NTSR1 receptor internalization on its own but inhibits NT-induced receptor internalization. (a) Principle of

receptor internalization assay. Agonist-induced receptor endocytosis leads to a loss of BRET? signal, as the donor-tagged (Rlucll) receptor is
isolated from the acceptor-tagged, PM-localized CAAX-rGFP sensor. (b, ¢) Kinetic assays monitoring NTSR1 receptor internalization over a
30 min period in transiently transfected CHO-KI1 cells, following stimulation with vehicle (HBSS, 1% DMSO), NT(8-13) (1 pmol/L), PP-001
(50 pmol/L), NP-001 (50 pmol/L) or PP-SCR-001 (50 pmol/L). (d, e) Kinetic assay monitoring NT(8-13) (I pmol/L)-induced NTSR1 recep-
tor internalization over a 30 min period, in transiently transfected CHO-hNTSRI cells pre-stimulated (15 min) with PP-001 (50, 100 pmol/L), NP-
001 (50 pmol/L), or PP-SCR-001 (50 umol/L). Data represent mean = SEM of four independent experiments, tested in duplicate. To determine a
“ABRET? change factor”, each condition was normalized according to itself and corrected to vehicle: baseline data for each condition was set as a
value of 1 and subtracted from vehicle (or vehicle + HBSS)-treated condition. Schema was created with Biorender.com.

monitor NTSR1 receptor endocytosis, we used a BRET? assay in
which CHO-KI1 cells were co-transfected with the donor-tagged
NTSR1 receptor (hNTSRI-Rlucll) and an acceptor-tagged
plasma membrane marker (fGFP-CAAX)°. The principle of the
assay is schematized in Fig. 3a; an internalization of the receptor
into the cell is reflected by a loss in BRET? signal as the donor-
tagged receptor becomes isolated from the membrane-bound
acceptor sensor.

We first performed agonist type kinetic assays in which,
following a baseline BRET? luminescence reading, CHO-hNTSR1
cells were stimulated with either the vehicle or a single concen-
tration of NT(8-13) (1 pumol/L), PP-001 (50 pmol/L), NP-001
(50 pmol/L), or PP-SCR-001 (50 pwmol/L). Luminescence was
subsequently monitored over a 30-min period. As can be observed
in Fig. 3b and ¢, NT(8-13) triggered a decrease in the BRET>
change factor, which is consistent with receptor endocytosis. A
maximum decrease of 0.21 + 0.01 BRET? change factor was
observed by 8.2 min post-treatment, followed by a slow return
toward baseline. In contrast, PP-001 treatment did not produce any
decrease. Rather, a slight increase was observed, although this was
transient, highly variable between replicates, and also occurred in
PP-SCR-001-treated cells. Compared to the vehicle, NP-001 did
not trigger any change to the BRET? ratio.

Subsequently, we performed allosteric modulator type kinetic
assays, in which CHO-hNTSRI1 cells were pre-treated with the
vehicle or pepducins for 10 min. As above, this step was followed
by a baseline luminescence reading, stimulation with the vehicle
or NT(8-13) (1 pmol/L), and a 30-min readout period. As can be
observed in Fig. 3d, pre-treatment of cells with PP-001 effectively

reduced the NT(8-13)-promoted decrease in BRET? ratio.
Comparing the maximum decrease values in each condition, this
corresponds to an inhibition of NT(8-13)-promoted NTSRI1
endocytosis of 43 £+ 9% (50 pmol/L) and 67 = 7% (100 pmol/
L). The control compounds NP-001 and PP-SCR-001 did not
reduce NT(8-13)-promoted endocytosis (Fig. 3e). Along with
the Barr recruitment data, these findings reinforce the classifica-
tion of PP-001 as a NAM, capable of inhibiting NT-mediated
Barr recruitment and NTSRI1 receptor internalization in a
concentration-dependent manner.

3.4.  PP-001 may allosterically promote NTSRI-NTSRI and
NTSRI-APJ interactions

To further characterize PP-001-mediated actions in vitro, we
sought to evaluate whether PP-001 treatment impacts NTSR1’s
ability to self-associate into homomers or to form heteromers
with other 7TMRs. Indeed, it has been established that 7TMRs can
assemble to form dimers and higher-order oligomers, particularly
for obligate dimer Class C GPCRs, although the relevance of this
process in vivo is still debated®®. NTSR1, specifically, has been
shown to homomerize in detergent solutions’', in reconstituted
phospholipid bilayer systems®?, and in HELA cells®. It has been
proposed that this interaction is transient and follows a “rolling
interface” model in which the protomers may adopt multiple
configurations during their dimer lifetime®*.

To monitor NTSRI-NTSRI interactions in live cells, we
performed BRET? titration experiments in which CHO-K1 cells
were transfected with a fixed quantity of donor-tagged receptor
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Figure 4

PP-001 promotes receptor-receptor interactions. (a) Principle of BRET? homo- and heteromerization assay. Formation of multimeric

donor (Rlucll) and acceptor (GFP10)-tagged receptor units leads to an increase in BRET? signal. (b) BRET? titration experiments monitoring
receptor-receptor interactions in transiently transfected CHO-K1 (NTSR1gjuer-NTSR1Ggp1o) and HEK293 (NTSR1Rrjuen-APJGEp10, APIR1ucI-
NTSR1ggp1o) cells treated with vehicle (HBSS, 1% DMSO) or pepducin series PP-001, NP-001, and PP-SCR-001 (100 pmol/L). In the
NTSR I Ruer-APJGgrp1o experiments (middle panel), cells were treated with 50 pmol/L of pepducin series. In these titration experiments, cells were
transfected with fixed amounts of 7TMRguen1 and increasing amounts of 7TMRggp0; specific receptor-receptor interactions is evidenced by a
saturation curve rather than a linear increase. Data represent mean = SEM of three independent experiments, tested in duplicate. A one-way
ANOVA followed by Dunnett’s multiple comparisons test was performed on the BRETs, and BRET,,,x parameters derived from each curve.
The resulting values are provided in Table S4. Schemas was created with Biorender.com.

(hNTSR1-Rlucll) and increasing quantities of acceptor-tagged
receptor (hANTSR1-GFP10) (Fig. 4a). In this experimental para-
digm, specific receptor—receptor interactions are reflected by a
BRET? increase that follows a saturation curve, whereas
nonspecific interactions are reflected by a linear BRET? in-
crease”. As shown in Fig. 4b (left panel), a clear saturation curve
was obtained under vehicle-treated condition, indicative of
constitutive dimerization of NTSR1 (conceivably, NTSR1 may
also assemble into higher-order complexes, although studies
suggest that NTSR1 predominantly forms dimers’"°*%). Treat-
ment with pepducin PP-001 led to a significant upward shift
(P < 0.01), corresponding to a 25 £ 1% increase in BRET .«
(100 pmol/L, left panel of Fig. 4b; Supporting Information
Table S4). Interestingly, PP-001 did not affect the ratio of trans-
fected GFP10/Rlucll at which 50% BRET> was observed
(BRETs5(), suggesting that the pepducin may not increase the af-
finity of NTSR1 protomers for each other, but rather promote a
configuration or rearrangement within the dimer that enhances the
BRET? signal. Neither NP-001 nor PP-SCR-001 treatment
(100 pmol/L) altered the BRET? saturation curve, compared to the
vehicle-treated condition, supporting our hypothesis that the ac-
tions of PP-001 follow membrane tethering and are sequence-
specific.

