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Human neuropeptide S (NPS) and its cognate receptor regu-
late important biological functions in the brain and have
emerged as a future therapeutic target for treatment of a variety
of neurological and psychiatric diseases. The human NPS
(hNPS) receptor has been shown to dually couple to Ga,- and
Ga,-dependent signaling pathways. The human NPS analog
hNPS-(1-10), lacking 10 residues from the C terminus, has been
shown to stimulate Ca®>* mobilization in a manner comparable
with full-length hNPS in vitro but seems to fail to induce biolog-
ical activity in vivo. Here, results derived from a number of cell-
based functional assays, including intracellular cAMP-response
element (CRE)-driven luciferase activity, Ca®>* mobilization,
and ERK1/2 phosphorylation, show that hANPS-(1-10) preferen-
tially activates Ga,-dependent Ca®>* mobilization while exhib-
iting less activity in triggering Ga,-dependent CRE-driven lucif-
erase activity. We further demonstrate that both Geg- and
Ga,-coupled signaling pathways contribute to full-length
hNPS-mediated activation of ERK1/2, whereas hNPS-(1-10)-
promoted ERK1/2 activation is completely inhibited by the Gey,
inhibitor UBO-QIC but not by the PKA inhibitor H89. More-
over, the results of Ala-scanning mutagenesis of hNPS-(1-13) indi-
cated that residues Lys'! and Lys'? are structurally crucial for the
hNPS receptor to couple to Ge,,-dependent signaling. In conclu-
sion, our findings demonstrate that hNPS-(1-10) is a biased ago-
nist favoring Ge,-dependent signaling. It may represent a valuable
chemical probe for further investigation of the therapeutic poten-
tial of human NPS receptor-directed signaling in vivo.

Neuropeptide S (NPS),? with its highly conserved serine at
the N-terminal residue of the mature 20-amino acid peptide,
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has been newly identified as an endogenous ligand for the
orphan G protein-coupled receptor GPR154, hereafter referred
to as the neuropeptide S receptor (NPSR) (1-3). In situ hybrid-
ization studies on rat brain have demonstrated that NPS
expression tends to be highly localized in the distinct brain stem
clusters located around the locus coeruleus. Conversely, NPSR
mRNA is widely expressed within the regions of the brain
involved in emotion and memory processing as well as olfac-
tion. These include the thalamus, hypothalamus, amygdala, and
cortical areas (1, 4, 5). Upon central administration in rodents,
NPS has been found to exert a variety of biological effects,
including reduction of anxiety-related behavior (1, 6, 7),
increase of locomotor activity (6, 8, 9), stimulation of wakeful-
ness (1, 6), inhibition of food intake (9, 10), and enhancement of
memory formation (11). Recent studies have also reported its
involvement in the suppression of alcohol consumption (12, 13)
and in the extinction of contextual conditioned fear responses
(14, 15). Thus, NPS and its cognate receptor represent a novel
neurotransmitter system in CNS physiology and pathology and
hold great promise for treating a variety of neurological as well
as psychiatric conditions.

NPS exerts its biological actions through NPSR. Using heter-
ologous expression systems, Chinese hamster ovary (CHO)
cells, and human embryonic kidney 293 (HEK293) cells, the
human and mouse NPSRs have been shown to trigger both
Ca®>" mobilization and cAMP accumulation in response to NPS
challenge. This indicates that NPSR couples to both Ga,, and
Ga proteins (1, 16). Using single-cell calcium imaging in neu-
ronal cells expressing human NPSR (hNPSR), a recent study
confirmed that NPS stimulation induced a significant Ca>"
response via a Ga,/phospholipase C-dependent pathway but
with no involvement of the Ga,-mediated cAMP-dependent
pathway (17). In addition to intracellular Ca>" mobilization
and cAMP formation, NPS also stimulated extracellular signal-
regulated kinase 1/2 (ERK1/2) phosphorylation through NPSR
(13, 16, 18). NCGC00185684, a newly identified NPSR antago-
nist, was also found to preferentially block ERK phosphoryla-
tion over intracellular cAMP or calcium responses to NPS (13).
However, characterization of NPS/NPSR-mediated signaling
and its associated physiological functions remains in its infancy.

A structure-activity study on NPS has defined the determi-
nant role of the N-terminal one-third, in particular residues
Phe?, Arg® Asn? and Val®, in the involvement of NPS in the
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activation of NPSR (19). Based on the ability to stimulate cal-
cium release, the fragment hNPS-(1-10) has been identified as
the minimum sequence required for the activation of the
human NPSR in vitro. However, this peptide failed to evoke a
statistically significant effect in vivo (8). To better characterize
NPS and NPSR, we established HEK293 cells expressing the
hNPSR and developed several cell-based functional assays,
including a CRE-based reporter gene assay, Ca>" mobilization
assay, and Western blotting-based ERK1/2 phosphorylation
assay. To our surprise, human NPS-(1-10) was identified as a
biased agonist, preferentially activating a Ga,-dependent sig-
naling cascade through NPSR. Further structure-activity anal-
ysis was performed to define the key residues involved in the
participation of NPS in Ge-biased signaling.