In addition to forming NTSR1-NTSR1 homomers, NTSR1
has been reported to form heteromers with several other
7TMRs, including the neurotensin receptor type 2 (NTSR2)%*%¢,
the dopamine receptor type 2 (D2R)°"“®, the kappa opioid re-
ceptor (KOPR)*, and the apelin receptor (AP)'%. Here, we
chose to monitor NTSR1-APIJ interactions by performing similar
BRET? titration experiments in HEK293 cells. To increase the
robustness of our findings, we performed these experiments using

both biosensor pairings: NTSR1-Rlucll/APJ-GFP10 (Fig. 4b,
middle panel) and APJ-RIucll/NTSR1-GFP10 (Fig. 4b, right
panel). For one of these pairings (NTSR1-Rlucll/APJ-GFP10), we
reduced the pepducin concentrations to 50 pmol/L, to determine
whether this lower concentration was sufficient to enhance het-
eromerization. As in the NTSRI-NTSRI1 assays, we observed
clear saturation curves in cells treated with the vehicle, indicating
specific receptor-receptor interactions. Consistent with the
homomeric assays, treatment with PP-001 resulted in a significant
increase in the BRET ;. in both assays, representing an increase
of 31 £ 3% (P < 0.05) and 28.0 £ 0.2% (P < 0.05) for NTSR1-
APJ and APJ-NTSRI, respectively (Fig. 4b; Table S4). There was
no significant change in the BRETSs, value for PP-001 compared
to the vehicle-treated condition, and treatment with NP-001 or PP-
SCR-001 did not significantly alter either parameter. Overall,
these findings suggest that PP-001 promotes NTSR1 receptor
homomer- and heteromer-forming processes.

3.5.  PP-001 induces a sustained drop in blood pressure in rats

NTSRI1 activation has been associated with various physiological
effects that PP-001 may be able to modulate, notably hypotension.
Indeed, NT’s depressor effect on rat blood pressure was reported
in the very first paper introducing NT'*!, earning it the “tensin”
portion of its name. Importantly, NT’s hypotensive effects are
thought to be primarily mediated by NTSR1 and not NTSR2, as
NTSR2 is poorly expressed in vascular and cardiac tissues in both
rats and humans'®*'%, and the NTSRI-selective antagonist
SR48692 has been shown to inhibit the NT-mediated hypotensive
response 19,
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Figure 5

PP-001 induces a sustained drop in arterial blood pressure in rats. (a) Changes in mean arterial blood pressure (MABP) recorded in

carotid-artery cannulated male Sprague—Dawley rats over a 5 min-period, following injection into the jugular vein of vehicle (saline, 5% DMSO),
NT(8-13), PP-001, NP-001, or PP-SCR-001 at 55 nmol/kg doses. In the SR48692 + PP-001 condition, rats received the NTSR1-selective non-
peptide antagonist SR48692 (1 mg/kg) 10 min prior to PP-001 (55 nmol/kg). (b) Maximal arterial blood pressure decreases (AMABP) recorded
for each condition. Data represent mean = SEM, n = 4 (NP-001, SR48692 -+ PP-001), n = 5 (vehicle, NT(8-13), PP-SCR-001), n = 7 (PP-001)
rats. Data were statistically analyzed by a One-way ANOVA followed by Dunnett’s multiple comparisons test, comparing each condition to PP-

001-treated condition. ***P < 0.001; **P < 0.01.

To determine the hypotensive potential of these pepducins, we
monitored mean arterial blood pressure (MABP) in carotid-artery-
cannulated Sprague-Dawley rats, following intravenous injection
of NT(8-13) and NTSR1-derived pepducins. As shown in Fig. 5a,
intravenous administration of NT(8-13) (55 nmol/kg or 0.045 mg/
kg) led to a triphasic response, characterized by an immediate
initial decline, reaching —29 £ 3 mm Hg 20 s post-injection, a
near-complete return to baseline (—7 £ 3 mm Hg at 75 s post-
injection), followed by a second, slower decline that stabilized
at —28 £+ 6 mm Hg by 200 s post-injection. In contrast to NT’s
triphasic response, PP-001 at an equimolar dose (55 nmol/kg),
after an initial 40-s delay, produced a potent and sustained drop in
blood pressure, reaching a minimum of —37 4+ 4 mm Hg by 105 s
post-injection (Fig. 5a and b). A slow upturn ensued, but 300 s
post-injection, MABP had stabilized at —25 £+ 3 mm Hg.
Importantly, neither NP-001 nor PP-SCR-001 induced hypoten-
sion in rats: mean maximum AMABP values were —7 £ 2 mm Hg
and —5 + 2 mm Hg, respectively, compared to —4.8 &= 0.7 mm Hg
for the vehicle-treated control group. Finally, when the NTSR1
antagonist SR48692 (1 mg/kg) was pre-administered to rats
10 min prior to PP-001 (55 nmol/kg), the hypotensive effect of PP-
001 was significantly reduced (54% reversal), reaching only
—17 = 4 mm Hg, supporting that the in vivo action of PP-001 is
mediated by NTSR1.

3.6. PP-001’s N-terminal RKK motif is critical to its cellular
actions

To gain mechanistic insight into how PP-001 exerts its effects, and
more specifically the relative importance of each amino acid side
chain in the PP-001 peptide sequence, we synthesized a 13-
pepducin series corresponding to an alanine scan of PP-001. To
do so, the residues in positions 2 to 14 of PP-001 (corresponding to
residues R90 to H102 of hNTSR1) were sequentially replaced by
alanine residues (note that the residue in position 1 of PP-001,
corresponding to A89 of hNTSRI1, is already an alanine). The se-
quences of these pepducins are provided in Table 1. To characterize
the impact of these substitutions on PP-001’s biological activity, we
used a label-free technique that measures the global response of a
cell monolayer to ligand treatment, namely Electric Cell-substrate

Impedance Sensing (ECIS). In this functional assay, cells are
seeded onto cell culture plates incorporating gold-plated electrodes
at the bottom of each well, through which an alternating electric
current is passed. The resistance to the current’s flow both across
(transcellular) and between (paracellular) the cells is monitored.
The ligand-induced dynamic mass redistribution (DMR) in the cell
monolayer, which may include changes in morphology, cytoskeletal
organization, and cell-substrate or cell—cell adherence, is accom-
panied by changes in electrical resistivity®®'°,

Here, the DMR kinetics of CHO-K1 cells stably expressing
NTSRI1 were monitored for 1 h following treatment with 10 umol/L
pepducin. We selected the 10-pmol/L concentration for pepducin
testing, having previously found this concentration to be sufficient
to promote a cellular response in a similar whole-cell integrated
response assay42 and wishing to maintain a low concentration to
visualize early differences in the response profile. While the
application of PP-SCR-001 did not induce any changes to electrical
resistance, cell stimulation with PP-001 triggered an immediate
increase that reached a near-plateau by 180 s (3 min), with a
maximum change factor of 1.06 £ 0.01 by 1110 s (18.5 min)
post-stimulation (Fig. 6). This increase was followed by a gradual
decrease that intercepted the x-axis at 2700 s (45 min)
post-stimulation. This response profile was similar, but not iden-
tical, to the resistivity traces induced by NT and NT(8-13) previ-
ously reported®, in which NTSR1 activation was also associated
with an increase in resistance.

Subsequently, each pepducin in the alanine scan series was
tested, and their profiles were compared to those of PP-001. A
color-coded representation of the impact of each substitution on
the cellular response induced by PP-001 is provided in Fig. 6a,
while the complete resistance traces are provided in Fig. 6b. As
clearly shown, pepducins with substitutions at positions 2 and 3,
[Ala?]PP-001 and [Ala*]PP-001, were completely inactive in this
ECIS assay, with their traces being superimposable on those of the
negative control PP-SCR-001. [A1a4]PP—001 also produced a flat-
line response up to 1770 s (29.5 min) post-stimulation, at which
point a slow decrease in resistance occurred, culminating in a
minimum factor of change value of 0.94 4 0.04 at 3000 s (50 min)
after stimulation. Overall, this suggests that the N-terminal RKK
motif is critical for the biological activity mediated by PP-001, as
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Figure 6  An alanine scan of PP-001 reveals critical residues for
biological activity. (a) Color-coded representation of the effects of
alanine substitutions on PP-001-induced biological activity. Alanine
substitutions of the amino acids shown in red and orange resulted in a
total or almost complete loss, respectively, of the pepducin-induced
cellular response in an assay monitoring the dynamic mass redistri-
bution (DMR) kinetics of CHO-hNTSRI1 cells. For those shown in
black, a response profile similar to that of PP-001 was observed; for
those indicated in green, the response profile was altered. (b) DMR
kinetics of CHO-KI1 cells stably expressing NTSRI, treated with
10 pmol/L concentrations of PP-001, PP-SCR-001, or each of the PP-
001 alanine scan pepducins. DMR was monitored by Electric Cell-
substrate Impedance Sensing (ECIS) for 50 min post-stimulation.
Data represent mean = SEM, n = 3, tested in duplicate. Each con-
dition was normalized to reflect a “normalized response” (or “change
factor”) relative to baseline resistance values (ohms).

changes in these residues completely or quasi-completely abol-
ished the PP-001-induced cellular response. The importance of the
RKK motif is further highlighted by the fact that a C-terminally
truncated pepducin containing only the peptide sequence
ARKKSL (PP-005) displays a signaling signature identical to that
of PP-001 (Supporting Information Fig. S1). However, PP-005
was less effective than PP-001 in reversing nociceptive behav-
iors in a tonic pain model (formalin) in rats*?, which is why the
full-length pepducin was retained for further characterization.

Of the remaining pepducins in the alanine scan series, three
produced resistivity traces that were very similar to PP-001:
[Ala®], [Ala®], and [Ala'?]PP-001. This suggests that L6, L9, and
T12 are residues of minor structural importance to PP-001-
mediated activity. In contrast, stimulation with the seven other
pepducins led to substantially altered response profiles. With the
exception of [Ala'*]PP-001, each produced an increase in ampli-
tude resistance similar to that of PP-001, but with altered kinetics
and, in many cases, a more marked decrease below the baseline.
[Ala5 JPP-001, for example, reached its maximum (1.06 £ 0.03) at
600 s (10 min) post-stimulation, and then intercepted the baseline
1475 s (24.6 min) after stimulation, which is much earlier than for
PP-001. The subsequent decrease in resistance reached levels of
0.88 + 0.08 by 3000 s (50 min). [Ala®] and [Ala'®]PP-001 dis-
played similar profiles to [Ala’JPP-001, reaching their maximum
values at 543 s (9.1 min) and 536 s (8.9 min) and intercepting the
baseline at 1254 s (20.9 min) and 1087 s (18.1 min), respectively.
In addition, the [Ala’] and [Ala''JPP-001 profiles are distin-
guished by an initial delay in response, as the increase in electrical
resistance induced by these pepducins began around 300 s (5 min)
and 420 s (7 min) post-treatment, respectively. Each trace reached
its maximum (1.06 £ 0.02 and 1.07 £ 0.04) by 880 s (14.7 min)
and 979 s (16.3 min) after treatment, respectively. As with [Alas],
[Ala®], and [Ala'°JPP-001, the baseline-to-baseline timeframe was
much shorter for [Ala7] and [Ala“]PP—OOl than for PP-001,
extanding over a period of 25.4-min and 24.1-min period,
respectively, compared to 45-min for PP-001. The subsequent
decrease in resistance persisted below the baseline (change factors
of 091 £ 09 and 091 £ 0.02, respectively, 3000 s post-
treatment). As indicated above, the cellular response induced by
10 pmol/L [A1a14]PP—001 was the only non-flatline trace that
produced a lower amplitude response than PP-001, with a
maximum change factor of 1.04 & 0.01 by 1204 s (19.4 min) post-
treatment and a return to baseline by 2227 s (37.1 min). Despite
the lower amplitude, the kinetics observed resembled PP-001’s
trace. Finally, treatment with [Ala'*]PP-001 resulted in an in-
crease in resistance that was maintained throughout the readout
period. This increase first stabilized around 640 s (10.7 min) and
then slowly increased to a maximum of 1.06 + 0.02 by 1962 s
(32.7 min). At the end of the readout (3000 s, or 50 min), the
change factor was still above baseline (1.05 £ 0.03). Collectively,
these substitutions highlight the importance of the N-terminal
RKK motif for the activity of PP-001, although several sites
may be of interest for further understanding the mechanisms of
action of PP-001.