Experimental Procedures

Materials—Dulbecco’s modified Eagle’s medium (DMEM)
and fetal bovine serum (FBS) were purchased from Hyclone
(Beijing, China). Opti-MEM® I reduced serum medium was
purchased from Invitrogen. X-tremeGENE was purchased
from Roche Applied Science. The pCMV-FLAG vector was
purchased from Sigma. The Fura-2 acetoxymethyl ester deriv-
ative (Fura-2/AM) was purchased from Dojindo (Japan). Anti-
phospho-ERK1/2 (Thr?*°?/Tyr***) and anti-ERK1/2 antibodies
were purchased from Cell Signaling Technology (Danvers,
MA). H89 was purchased from Tocris Bioscience. UBO-QIC
was purchased from E. Kostenis (University of Bonn, Bonn,
Germany). The human neuropeptide S, human neuropeptide
S-(1-10) (hNPS-(1-10)), human neuropeptide S-(1-13)
(hNPS-(1-13)), the series of hNPS-(1-13) analogs, and Cy5-
labeled hNPS (Cy5-hNPS) were synthesized by Biopeptek
Biochem Ltd. (Qingdao, China).

Molecular Cloning and Plasmid Construction—The plas-
mid NPSR-B was purchased from Thermo. To amplify the
full-length sequence encoding human NPSR, four pairs of
primers were designed based on the sequence of GenBank™
entry NM_207172.1, as follows: 5'-GGGAAGCTTATGCCA-
GCCAACTTCACAGAGG-3' (forward primer) and 5'-CCC-
TGCAGGGGAAAGAGATG-3' (reverse primer) and 5'-ATC-
TCTTTCCCCTGCAGGGAGCAAAGATCACAGGATT-
CCAGAATGACGTTCCGGGAGAGAACTGAGAGGCAT-
GAG-3' (forward primer) and 5'-CCCGGATCCCTAGATGA-
ATTCTGGCTTGGACAGAATCTGCATCTCATGCCTC-
TCAGTTCTCT-3' (reverse primer) for pCMV-FLAG. The
corresponding PCR products were inserted into the HindIII
and BamHI sites of the pPCMV-FLAG vector to produce FLAG-
hNPSR. The construct was sequenced to verify the correct
sequence and orientation.

Cell Culture and Transfection—The human embryonic kid-
ney cell line (HEK293) was maintained in DMEM supple-
mented with 10% heat-inactivated fetal bovine serum (Hy-
clone) and 4 mM L-glutamine (Invitrogen). The hNPSR cDNA
plasmid constructs were transfected or cotransfected into
HEK293 cells using X-tremeGENE (Roche Applied Science)
according to the manufacturer’s instructions.

Luciferase Activity—After seeding in a 96-well plate over-
night, HEK293 cells, transiently co-transfected with FLAG-
hNPSR/pCRE-Luc, were grown to 90-95% confluence. The
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HEK293 cells were stimulated with 10 um forskolin alone or
with the indicated concentration of hNPS or hNPS-(1-10) in
DMEM without FBS and then incubated for 4 h at 37 °C. Lucif-
erase activity was detected using a firefly luciferase kit (Pro-
mega, Madison, WI). When required, the cells were treated for
1 h with or without H89 or UBO-QIC in serum-free DMEM
before beginning the experiments.

Intracellular Calcium Measurement—The transiently trans-
fected hNPSR-expressing HEK293 cells were washed once with
Hanks’ balanced salt solution (Dongsheng, Hangzhou, China)
containing 0.025% bovine serum albumin. The cells were then
loaded with 3 um Fura-2/AM (Dojindo Molecular Technolo-
gies, Inc., Kumamoto, Japan) for 30 min at 37 °C and washed
twice in Hanks’ solution. They were then resuspended to 5 X
10° cells/ml in Hanks’ solution. A typical experiment contained
1.0 X 10° cells/ml in each well. These cells were stimulated with
the indicated concentrations of ligands. Hanks’ solution was
used as a negative control. The calcium flux was measured
using excitation at 340 and 380 nm in a fluorescence spectrom-
eter (Infinite F200Pro, Tecan, Mannedorf, Switzerland). When
required, the cells were treated for 1 h with H89 or UBO-QIC
before initiation of the experiment.

ERK1/2 Activation Assay—The HEK293 cells transiently
expressing FLAG-hNPSR were seeded in 24-well plates and
starved for 120 min in serum-free medium to reduce back-
ground ERK1/2 activation. If required, the cells with the indi-
cated ligand were preincubated with various inhibitors for 1 h
before activation. After stimulation with the ligand, the cells
were lysed in lysis buffer (20 mm HEPES (pH 7.5), 10 mm
EDTA, 150 mm NaCl, 1% Triton X-100) with one tablet of
complete protease inhibitor (1 tablet/50 ml; Roche Applied
Science) at 4 °C for 30 min. Equal amounts of total cell lysate
were size-fractionated using SDS-PAGE (10%) and then
transferred to PVDF membranes (Millipore). The mem-
branes were blocked in TBS containing 0.05% Tween 20 and
5% nonfat dry milk for 1 h at room temperature and then
incubated with rabbit monoclonal anti-pERK1/2 antibody
(Cell Signaling, Danvers, MA) and anti-rabbit horseradish
peroxidase-conjugated secondary antibody (Beyotime, Haimen,
China) according to the manufacturer’s protocols. The blots were
stripped and relabeled using an anti-total ERK1/2 (1:2000)
monoclonal antibody as a control for protein loading. The lev-
els of ERK1/2 phosphorylation were normalized to total
ERK1/2. All of the immunoblots were quantified using a Bio-
Rad Quantity One imaging system.