3.7. Alanine substitutions at positions 2 and 13 of PP-001 alter
the pepducin’s behavior in vitro and in vivo

Among the above series of pepducins, two were selected for
further characterization: [Alaz]PP—001 and [Alal3]PP—001. In the
case of the former, we sought to assess the extent to which the
RKK motif is essential to PP-001, in particular whether the
inactivity of [Alaz]PP—OOI observed with the ECIS assay extended
to other in vitro and in vivo functional assays. We also selected
[Ala13]PP—OOI, as it was the only pepducin with a modified
response profile for which the resistance-enhancing effect per-
sisted longer than for PP-001; for all the others, the timeframe was
shortened. We therefore sought to determine whether this altered
response profile translated into increased potency and/or efficacy.
Consequently, both pepducins were subjected to the same battery
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Figure 7 [Ala’]PP-001 exhibits reduced biological activity compared to PP-001, whereas [Ala'*]PP-001 behaves similarly. (a)
Table comparing the peptide sequences of PP-001, [Ala*JPP-001, and [Ala'*JPP-001. Alanine substitutions are shown in red. (b) Displacement of
125]_radiolabeled NT following incubation of CHO-hNTSR1 membranes with increasing concentrations of NT(8-13), PP-001 (for reference),
[Ala*]PP-001, and [Ala'*|PP-001. n = 3, tested in triplicate. (c) Ga5 protein dissociation and Barr2 recruitment, monitored by BRET?, in CHO-
K1 cells transiently expressing NTSR1, in response to increasing concentrations of NT(8-13), PP-001 (for reference), [Ala’]PP-001, and
[Ala'*]PP-001. n = 4, tested in triplicate. (d, e) NT(8-13)-induced Ga; protein dissociation and Barr2 recruitment in CHO-K1 cells transiently
expressing NTSR1, pre-treated (10 min) with fixed concentrations (0, 1, 10, 32, and 100 pmol/L) of [Alaz]PP-OOI (d) and [AlalS]PP—OOI (e), as
monitored by BRET?. n = 4, tested in triplicate. (f) NTSR1 internalization over a 30-min period, in response to treatment with vehicle (HBSS,
1% DMSO), NT(8-13) (1 pmol/L), [Ala?]PP-001 (50 umol/L), or [Ala'*1PP-001 (50 pmol/L), in transiently transfected CHO-K1 cells. n = 4,
tested in duplicate. (g) NT(8-13) (1 pmol/L)-induced NTSRI1 internalization over a 30-min period, in transiently transfected CHO-K1 cells pre-
treated (15 min) with vehicle (HBSS, 1% DMSO0), [Ala*]PP-001 (50 umol/L) or [Ala'*]JPP-001 (50 pmol/L). n = 4, tested in duplicate. (h)
NTSRIRuer-APJGrp1o interactions in HEK293 cells treated with vehicle, [Ala?]PP-001 (50 pmol/L) or [Ala'31PP-001 (50 pmol/L), as monitored
via BRET? titration experiments. n = 3, tested in triplicate. (i) Blood pressure changes over a 5 min period recorded in carotid artery-cannulated
male Sprague-Dawley rats, following injection into the jugular vein of PP-001 (for reference), [Ala®]PP-001 or [Ala'*]PP-001 (55 nmol/kg),
n = 5. Data represent mean = SEM. BRET? luminescence signaling data. (c—e) Were recorded 30 min post-pepducin stimulation. NS: non-
stimulated (treated with vehicle only).

of tests as those performed for PP-001; the sequences of each
pepducin are provided in Fig. 7a. Overall, we observed a trend
toward complete loss or significant negative shifts in activity for
[Ala®]PP-001, while [Ala'*]PP-001 tended to yield similar,
sometimes slightly more potent, effects than PP-001 (Fig. 7b-1).

First of all, in the competitive radioligand binding assay, we
observed noticeable negative and positive shifts in potency for the
[Alaz]PP—OOI and [Alal3]PP—001 displacement curves, respec-
tively (Fig. 7b). Indeed, [AlaZ]PP-OOI displaced radiolabeled NT
with an ICsq of 11 4 5 pmol/L, while [Ala'?]PP-001 exhibited an
1Csp of 2.1 = 0.5 pmol/L, contrasting with the ICso of PP-001 of

5.5 4+ 0.8 umol/L. Note that at 100 pmol/L, [Alaz]PP—OOI did not
fully displace radiolabeled NT, but retained 30 £ 8% specific
binding.

In BRET? agonist signaling assays (Fig. 7¢), [Ala*]PP-001 led
to minimal Ge; protein dissociation (10 4+ 7% activation at
100 pmol/L vs. 68 4 7% activation for PP-001), whereas
[Ala"*]PP-001 exhibited allosteric agonist activity similar to that
of PP-001 (64 + 11% activation at 100 umol/L). Like PP-001,
none of the alanine-substituted pepducins triggered significant
recruitment of Barr2 to NTSRI1. In allosteric modulator-type as-
says (Fig. 7d and e, Supporting Information Table S5), [Ala*|PP-
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001’s inhibitory effect on NT(8-13) signaling was significantly
reduced compared to PP-001. Indeed, in the Ga;3 protein
signaling assay, the ECsy and E,, values of NT(8-13) were not
significantly altered by [Ala?]PP-001. Likewise, [Ala?]PP-001 did
not induce any reduction in E,,,, of NT(8-13) in the (arr2 assay
(100 + 20% recruitment at 100 pmol/L [Ala’]PP-001 vs.
20 £ 20% for PP-001). As with PP-001, pre-treatment of CHO-
hNTSR1 cells with [Ala'®]PP-001 resulted in a baseline increase
of 64 £ 6% activation in the Ga;; assay, consistent with its
allosteric agonist action and induced a slight negative shift in
ECsp. In the Barr2 assay, there was a statistically significant shift
in both the potency and efficacy of NT(8-13), with a maximum
54 + 16-fold (P < 0.01) increase in ECs, values and a maximum
36 £+ 7% inhibition (P < 0.01) of the Ejax-

In assays monitoring NTSR1 receptor internalization, neither
[Alaz]PP—OOI nor [Alal3]PP—001 triggered a decrease in BRET? at
50 umol/L, as expected given their lack of agonist activity in the
Barr2 recruitment assay (Fig. 7f). However, both pepducins, but
particularly [Ala'*]PP-001, were able to inhibit NT(8-13)-
triggered NTSR1 endocytosis (Fig. 7g). Indeed, the decrease in
the BRET? signal relative to vehicle-treated cells observed after
1 umol/L NT(8-13) was inhibited by 33 & 19% and 50 £ 8% by
50 pumol/L [Ala*]PP-001 and [Ala'*|PP-001, respectively. In
comparison, pre-treatment with 50 pmol/L. PP-001 resulted in a
43 + 9% (P < 0.05) inhibition of NTSR1 endocytosis. The in-
hibition mediated by [Ala*]PP-001 was unexpected, given the
absence of NT(8-13)-mediated Q[arr2 recruitment inhibition
observed in the signaling assays. Nevertheless, the inhibitory ef-
fect of [AlaZ]PP-OOI was more moderate than that of PP-001.

In Fig. 7h, the effect of 50 pmol/L [Ala’]PP-001 and
[Ala13]PP—001 on NTSR1-APJ heteromer interactions was moni-
tored using the hNTSRI-Rlucll and hAPJ-GFP10 biosensor
pairing. In both cases, an upward shift of the BRET? saturation
curve was observed. Compared to vehicle-treated cells, treatment
with [Ala*]PP-001 and [Ala"®]PP-001 led to a significant increase
in BRET,,,x, (corresponding to an increase of 17 £ 7% and
14 £+ 7%, respectively), which was lower than the 31 £ 3% in-
crease observed with PP-001. The BRETj5, for each curve was
12 £ 1 and 17 £ 3, respectively, representing a statistically sig-
nificant (P < 0.05) increase compared to that of vehicle-treated
cells (10.3 £ 0.3) in the case of [Ala13]PP-001.

Finally, both pepducins were administered intravenously to
Sprague—-Dawley rats to determine their hypotensive potential, at
equimolar doses to PP-001 (55 nmol/kg) (Fig. 7i). Despite the
biological activity demonstrated by [Ala*]PP-001 in several of the
above assays, no change to MABP was observed. In contrast
[AlalS],PP-OOI induced a potent and sustained drop in blood
pressure, initially following the same profile as PP-001, but
diverging at the 140-s time-point. The same 40-s delay in response
was observed for [Ala'*JPP-001 as for PP-001, followed by a
rapid blood pressure decline, descending to —36 = 4 mm Hg by
93 s post-administration. There was a brief stabilizing period, with
a slow upturn toward baseline that reached —31 + 4 mm Hg at
140 s. Unlike PP-001, this phase was succeeded by a second slow
decline. By the end of the experiment (300 s post-administration),
we recorded a AMABP of —44 £ 2 mm Hg, which is 19 = 5 mm
Hg lower than that of PP-001 at the same time-point. Altogether,
these data highlight the importance of the lysine in position 2 for
PP-001 activity and suggest that the valine at position 13 may be
an interesting starting point for future structure-activity studies
seeking to increase the pepducin’s potency.

3.8.  PP-001 binds directly to the rat NTSRI receptor

As shown in Fig. 2, PP-001 inhibited the specific binding of NT(8-
13) and allosterically modulated NTSR1 signaling, thereby con-
firming the pharmacological action of PP-001 on NTSRI. To
further investigate the mechanism of action of PP-001 on NTSRI,
we monitored the direct interaction between PP-001 and the re-
ceptor in vitro using a N-[4-(7-diethylamino-4-methyl-3-
coumarinyl)phenylJmaleimide (CPM)-based stability assay on
purified recombinant NTSR1%®. This assay has been used to solve
the mechanism of ligand binding to membrane proteins®®'%7.
Briefly, this CPM stability assay monitors the impact of ligand
binding on heat-induced denaturation of a receptor. GPCR puri-
fication is a challenge due to their inherent lack of in vitro sta-
bility. As such, protein engineering is commonly used to obtain
stable 7TMR eluate. We therefore took advantage of two previ-
ously described engineered NTSR1 constructs (NTSR1-3 and
NTSR1-22) used in structural biology studies (Supporting In-
formation Figs. S2 and $3)®* to measure the thermostability of
NTSRI1 in the presence of vehicle, NT(8-13) and PP-001 (Fig. 8)
(The full list of mutations in the NTSR1-22 construct can be
found in Table S6). For the two purified constructs NTSR1-3 and
NTSR1-22, we found that NT(8-13) increased the resistance of
NTSRI1 to heat-induced denaturation, as indicated by the right-
ward shift of the thermodenaturation curve relative to the vehicle-
treated sample (Fig. 8a and b). The extent of the shift could be
quantified by the melting temperature (7,,), defined as the tem-
perature at the maximum of the curve’s first derivative (Fig. 8c and
d). We found that NT(8-13) stabilized NTSR1 by approximately
6 °C for both constructs compared to the vehicle-treated receptor.
In contrast, treatment with PP-001 decreased the heat resistance of
both NTSR1 constructs by approximately 3—4 °C, as shown by a
left-shift in the thermodenaturation curves. Accordingly, the
change in Tm for both NT(8-13) and PP-001 indicates a direct
binding of the ligands to purified NTSR1. Moreover, the opposite
effect of NT(8-13) and PP-001 binding on NTSRI1 stability sug-
gest that they have a distinct mechanism of ligand action on the
receptor, consistent with the allosteric efficacy observed for PP-
001 on NTSR1-induced NT(8-13) signaling (Fig. 2b and c).

3.9.  Substitutions of NTSR1 ICL residues impede PP-001
activity

Having gathered evidence supporting a direct interaction between
the pepducin and the receptor, we sought to elucidate the PP-001/
NTSRI1 binding site, with a specific focus on the ICL regions. To
do so, we relied on receptor mutagenesis techniques. We intro-
duced a series of sequential alanine mutations into a human HA-
tagged NTSRI1 construct. Our strategy for this first attempt was to
“scan” the ICL domains five alanine residues at a time, with the
aim of identifying mutants against which PP-001’s activity would
be altered. Since the human NTSRI1 receptor has four ICL se-
quences spanning 14 (ICL1: A89-H102), 20 (ICL2: E165-R184),
44 (ICL3: A260-R303), and 54 (C-term: N365-Y418) amino
acids, as delineated by Uniprot (ID: P30989), 27 mutant constructs
were generated (specific sequences can be found in Table S7).
Note that in positions where an alanine was already expressed
endogenously, it was simply conserved in the sequence.

We first verified the cell surface expression of the mutants by
an enzyme-linked immunosorbent assay (ELISA) performed on
transiently transfected HEK293 cells (Fig. 9a). Our results
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Figure 8

PP-001 binds to NTSR1. Representative CPM thermodenaturation curves of purified (a) NTSR1-3 or (b) NTSR1-22 in the presence of

ligands or vehicle. (c, d) First derivative of the CPM thermodenaturation curves presented in (a) and (b), respectively. (e) Table of the T, values
determined from vehicle, NT(8-13) and PP-001 conditions. The data are expressed as a mean = SEM of 3 independent experiments in duplicate.
Statistical significance is determined by a one-way ANOVA followed by a Dunnett’s post hoc analysis. ***P-value < 0.001; and *P-value < 0.05.

revealed that 17 mutants out of 27 were fully expressed, with
expression levels greater than or equal to 100% compared to the
wild type (WT) receptor. Seven mutants (Mutants 2, 5, 8, 14, 16,
17, and 20) had middling receptor expression levels, ranging from
46 4+ 20% (Mutant 8) to 77 + 20% (Mutant 20). Four were found
to be poorly expressed (Mutants 1, 4, 18, and 19), with levels
below 25% cell surface expression. Mutant 18 was the least
expressed, at 11 £ 5% expression. Thus, in the following assays,
the experimental conditions were optimized for each expression
group to ensure a valid readout.