Binding Assay Using Cy5-labeled hNPS—A whole-cell
binding assay on HEK293 cells that had been transiently
transfected with human NPSR was performed as described
previously (20, 21). In brief, HEK293 cells expressing hNPSR
were detached using non-enzyme cell dissociation buffer
and, after washing twice with 1 ml of ice-cold PBS, were
resuspended in binding buffer (Hanks’ balanced salt solution
containing 0.025% bovine serum albumin). Binding experi-
ments were performed in a final volume of 200 ul of binding
buffer containing 5 X 10° cells and incubated with 100 nm
Cy5-labeled hNPS in the absence or presence of different
concentrations of unlabeled NPS at room temperature for 60
min. Cells were then washed three times with 500 ul of ice-
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FIGURE 1. hNPS-mediated CRE-driven luciferase activity and Ca®>* mobilization in NPSR-expressing HEK293 cells. A, CRE-driven luciferase activity in
HEK293 cells transiently co-transfected with CRE-Luc and NPSR was determined in response to different doses of hNPS. B, effects of different inhibitors on
CRE-driven luciferase activity. HEK293 cells were pretreated with a PKA inhibitor (H89, 10 um) and Ga, inhibitor (UBO-QIC, 100 nwm) for 1 h prior to incubation
with hNPS (1 um) for 4 h. C, HEK293 cells transiently transfected with NPSR were measured in response to different concentrations of hNPS using the fluorescent
Ca”" indicator Fura-2. D, effects of pretreatment of the Gay, inhibitor (UBO-QIC, 100 nm) and the PKA inhibitor (H89, 10 um) on hNPS-mediated Ca®* influx in
HEK293 cells. Data were analyzed by using Student’s t test (***, p < 0.001; ns, not significant). All pictures and data shown represent the means = S.E. (error bars)

from at least three independent experiments.

cold standard solution with 0.1% BSA and determined by
measuring the fluorescence intensity with a flow cytometer
(Beckman Coulter). Binding is presented as a percentage of
the NPS binding.

Bias Calculation and Data Analysis—The bias of hNPS ana-
logs for Ga,, engagement versus Ga, was determined by analyz-
ing the concentration-response curves using the operational
model as described previously (22—24). To quantify the ligand
bias, logR (equivalent to log(7/KA), the logarithm of the “trans-
duction coefficient”) was deduced from the dose-response
curves fitted using the operational model-partial agonist func-
tion by GraphPad Prism version 6 with the following equation
(25),
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(E,, — basal) o
A n g.1
( [A] N 1)

Response = basal +

1 OIOgKA
1+ |——
10°% X [A]

where basal is the background level of response in the absence
of agonist, E,, is the maximal effect of the system, [A] is the
molar concentration of ligand, KA is the functional equilibrium
dissociation constant of the ligand, # is the slope of the trans-
ducer function linking occupancy to response, and 7is an index
of the ligand efficacy in the operational model. To calculate the
Alog(1/KA), which represents the relative ability of hNPS to
activate a given signaling pathway, taking hNPS-(1-10) as an
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FIGURE 2. hNPS-(1-10)-mediated CRE-driven luciferase activity and Ca®>* mobilization in NPSR-expressing HEK293 cells. A, HEK293 cells transiently

transfected with NPSR were measured in response to different concentrations of hNPS-(1-10) using the fluorescent Ca

2" indicator Fura-2. B, effects of

pretreatment with the Ga,, inhibitor (UBO-QIC, 100 nm) on hNPS-(1-10)-mediated Ca?" influx in HEK293 cells. C, CRE-driven luciferase activity in HEK293 cells
transiently co-transfected with CRE-Luc and NPSR was determined in response to different doses of hNPS-(1-10). All pictures and data shown represent the

means * S.E. (error bars) from at least three independent experiments.

example, we determined the log(7/KA) values for each pathway
and subtracted the log(7/KA) for hNPS-(1-10) from the log(7/
KA) for hNPS using the following equation.

ALogRwps-(1-101camp = 10gRwps.1-10camp — [09RNps.camp  (EQ.2)

To determine the AAlog(7/KA), which represents the relative
activity of hNPS analogs for a pathway over another as com-
pared with wild-type hNPS, we calculate AAlogR ratios using
the following equation.

AAlog RNps-(1-101Gag—Gas = — AlogRyps-(1-1016as

Alog Rups-(1-101Gaq
(Eq.3)

Finally, the bias factor (BF) was calculated by determining the
inverse log of the AAlogR ratios.

AAlogR
0 9

BFnps-(1-101Gag—Gas = 1 (Eq.4)

All results are expressed as the mean * S.E. Data were ana-
lyzed using nonlinear curve fitting (GraphPad Prism version
6.0) to obtain EC,, values. Statistical significance was deter-
mined using Student’s ¢ test. Probability values that were =0.05
were considered significant.