Here, we chose to test the WT receptor and the 27 mutants in
the radioligand binding assay. The aim was to compare the
inhibitory activity of PP-001 on the orthosteric NT binding at each
mutant (relative to NT(8-13)) with that of the WT receptor. Fig. 9b
shows the results obtained at 10 pmol/L PP-001. For 22 of the 27
mutants, PP-001 was found to inhibit ['*’I]-NT binding to a
similar extent as the WT condition. Interestingly, in the case of
Mutants 2, 16, 17, 19, and 20, a greater amount of bound radio-
activity was retained; in other words, the inhibitory effect of PP-
001 on NT binding was partially reversed. In contrast to the
32 + 4% specific binding retained at the WT receptor, the retained
specific binding levels were 56 £ 6% (Mutant 2), 55 £ 5%
(Mutant 16), 66 + 3% (Mutant 17), 82 + 9% (Mutant 19), and
57 + 7% (Mutant 20). The locations of these mutations on NTSR1
are presented in the snake plot in Fig. 9c; they correspond to

alanine substitutions in the ICL1 (Mutant 2), ICL3 (Mutant 16),
and C-terminal tail (Mutants 17, 19, and 20) sequences of NTSR1.
It should be noted that Mutants 19 and 20 are found within the H8
domain, while Mutant 17 is adjacent to H8. Unfortunately, no
reliable data could be obtained for the 5 remaining mutants (1, 4,
5, 8, and 18).

In Fig. 9d-f, the full concentration—response curve data for
both NT(8-13) and PP-001 are shown for the five highlighted
mutants, along with the specific mutation sequences. The curves
for the other 17 mutants are presented in Supporting Information
Fig. S4. The ICsy and maximum inhibition values extracted from
these curves can be found in Supporting Information Table S8.
As can be seen, while the NT(8-13) curves for each mutant are
superimposable on those for WT, the PP-001 curves are slightly
but consistently shifted to the right. For Mutants 2 and 16, this
represents a nearly three-fold shift in ICso: 14 £+ 2 and
13 £ 2 umol/L, respectively, compared to 5.3 = 0.5 pmol/L for
the WT receptor. For Mutant 17, this shift is slightly more pro-
nounced (23 &+ 3 pmol/L). However, the greatest shift in affinity
was observed for Mutant 19, with a shift of 70 + 30 umol/L.
Interestingly, in the case of Mutant 20, the rightward shift of the
PP-001 curve was more subtle (9 £+ 3 pumol/L), but PP-001’s
inhibition of NT binding at 100 pmol/L was no longer complete.
Instead, 24 + 6% of the specific ['%°]]-NT binding was still
retained. Together, these data suggest that the PP-001/NTSR1
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Figure 9  Alanine substitutions in NTSR1 ICL domains impede PP-001-driven inhibition of NT binding. (a) Cell surface expression of the HA-
hNTSR1 WT receptor and the derived ICL mutant constructs (Mutants 1—27) in transiently transfected HEK293 cells, as determined by ELISA.
Data was normalized to WT (set as 100% expression) and mock (set as 0% expression) conditions. n = 3, tested in duplicate. (b) Displacement of
'25Lradiolabeled NT by 10 pmol/L. PP-001 in HEK293 cell membranes transiently transfected with the HA-hNTSR1 WT receptor (left) or the
ICL mutant constructs (right). No reliable results could be generated with mutants 1, 4, 5, 8, and 18. Mutants represented in color (2, 16, 17, 19,
20) were found to retain greater binding of ['*°I]-NT. n = 2, tested in duplicate. (c) Snake plot of the human NTSR1 receptor, cropped to ICL
domains. Substituted residues in Mutants 2, 16, 17, 19 and 20 are identified in color. (d—f) Displacement of 125]_radiolabeled NT following
incubation of transiently transfected HEK293 membranes with increasing concentrations of “cold” NT(8-13) (left) or PP-001 (right). Data for the
WT condition are compared to mutants in the ICL1 (Mutant 2, d), ICL3 (Mutant 16, e) and C-terminal (Mutants 17, 19, and 20, f) regions.
Sequences of the ICL domains with relevant mutations are presented above each graph; alanine residue substitutions are shown in red. n = 2,
tested in duplicate. Data represent mean == SEM. Radioactivity data were normalized according to NT(8-13) (set as 100% specific binding) and
untreated cells (set as 0% specific binding) for each individual mutant.

binding site may incorporate several ICL regions, but that H8 in
the C-terminal domain could be a particularly interesting area.

3.10.  Docking of PP-001 to the intracellular domains of NTSR1

To delineate the intracellular binding site of PP-001 on NTSRI,
we docked the pepducin onto an MD-equilibrated model of the
NT(8-13)—bound receptor embedded in a POPC bilayer, keeping
NT(8-13) fixed within the orthosteric pocket. Across the top-
ranked poses, PP-001 consistently localized to the cytoplasmic
surface, spanning the TM7-HS8 bend and the adjacent ICL rim. In
the representative configuration, the peptide backbone lay
approximately parallel to the membrane plane, with the N-pal-
mitoyl chain positioned along the membrane-facing side of H8
(Fig. 10a). This orientation enables extensive interaction with
residues across the H8 hinge and the ICL1/ICL3 interface.

Mapping the experimental mutational scan onto the docked
interface recapitulated the graded phenotypes observed in func-
tional assays. Mutation with ICL1 (Mut 2) and the ICL3 edge
(Mut 16) corresponded to peripheral contacts whose alanine
substitutions modestly right-shifted PP-001 potency and increased
NT retention at 10 umol/L (Fig. 10b and c). The H8-proximal
hinge (Mut 17) aligned with a denser contact patch, producing a
more pronounced right-shift, while mutations at the H8 core (Mut
19—20), coinciding with the highest-persistence contacts, elicited
the strongest functional attenuation, including incomplete
displacement at high PP-001 concentrations (Mut 20).

Together, the docking and mutational data define an H8-centric
intracellular binding mode for PP-001 that is compatible with
G-protein-competent conformations but encroaches on the (-
arrestin engagement footprint. This model also potentially ratio-
nalizes why PP-001 binds directly to NTSR1 while reducing
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Figure 10

Docking of PP-001 to the intracellular domains of NTSR1. (a) Overall view of NTSR1 showing the lowest-energy docking pose of

PP-001 (blue) and the positions of residues corresponding to mutants with altered PP-001 activity: Mutant 2 (pink), Mutant 16 (green), Mutant 17
(yellow), Mutant 19 (cyan), and Mutant 20 (red). (b) Close-up of the intracellular region of NTSR1 highlighting the proximity of PP-001 to the
identified mutant sites. Ribbon colors represent structural domains: helix 8 (HS8, green), intracellular loop 1 (ICL1, pink), intracellular loop 3
(ICL3, brown), and helix 7 C-terminal extension/H8 transition (orange). (c) Intracellular bottom view obtained after a 90° rotation, illustrating the

spatial distribution of residues surrounding the PP-001 binding site.

receptor thermostability relative to NT(8-13). By engaging the HS
hinge and adjacent ICL surface, the pepducin appears to stabilize
an intracellularly open, less tightly packed receptor state, dimin-
ushing apparent orthosteric peptide affinity, yet favoring G-protein
coupling over $-arrestin recruitment. The correspondence between
contact density in the model and the experimental rank order of
effects (Mutant 19 > Mutl7 = Mut20 > Mut2 = Mutl6) sup-
ports this structural interpretation, highlighting HS as the primary
anchoring surface with ICL1/ICL3 providing secondary stabili-
zation. Overall, these results position PP-001 within a mechanistic
class of intracellular, H8-engaging pepducins that act as biased
allosteric modulators. The resulting structural framework offers a
foundation for targeted mutational scanning across H8 and for
rational optimization of the pepducin’s N-terminal motif and lipid
anchor.

4. Discussion

In the present study, we characterized the modulatory effects of
PP-001, a pepducin derived from the first intracellular domain of
NTSRI, to elucidate how this class of molecules regulates re-
ceptor function. Our results show that this lipidated cell-
penetrating peptide acts as a biased allosteric agonist, selectively
activating G-protein signaling, promoting receptor oligomeriza-
tion, and inducing potent hypotensive effets. PP-001 also behaves
as a NAM of NTSR1, reducing the receptor’s ability to bind to its
natural orthosteric ligand and inhibiting NT-induced recruitment
and receptor internalization. Finally, we also identified a key

N-terminal motif required for PP-001 activity and highlighted the
receptor’s helix 8 domain as a likely site of pepducin—receptor
interaction.

In vitro assays revealed that PP-001 preferentially activates G
protein pathways while inhibiting NT binding, an uncommon
finding, as most reported pepducins have little or no impact on
orthosteric ligand binding. Notably, G2AR-derived pepducins
(ICL1-9, ICL3-8, and ICL3-9)*7 and the CXCR4-derived pep-
ducin ATI-2341 * showed negligible interference with ligand
binding. Likewise, the PAR4-derived pepducin P4pal-10 inhibited
FPR2-driven responses in neutrophils without directly competing
for ligand binding'®®. To our knowledge, only Flpal-16 and
F2pal-10 targeting FPR2 displayed competitive behaviors'® 2!,
Although we cannot rule out some direct competition at the
extracellular site, the absence of effect with the non-palmitoylated
NP-001 peptide supports an intracellular allosteric mechanism.
Rather, we believe that the pepducin, receptor, and ligand form an
allosteric system in which they act respectively as modulator,
conduit, and guest (to use Kenakin’s terminology'®”), where PP-
001 binding induces receptor conformations that alter NT(8-13)
activity and vice versa.

PP-001’s dual agonist/NAM behavior is unusual but parallels
findings with urotensin receptor-derived pepducins (hUT-Pep2 and
[Trpl, Leuz]hUT—PepS), which activate Goa; and Gagz while
inhibiting urotensin II-driven Ge, signaling and aortic ring
contractions®®, The B2AR-derived ICL3-9 pepducin is another
example of such mixed modulation®”. These results highlight the
complex signaling profiles achievable by intracellular allosteric
modulators that selectively bias GPCR pathways''®. The lack of
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PP-001-induced NTSR1 endocytosis further supports its G
protein-bias. Unlike NT(8-13), which promotes receptor inter-
nalization, both PP-001 and the scrambled control, in agonist
mode, produced only a slight transient BRET? increase, likely due
to pepducin’s insertion into the cell membrane. In antagonist
mode, PP-001 inhibited NT-induced endocytosis similarly to the
Gas-biased ICL3-9 pepducin®, which enhances cAMP signaling
while preventing isoproterenol-promoted [-arrestin recruitment
and $2AR internalization. Such effects may prolong surface re-
ceptor availability and sustain G protein-mediated signaling.
Collectively, these data indicate that PP-001 induces NTSRI
conformations that (1) favor G protein signaling over recruit-
ment (biased allosteric agonism) and (2) impede NT binding and
signaling (NAM behavior), possibly via altered receptor thermo-
dynamic stability. Although PP-001 did not inhibit NT-induced G
protein activation in our assays, this may have been masked by its
own agonist behavior and ability to prevent NTSR1 endocytosis.

We also demonstrated for the first time that PP-001 promotes the
formation of NTSRI—NTSR1 homomers and NTSR1—APJ het-
eromers, an effect not observed with the CXCR4-derived pepducin
ATI-2341"3. Although receptor dimerization has long been dis-
cussed in the context of pepducin research (indeed, since the sem-
inal 2002 study by Covic et al."), the notion that pepducins might
mimic or stabilize protomer—protomer interactions remains largely
speculative. If pepducins can indeed form “pseudo-dimers” with
their target receptors, they may be tapping into signaling features
that are unavailable to monomeric receptor units. In the case of PP-
001, it remains unclear whether the observed effect reflects the de
novo formation of NTSR1 dimers (yielding a potential “pseudo-
trimer”’) or a conformational rearrangement within pre-existing
dimers that enhances the BRET? signal. In either scenario, our
findings support a direct receptor-pepducin interaction and under-
score a distinctive feature of pepducin pharmacology that differ-
entiates them from conventional extracellular ligands.

In vivo, PP-001 produced a potent and sustained hypotensive
response, consistent with NTSR1 activation''!. Unlike NT(8-13),
which elicits a triphasic response driven by mast cell degranula-
tion and the release of histamine and catecholamine”z’lm, intra-
venous injection of PP-001 induced a more pronounced and
longer-lasting decrease in blood pressure. Given the difference
in potency between NT(8-13) and PP-001, the intensity of this
response was somewhat unexpected. If the hypotensive effect
arises primarily from G protein-mediated signaling at NTSR1, as
suggested by PP-001’s biased signaling profile, it is conceivable
that simultaneous inhibition of endogenous NT-signaling and
NTSRI1 internalization potentiates the G protein-dependent hy-
potensive response. An additional factor may involve the distinct
pharmacokinetic behaviors of pepducins. Unlike NT(8-13), which
rapidly activates NTSR1 upon systemic administration and trig-
gers immediate release of histamine, PP-001 must first insert into
the plasma membrane before engaging the receptor. This likely
results in a slower and more prolonged activation of NTSRI,
potentially leading to a delayed or sustained histamine release that
catecholamines cannot readily counteract. Other properties of PP-
001, such as the lack of receptor desensitization or the promotion
of multimeric receptor assemblies, may further contribute to this
prolonged hypotensive effect.

Importantly, the NTSR1 antagonist SR48692, which occupies
binding domains partially overlapping those of NT, abolished the
hypotensive action of PP-001, confirming that pepducin’s effect was
mediated by NTSRI. Interestingly, the small-molecule modulator
SBI-553, another NTSRI1 allosteric ligand, displays an opposite

signaling bias: it acts as a -biased allosteric agonist, selectively
inhibiting NT-induced G protein signaling while potentiating estin
pathways (PAM behavior)''"*. Structural studies using cryo-EM
have shown that SBI-553 binds within the receptor’s intracellular
cavity'">"% In line with its signaling bias, SBI-553 does not induce
hypotension in mice'!’, contrasting sharply with the robust hypo-
tensive effect of PP-001. Overall, these results reinforce the concept
of allostery, whereby intracellular modulators such as pepducins
can influence orthosteric ligand binding and signaling, while
orthosteric agonists or antagonists may reciprocally modulate the
actions of intracellular allosteric ligands.