Results

NPSR Is Dually Coupled to Ge- and Ga-dependent Signal-
ing Pathways—To fully characterize the human NPS and the
fragment NPS-(1-10), functional assays, including the CRE-
driven reporter-based cAMP accumulation assay, Fura-2-based
Ca®>" mobilization assay, and Western blotting-based ERK1/2
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phosphorylation assay, were developed using HEK293 cells
transfected with the human NPS receptor. As shown in Fig. 14,
the administration of NPS stimulated a significant increase of
luciferase activity in HEK293 cells co-transfected with the NPS
receptor and a construct consisting of the firefly luciferase cod-
ing region under the control of a minimal promoter containing
CREs with EC,, values 0f 119.80 * 12.75 nMm. We next sought to
assess the detailed hNPSR-mediated signaling pathways with
different specific inhibitors. Pretreatment of cells with H89, an
inhibitor of PKA, led to a large decrease of hNPS-stimulated
CRE-driven luciferase activity. However, co-incubation with
UBO-QIC, a compound analogous to YM-254890 (26), which
inhibits G, protein, resulted in no inhibitory effect on CRE-
driven luciferase activity (Fig. 1B). This suggests that Ge, pro-
tein, but not Ga,, protein, is involved in the NPSR-mediated
cAMP/PKA signaling pathway.

In addition to the cAMP response, hNPS has also been
reported to induce Ca®>" mobilization (1). Thus, we next exam-
ined the role of Ga, protein in hNPSR-mediated signaling
pathways using the calcium-sensitive probe Fura-2. As indi-
cated in Fig. 1C, upon activation by NPS, the hNPSR induced a
rapid transient rise of intracellular Ca®>" mobilization with an
EC,, value of 12.14 * 5.03 nMm. Preincubation of cells with 100
nM UBO-QIC led to a significant decrease in intracellular Ca**
mobilization. In contrast, treatment with H89 showed no inhib-
itory effect on Ca®>* mobilization. This suggests that hNPSR-
mediated Ca®>" mobilization is Ga-dependent and Ga-inde-
pendent. Taken together, these data demonstrate that hNPSR
dually couples to Ga, and Ge, proteins, triggering adenylate
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cyclase/cAMP/PKA and phospholipase C/Ca**/PKC signaling
cascades, respectively.

hNPS-(1-10) Exhibits Preferential Activity in Go,-coupled Sig-
naling Pathway over Gao,-dependent Cascade through NPSR—
It has been reported that the fragment hNPS-(1-10) is able to
activate hNPSR, inducing intracellular Ca®>* mobilization (8,
19). We next used our functional assays to define the pharma-
cological characteristics of ANPS-(1-10). As shown in Fig. 24,
the hNPSR induced a concentration-dependent elevation in
intracellular Ca®" in a UBO-QIC-sensitive but H89-insensitive
manner with an EC., value of 146.20 = 18.44 nM in response to
the hNPS-(1-10) challenge. Our data show that hNPS-(1-10)
was 10-fold less potent compared with full-length NPS. This
observation is comparable with the observation by Bernier et al.
(19) but somewhat contradictory to the results obtained by
Roth et al. (8). Moreover, we also examined whether hNPS-(1—
10) can activate the Ga,-coupled cAMP/PKA signaling path-
way. The challenge of hNPS-(1-10) induced an increase in
luciferase activity but with significantly less potency as com-
pared with wild type NPS, having an EC,, value of 64.26 * 2.38
mM. Our data indicate that there are interesting differences in
agonist activity for hNPS-(1-10) between Ge, and Gey cou-
pling. Therefore, we next performed a quantitative analysis of
hNPS-(1-10) bias based on functional parameters using an
operational model as described previously (25, 27, 28). As
shown in Table 1, hNPS-(1-10) activation of NPSR revealed a
significant bias (>80-fold) for Ga, activation over Ga.

hNPS-(1-10) Displays the Ability to Bind to the NPSR to the
Same Extent as Full-length NPS—To assess the direct interac-
tion of both hNPS and hNPS-(1-10) with hNPSR, we designed
and synthesized hNPS conjugated with the fluorescent dye Cy5
at Lys'? (Cy5-[Lys"]hNPS). Analysis using a CRE-driven lucif-

TABLE 1
AALog(7/KA) ratios and bias factors for hNPS and hNPS-(1-10)
Peptide Log(7/KA) ALog(7/KA) AALog(t/KA) Bias factor
G . tivation
6.76 £ 0.19 0.00 = 0.27
NPS-(1-10) 4.34 =0.02 —2.42 *=0.19
Gaq activation
7.60 =0.20 0.00 = 0.28 0.00 = 0.39 1.00

NPS-(1-10) 7.09 =0.04 —0.51+0.20 1.91 * 048 81.28
"]« NPs
2 ECs50=96.61nM >
_E‘ 901 -= Cy5-NPS o
£ ECsp=1.50uM £
o 60 0
2 5
1

)
£ 30 Qo
8 n
a
04

-1 10 9 -8 -7 6 -5 -4 -3
LogNPS[M]

of Cy5-NPS (%NPS)
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erase assay demonstrated that the Cy5-[Lys'’JhNPS peptide
could activate hNPSR, leading to a dose-dependent increase in
luciferase activity, with an EC,, value of 1.50 um in HEK293
cells (Fig. 3A). Competitive binding analysis using Cy5-
[Lys*°]hNPS, combined with FACS analysis, was performed on
HEK293 cells expressing the human NPS receptor as well as
with untransfected HEK293 cells as a control. As shown in Fig.
3B, hNPS-(1-10) exhibited the same potential to displace the
binding of Cy5-[Lys'*]hNPS to hNPSR, comparable with that of
hNPS in hNPSR-expressing HEK293 cells. However, hNPS
showed no activity in disreplacement of the binding of Cy5-
labeled-hNPS in hNPSR-untransfected HEK293 cells (data not
shown). This suggests that deletion of the C-terminal 10 resi-
dues shows no significant effect on NPS binding to NPSR.
hNPS Induces Ga,- and Gag-dependent ERK1/2 Activation,
whereas hNPS-(1-10) Triggers Go,-dependent ERK1/2 Phos-
phorylation—ERK1/2 activation is often used as a general
marker of convergent activation of multiple pathways, includ-
ing both G protein-dependent and G protein-independent
pathways (29). We next investigated hNPS and hNPS-(1-10)-
mediated activation of ERK1/2 using a phospho-specific anti-
body that binds only to the phosphorylated (Thr*°*> and Tyr>°*
of ERK1 and Thr'®® and Tyr'®” of ERK2) forms of these kinases
(30). As revealed in Fig. 4, A—D, treatment of cells with hNPS or
hNPS-(1-10) elicited transient phosphorylation of ERK1/2
with maximal phosphorylation evident at 5 min, which re-
turned to nearly basal levels by 60 min. Dose-response analysis
showed that hNPS and hNPS-(1-10) could induce a con-
centration-dependent activation of ERK1/2 with EC, values of
15.20 = 5.31 and 524.60 * 29.40 nMm, respectively. Furthermore,
we used different inhibitors to determine the role of Ger, and
Gag in hNPS- and hNPS-(1-10)-mediated activation of the
ERK1/2 signaling pathway. Our results demonstrated that the
hNPS-induced ERK1/2 phosphorylation was attenuated by
both Ga, inhibitor UBO-QIC and PKA inhibitor H89 (Fig. 4, E
and F). However, only the Ge inhibitor but not the PKA inhib-
itor exhibited an inhibitory effect on hNPS-(1-10)-mediated
activation of ERK1/2 (Fig. 4, G and H). Altogether, these results
suggest that the full-length hNPS activates the ERK1/2 signal-
ing pathway via Ga,- and Ga,-coupled cascades, whereas the

|050 (nM)
1804 - NPS 409.41
I -a- NPS-(1-10) 475.02
120  fTmoo
60-
c T L] T L) 1

0 9 8 7 £ 5 4
Log ligand [M]

FIGURE 3. Direct interaction of NPSR with hNPS and hNPS-(1-10). A, Cy5-[Lys'°INPS activity was assayed using the CRE-driven luciferase system. B, binding
of 100 nm Cy5-[Lys'°INPS, in the presence or absence of different concentrations of unlabeled hNPS and hNPS-(1-10), was determined on hNPSR-transfected
and untransfected cells. The extent of binding was determined by fluorescence intensity. Nonspecific binding was determined by detecting Cy5-NPS binding
in the presence of 10 um unlabeled NPS, whereas specific binding was calculated by subtracting nonspecific binding from the total. The data shown are
presented as a percentage of hNPS binding and are representative of at least three independent experiments.
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FIGURE 5. The hNPS-(1-13) analogs-mediated CRE-driven luciferase activity and Ca>* mobilization in NPSR-expressing HEK293 cells. A, CRE-driven
luciferase activity in HEK293 cells transiently co-transfected with CRE-Luc and NPSR was determined in response to different doses of hNPS. B, HEK293 cells
transiently transfected with NPSR were measured in response to different concentrations of the hNPS-(1-13) analogs using the fluorescent Ca®* indicator
Fura-2. Effects of pretreatment of Ge, inhibitor (UBO-QIC, 100 nm) on the hNPS-(1-13) analog-mediated Ca?" influx in HEK293 cells (C-F). All pictures and data
shown represent the means = S.E. (error bars) from at least three independent experiments. P-ERK, phospho-ERK; T-ERK; total ERK.

FIGURE 4. NPSR activates ERK1/2 mainly via Ga,-dependent signaling pathway by hNPS and hNPS-(1-10) in HEK293 cells. A and B, time course (A) and
concentration dependence (B) of hNPS—stimuIateg phosphorylation of ERK1/2 in HEK293 cells transiently transfected with NPSR. C and D, time course (C) and
concentration dependence (D) of hNPS-(1-10)-stimulated phosphorylation of ERK1/2 in HEK293 cells transiently transfected with NPSR. E and F, time course of
PKA inhibitor H89 (10 um) (E) and Ge, inhibitor UBO-QIC (100 nwm) (F) on hNPS-mediated activation of ERK1/2. G and H, time course of PKA inhibitor H89 (10 um)
(G) and Ga, inhibitor UBO-QIC (100 nm) (H) on hNPS-(1-10)-mediated activation of ERK1/2. The cells were pretreated with or without (control) inhibitors for 1 h
and then stimulated with hNPS or hNPS-(1-10) (1 wm, 5 min). The phospho-ERK (P-ERK) was normalized to a loading control (total ERK (T-ERK)). All pictures and
data shown represent the means * S.E. (error bars) from at least three independent experiments. Statistical analysis was performed by a two-tailed Student’s
ttest (*, p < 0.05; **, p < 0.01; ***, p < 0.001, versus counterpart control).
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TABLE 2
AALog(7/KA) ratios and bias factors for hNPS-(1-13) analogs
Peptide Log(7/KA) ALog(7/KA) AALog(t/KA) Bias factor
G . hivation
6.76 = 0.19 0.00 + 0.27
NPS-K11A  4.74 £0.02 —2.02 *0.19
NPS-K12A  5.39 = 0.05 —1.37 =0.20
NPS-T13A 632 +=0.11 —0.44 = 0.22
NPS-(1-13) 6.37 =0.10 —0.39 = 0.21
Gaq activation
7.60 =0.20 0.00 = 0.28 0.00 = 0.39 1.00
NPS-K11A  7.42 +=0.04 —0.18 =020 1.84*+0.28 69.18
NPS-K12A 744 *0.35 —-0.16 040 1.21 =045 16.22
NPS-T13A  7.56 =0.05 —0.04 =0.21 0.40 = 0.30 2.51
NPS-(1-13) 7.55+0.31 —0.05=0.37 0.34 +0.43 2.19
hNPS-(1-10) fragment induces ERK1/2 phosphorylation

through a Ga -dependent pathway.