Alanine scanning identified a critical N-terminal RKK motif in
PP-001, as substitution of Arg2 with alanine ([Alaz]PP—OOI)
abolished activity across multiple in vitro and in vivo functional
assays. This agrees with other pepducin studies showing the
importance of positively charged residues such as R and K for
pepducin activity. For example, Forsman et al.** reported com-
plete inactivity of the FPR2-derived pepducin F2pal,, when lysine
at position 5 (K5) is replaced with A, N, or Q, but regains function
when replaced by a positively charged arginine residue. Similarly,
the activity of P1pal-19 (a PAR1 mimic) was impaired following
substitutions at R16, and to a lesser extent at R11 and K13. For
pepducins, the precise contribution of such key residues often
remains ambiguous, whether they primarily facilitate membrane
insertion and the flip-flop process, mediate receptor (and/or its
effectors) interactions, or fulfill a combination of both functions. It
is indeed conceivable that the positively charged lysine residues
facilitate membrane translocation of PP-001, as positive charges
have been shown to increase peptide permeability''®. This is
particularly true for cell-penetrating peptides''®, where poly-
arginine sequences have proven to be especially effective car-
riers'?’. Nevertheless, given that multiple alanine substitutions
produced distinct alterations in impedance response profiles, the
relationship between PP-001’s primary structure and its complex
modulation of NTSRI signaling remains intricate and warrants
further investigation.

Finally, we used a thermal denaturation assay to provide direct
evidence of PP-001 binding to purified NTSR1 protein. While few
studies have successfully demonstrated pepducin/receptor in-
teractions, several methodologies have been reported: Janz et al.*
used photochemical cross-linking approach to reveal direct bind-
ing between CXCR4 and ATI-2341, Carr et al.® monitored
pepducin-induced conformational changes in (2AR using
monobromobimane-labeled receptors, and Zhang et al.'!
employed biotinylated peptides to immunoprecipitate PAR1. In
our assays, PP-001 induced a significant leftward shift in the
melting temperature (7},) of both NTSR1—3 and NTSR1-22
constructs, consistent with direct interaction. Interestingly, this
shift contrasts with the effect of NT(8-13), suggesting that PP-001
stabilizes distinct, less thermodynamically stable receptor con-
formations. The observed reduction in NTSR1 thermal stability
upon PP-001 binding may reflect a transition toward a more dy-
namic and flexible conformational ensemble, potentially associ-
ated with pepducin-induced receptor oligomerization. Given that
NTSR1 can form homodimers through multiple interfaces'??, it
remains to be determined whether the reduced thermostability
arises from specific effects on dimerization interfaces or from
broader allosteric modulation of receptor dynamics'>>. Despite
these uncertainties, our findings provide strong evidence for direct
pepducin—receptor interaction and offer mechanistic insights into
how intracellular allosteric modulators can reshape GPCR
conformational landscapes.
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To further delineate the PP-001 binding site, we generated
NTSRI1 constructs containing sequential alanine substitutions in
the ICL1-3 and C-terminal domains and assessed their responses
to NT(8-13) and PP-001 in radioligand binding assays. Although
PP-001’s inhibitory activity on NT binding was largely preserved,
selected mutations in ICL1, ICL3, and the C-terminal domains,
particularly those encompassing or adjacent to H8, caused right-
ward shifts in potency. This finding parallels the work of Zhang
et al.'*!, who proposed that the PAR1-derived pepducin P1pal-19
binds to H8 in a manner analogous to the second protomer in a
PAR1-PARI dimer, as deletion of H8 abolished pepducin-re-
ceptor interactions. Similarly, Sevigny et al.” exploited the ICL3-
H8 interface of PAR2 to design potent antagonist pepducins.
Despite key differences (PP-001 being derived from ICL1 and
displaying signaling bias and NAM properties, whereas Plpal-19
is an ICL3-derived allosteric agonist), both pepducins appear to
interact with H8 to modulate 7TMR function. Interestingly,
conformational rearrangements in H8 have been shown to govern
the biased G-protein activation of the mu-opioid receptor
(MOR)'?*, a feature mirrored by PP-001 activity profile. Finally,
molecular docking of PP-001 to an NT(8—13)-bound, membrane-
equilibrated NTSRI1 structure revealed interactions spanning the
TM7-H8 bend and the ICL1/ICL3 interface. By engaging the
amphipathic HS and its hinge region, PP-001 appears to stabilize
receptor states compatible with G-protein coupling while partially
encroaching on the binding interface. Together, these docking and
mutagenesis data provide a coherent structural rationale for the
experimentally observed combination of decreased orthosteric
affinity, reduced signaling, and preserved G-protein-biased
activity.

4.1.  Limitations of this study

An important qualification should be noted. The thermostability
assays were performed using rat NTSR1—3 and NTSR1—-22 con-
structs, whereas the ICL mutant series was generated from human
NTSRI1. Although rat and human NTSRI1 share 84% sequence
identity and an identical ICL1 sequence, species-specific differ-
ences may still influence the PP-001 binding mode. Moreover, while
the INTSR1—3 construct retains all residues corresponding to the
substitutions in Mutants 2, 16, 17, 19, and 20, this is not the case for
rNTSR1—22. In this construct, H305 (Mutant 16) is replaced by
arginine, and the sequences encompassing V372-S373 (Mutant 17)
and the entire regions (V372 to Y424) corresponding to Mutants 19
and 20 are deleted. Remarkably, despite the loss of these sites, PP-
001 binding to tTNTSR1—22 was still observed. These findings
suggest that while our radioligand binding data highlight HS as a
key determinant for PP-001 interaction, the binding site likely spans
multiple intracellular domains, including ICL1 and ICL3 (as
implicated by Mutants 2 and 16) and potentially other domains for
which data were unavailable (Mutants 1, 4, 5, 8, or 18). It is also
possible that our alanine scan strategy, substituting residues in
blocks of five, may have obscured critical residues located at the
junctions between mutant segments. Notably, even in Mutant 19,
which showed the largest rightward shift in PP-001 potency, NT
binding was still fully inhibited at 100 pmol/L, indicating that
partial PP-001 binding was retained.

In summary, these results underscore the complexity of the PP-
001/NTSRI interaction, in which the pepducin acts as both a G
protein-biased intracellular allosteric agonist and a negative allo-
steric modulator of NT function. This dual activity distinguishes
PP-001 from small molecule intracellular NTSR1 modulators,

such as ML314, SBI-553, which instead promote-biased signaling
and function as positive allosteric modulators (PAMs) of NT-
mediated responses''*!"712> NTSR1-derived pepducins, there-
fore offer a unique pharmacological framework for exploring the
conformational and signaling diversity of GPCRs and may inform
the design of next-generation therapeutics.
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