Involvement of Key Residues in the hNPS-mediated Activa-
tion of Ga,-dependent Signaling (Molecular Basis for NPS Cou-
pling Selectivity)—T o investigate the role of specific amino acid
residues within NPS, alanine-scanning mutagenesis was per-
formed to assess the effect of these mutants on NPSR activa-
tion. hNPS-(1-13) has been shown to activate the human NPS
receptor with a maximum effect and potency comparable with
wild type NPS (8, 19). Our data, derived from a functional assay
using a combination of specific inhibitors, showed that hNPS-
(1-13) was able to stimulate CRE-driven luciferase activity and
Ca** mobilization in a UBO-QIC- and H89-sensitive manner.
This suggests the involvement of both G, and G proteins in
the hNPS-(1-13)-induced signaling cascades. Altogether, these
results narrow down the key residues involved in the NPS-me-
diated activation of the Ga,-coupled signaling pathway to three
residues: Lys'', Lys'?, and Thr'®. Thus, we synthesized three
alanine-substituted hNPS-(1-13) analogs for further evalua-
tion of possible contributions of these amino acids to the acti-
vation of the NPS-mediated Ga,-coupled signaling pathway. As
shown in Fig. 5 (A and B) and Table 2 with the human NPS
receptor, peptides hNPS-T13A and hNPS-(1-13) showed the
same ability to induce Ga,- and Ga,-coupled signaling path-
ways, whereas hNPS-K11A and hNPS-K12A exhibited a signif-
icant bias (=69- and =16-fold, respectively) for Ga, activation
over Gay.

Preincubation of cells with 100 nm UBO-QIC led to a signif-
icant decrease in the intracellular Ca®>" mobilization for both
alanine-substituted hNPS-(1-13) analogs. In contrast, treat-
ment with H89 showed no inhibitory effect on Ca®>" mobiliza-
tion, suggesting that Ca®>" mobilization is Ge,-dependent and
Ga,-independent for all alanine-substituted hNPS-(1-13) ana-
logs. Taken together, it is likely that residues Lys'" and Lys'?
play critical roles in the human NPS-mediated Ga,-coupled
signaling pathway.

The hNPS-(1-13) Analog Induces ERK1/2 Activation Trig-
gered by Different Signaling Pathways—As mentioned above,
hNPS-T13A and hNPS-(1-13) showed the same ability to
induce Ge,- and Gag-coupled signaling pathways, whereas
hNPS-K11A and hNPS-K12A exhibited a significant bias for
Ga, activation over Ga,. Western blotting was then used to
confirm the role of G, and Ga in the hNPS-(1-13) analog-
induced activation of ERK1/2. As shown in Fig. 6, ANPS-K11A
and hNPS-K12A-mediated ERK1/2 phosphorylation was sup-
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pressed by the Ga, inhibitor UBO-QIC but not by the PKA
inhibitor H89 (Fig. 6, A-D), whereas hNPS-T13A and hNPS-
(1-13)-induced activation of ERK1/2 was not only blocked by
UBO-QIC but also inhibited by H89. Taken together, these
results confirm that Lys'' and Lys'? play a critical role in human
NPS-mediated Ga,-coupled signaling.

Discussion

It has been previously established that the NPS receptor
is dually coupled to Ga, and Ga,-proteins and that activa-
tion by NPS leads to a rapid and transient increase in intra-
cellular cAMP and Ca** (1, 13, 16-18, 31, 32). Upon agonist
stimulation, the NPSR also signals to the ERK1/2 signaling
pathway (13, 16, 18), although the exact mechanisms linking
the cross-talk of NPSR to ERK1/2 remain unknown. Thus, we
used HEK293 cells, transiently transfected with the NPS recep-
tor, to develop a Ca>" mobilization assay, CRE-luciferase-based
cAMP assay, and ERK1/2 phosphorylation assay for functional
characterization of NPS and NPSR. Our data demonstrate that
NPS induces a significant rise of intracellular Ca** with an EC,,
value of 12.14 = 5.03 num that is sensitive to the novel Ge-de-
pendent inhibitor UBO-QIC (33) but insensitive to the PKA
inhibitor H89. However, treatment of cells with NPS resulted in
an increase of luciferase activity with an EC,, value of 119.80 =
12.75 nm in a H89-sensitive and UBO-QIC-insensitive manner.
This suggests that the NPS receptor dually activates Go, - and
Ga,-coupled cascades. However, the NPS-mediated activation
of ERK1/2 signaling was both Ge,- and Ge,-dependent.
ERK1/2 activation is often used as a general marker of the con-
vergent activation of multiple pathways (29). With a broader
range of functional assays, the ERK1/2 pathway has been sug-
gested to be a better assay for full evaluation of the potential of
ligand-directed signaling and functional selectivity (34).

We next evaluated hNPS-(1-10)-mediated signaling across
three pathways. These were Ga,-dependent CRE-driven lucif-
erase activity, Ga,-dependent Ca®>" mobilization, and Ge- and
Ga,-dually coupled ERK1/2 activation. Surprisingly, we ob-
served that the hNPS-(1-10)-mediated activation of the NPS
receptor induced signaling biased toward the Ga,-dependent
pathway (Ca?" mobilization EC,, = 146.20 * 18.44 nm) over
the Gag-coupled pathway (CRE-driven luciferase activity
EC,, = 64.26 = 2.38 uMm) with a biased value of 81.3. This bias
provided clear evidence that the hANPS-(1-10)-induced ERK1/2
phosphorylation had been attenuated by the Ge, inhibitor
UBO-QIC but not by the PKA inhibitor H89. Binding analysis
using fluorescence-labeled NPS showed a similar activity in
binding with the NPS receptor between WT NPS and NPS-(1-
10). These data strongly suggest that the fragment hNPS-(1—
10) activates signaling biased toward the Gey,-coupled cascade
over Ga,-dependent cascade through the NPS receptor. A pre-
vious report had observed that the N-terminal sequence 1-10
of human NPS showed similar potencies and efficacies as full-
length NPS, but this conclusion was only based on the data
derived from Ca®>"* mobilization assays (8).

It is now generally accepted that at GPCRs, different ligands
exist that preferentially activate one signaling pathway over
another. This process has been termed biased signaling or func-
tional selectivity (35—37). Biased activation of signaling path-

SASBMB

VOLUME 291+-NUMBER 14-APRIL 1, 2016



Ga,, Signaling Bias at the Human NPS Receptor

A hNPS-K11A B hNPS-K11A
DMSO H89 DMSO UBO-QIC
0 2 5 10 0 2 5 10 min min
¢ O3 DMSO 20
= ) _
S S 3 DMSO
N N P @ UBO-QIC
x? < 1.0
= X
. w
a1 Q 0.5
0 0.0
RIS SRR} RN S &S & & &
R R N T s F W oS¢
C hNPS-K12A D hNPS-K12A
DMSO H89 DMSO UBO-QIC
min
_ TERK1/2 T-ERK1/2
2.5 25
’ 3 DMSO 03 DMSO
20 - Heo —~ 20 = UBO-QIC
S S
& 15 & 15
; < * *kk Kk
E 1.0 U.E,J 1.0
2 s 2 s
0.0 0.0
(\ & & & S0 (‘ (‘ (‘ (‘ (\ (‘ \<‘
SERCIR R, T S (S
E hNPS-T13A F hNPS-T13A
DMSO H89 DMSO UBO-QIC
0 2 5 10 0 min
penwar _ P-ERK1/2
25
3 DMSO [ bMsO
—_ El H89 — 2.0 @l UBO-QIC
X3 * X
- 2 * -
.E _E *k kk Kk
i ki 10
o 295
0 0.0
S S S NP RIS IR
R RS o S
G hNPS-(1-13) H hNPS-(1-13)
DMSO H89 DMSO UBO-QIC
0 2 5 10 0 2 5 10 min 5 min
4 3
3 DMSO 3 DMSO
= Heo =W UBO-QIC

[

*x

p-Erk1/2(%)

-

& &
& &

S &
Fits

S &S S
4 EREANS

SASBMB

APRIL 1,2016+VOLUME 291 -NUMBER 14

Hkk

JOURNAL OF BIOLOGICAL CHEMISTRY

7513



Ga,, Signaling Bias at the Human NPS Receptor

ways by specific ligands has been documented for several other
GPCRs, including dopamine D2R (38), the apelin receptor APJ
(28), the ghrelin receptor GSHR1a (38), the type 1 parathyroid
hormone receptor (39 —41), the urotensin II receptor (42), the
V2 vasopressin receptor (43), the human free fatty acid receptor
GPR120 (44), and the prokineticin receptor 2 (45). However,
most GPCRs whose biased signaling has been investigated have
exhibited bias between G protein- and arrestin-dependent
pathways. Recent studies provide evidence that in some
GPCRs, such as in the chemokine receptors (46), the calcium-
sensing receptor (47, 48), the histamine H2 receptor (49), the
human oxytocin receptor (50), the prokineticin receptor 2 (45),
and the follicle-stimulating hormone receptor (51), biased ago-
nism also activates selective G protein pathways. Here, we pro-
vide another example of a GPCR signaling bias toward the Gey,-
dependent pathway over Gag,-coupled pathway. Our recent
study has demonstrated that the Drosophila melanogaster sex
peptide (DmSP) binds to the Bombyx prothoracicostatic pep-
tide receptor at an allosteric site. This leads to a Ge;,,-protein-
biased signaling pathway without any interference with Ca®>*
mobilization and B-arrestin recruitment (20). K16P, an apelin
fragment lacking the C-terminal phenylalanine, has been also
observed to orthosterically activate biased signaling favoring
the Go;-dependent over the B-arrestin-dependent pathway
(28). The structure-activity studies of the M2 muscarinic ace-
tylcholine receptor revealed that single-point mutations both
in the orthosteric (Y104333A) and allosteric (Y177A) sites were
identified to selectively affect signaling pathway-selective ef-
fects (34). Collectively, it is more likely that the peptide NPS-
(1-10) binds to the orthosteric site of the NPS receptor, leading
to the activation of biased signaling favoring Ga- over Ga,-
coupled pathways.

Studies of structure-activity relationships for NPS have sug-
gested that the first residues, in particular Phe? Arg®, and Asn*,
are necessary and sufficient for the activation of NPSR (8, 19).
Despite the N-terminal sequence NPS-(1-10) being found to
produce a similar maximum effect and potency as the reference
peptide NPS-(1-20) in Roth et al. (8), our data showed that
NPS-(1-10) was 10-fold less potent as compared with wild type
NPS, whereas NPS-(1-13) exhibited similar activities in the
stimulation of CRE-driven luciferase activity and Ca>* mobili-
zation comparable with the full-length NPS peptide. Our obser-
vation was consistent with that of Bernier et al. (19). The reason
for the discrepancy between our results and those of Bernier et
al. (19) as compared with those of Roth et al. (8) is unknown,
but it is probably linked to different assay systems and cell lines
used in the studies. Our further analysis demonstrated that
NPS-(1-13)-mediated ERK1/2 phosphorylation was sensitive
to treatment of the G, inhibitor UBO-QIC and the PKA inhib-
itor H89. This implies that at the NPSR, NPS-(1-13) induces
both Ga,- and Ga,-dependent signaling pathways. To investi-
gate the role of specific amino acid residues with NPS, we per-

formed site-directed mutagenesis of the peptide and assessed
the effect of these mutants on NPSR activation. Our results
indicated that the substitution of Lys'"' and Lys'? with alanine
largely resulted in the inactivation of Ga,-dependent CRE-
driven luciferase activity and ERK1/2 phosphorylation. This
suggests the essential role of Lys'' and Lys"” for NPS in activa-
tion of the Ga,-dependent signaling pathway.

NPS and its receptor have been suggested to be involved in
the regulation of a variety of aspects of central nervous sys-
tem physiology and pathology, including those related to
stress and anxiety, locomotor activity, wakefulness, food
intake, and drug and alcohol abuse, all through G, - and Ga,-
dependent pathways and the ERK1/2 signaling cascade (52).
However, the contribution of individual G protein and ERK1/2
pathways to the diverse physiological responses mediated by
NPS/NPSR remains unknown. One study (13) demonstrated
that NCGCB84, a novel small-molecule NPSR antagonist,
showed biased antagonist properties, preferentially blocking
ERK1/2 phosphorylation over cAMP accumulation and Ca*>"
mobilization. Systemic pretreatment with NCGC84 resulted in
the reduction of motivation for alcohol consumption (13). This
suggests that the NPS/NPSR-mediated physiological effects
may result from different signaling pathways. In addition, the
human NPS-(1-10) has been found to fully mimic the in vitro
effects of the full-length NPS in a Ca®>* mobilization assay but
failed to induce a statistically significant effect on mouse loco-
motor activity in vivo, even using concentrations 100-fold
higher than the first effective concentration of wild type NPS
(8). The reason(s) for this in vivo failure may be attributed to the
biased signaling properties of NPS-(1-10). The use of full-
length NPS and NPS-(1-10) will be of great interest in addi-
tional in vivo behavioral and physiological models to evaluate
the distribution of G- and Ge-dependent signaling. How-
ever, it will be important to assess whether or not the NPS-(1-
10)-mediated biased signaling is associated with other physio-
logical activities and behaviors.

In conclusion, we have demonstrated that the human NPS
receptor elicits Ga,-dependent Ca®" mobilization, Ga,-depen-
dent CRE-driven luciferase activity, and both Ga,- and Ga,-
dually coupled ERK1/2 phosphorylation in response to full-
length human NPS. We provide strong evidence that at hNPSR,
the NPS analog hNPS-(1-10) appears to be biased toward Ga-
dependent Ca®>" mobilization and ERK1/2 activation and away
from Gay-coupled CRE-driven luciferase activity and ERK1/2
phosphorylation. However, extensive future studies are re-
quired to further characterize the in vivo signaling profiles of
the NPS receptor activated by NPS-(1-10) and to fully investi-
gate how the different cellular signaling cascades induced by
NPSR contribute to different in vivo physiological effects. This
study brings new insights into the NPS receptor signaling
mechanism and will be helpful to elucidate the NPSR-mediated

FIGURE 6. hNPS-(1-13) analogs activate ERK1/2 via different signaling pathways in HEK293 cells. Time course of PKA inhibitor H89 (10 um) (A, G, E,and F)
and Ga, inhibitor UBO-QIC (100 nwm) (B, D, G, and H) on NPS variant-mediated activation of ERK1/2 in the following sequence: hNPS-K11A, hNPS-K12A,
hNPS-T13A, hNPS-(1-13). The cells were pretreated with or without (control) inhibitors for 1 h and then stimulated with different hNPS variants (1 um, 5 min).
The phospho-ERK (P-ERK) was normalized to a loading control (total ERK (T-ERK)). The data shown are representative of at least three independent experiments.
Statistical analysis was performed by a two-tailed Student’s t test (¥, p < 0.05; **, p < 0.01; ***, p < 0.001, versus counterpart control).
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signaling pathways in both in vitro and, importantly, in vivo
systems.
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