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Abstract: The anorexigenic neuropeptide prolactin-releasing peptide (PrRP) is involved in the
regulation of food intake and energy expenditure. Lipidization of PrRP stabilizes the peptide,
facilitates central effect after peripheral administration and increases its affinity for its receptor,
GPR10, and for the neuropeptide FF (NPFF) receptor NPFF-R2. The two most potent palmitoylated
analogs with anorectic effects in mice, palm11-PrRP31 and palm-PrRP31, were studied in vitro to
determine their agonist/antagonist properties and mechanism of action on GPR10, NPFF-R2 and
other potential off-target receptors related to energy homeostasis. Palmitoylation of both PrRP31
analogs increased the binding properties of PrRP31 to anorexigenic receptors GPR10 and NPFF-R2
and resulted in a high affinity for another NPFF receptor, NPFF-R1. Moreover, in CHO-K1 cells
expressing GPR10, NPFF-R2 or NPFF-R1, palm11-PrRP and palm-PrRP significantly increased the
phosphorylation of extracellular signal-regulated kinase (ERK), protein kinase B (Akt) and cAMP-
responsive element-binding protein (CREB). Palm11-PrRP31, unlike palm-PrRP31, did not activate
either c-Jun N-terminal kinase (JNK), p38, c-Jun, c-Fos or CREB pathways in cells expressing NPFF-1R.
Palm-PrRP31 also has higher binding affinities for off-target receptors, namely, the ghrelin, opioid
(KOR, MOR, DOR and OPR-L1) and neuropeptide Y (Y1, Y2 and Y5) receptors. Palm11-PrRP31
exhibited fewer off-target activities; therefore, it has a higher potential to be used as an anti-obesity
drug with anorectic effects.

Keywords: prolactin-releasing peptide; GPR10; neuropeptide FF; NPFF-R2; NPFF-R1; binding
properties; signaling pathways

1. Introduction

Prolactin-releasing peptide (PrRP) was discovered as an endogenous ligand of the
orphan G-protein coupled receptor GPR10 (also known as hGR3) in the hypothalamus
and has been suggested to stimulate prolactin secretion [1,2]. However, soon after this
finding, Lawrence et al. showed a reduction in food intake and body weight and an
increase in energy expenditure after intracerebroventricular (ICV) PrRP injection in rats
and questioned the role of PrRP in prolactin secretion [3,4]. The effects of PrRP, mostly
mediated through the GPR10 receptor, which is widely expressed throughout the brain
mainly in areas related to the regulation of food intake and energy homeostasis, confirm
GPR10 knockout (KO) mouse studies showing an increase in body weight in KO mice [5–7].

PrRP occurs in two biologically active isoforms, PrRP31 and PrRP20. Our previous
studies showed the induction of central c-Fos activation of regions related to food intake
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after peripheral administration of PrRP31 or PrRP20 modified with either myristoyl or
palmitoyl, but this central effect was not observed after peripheral administration of natural
PrRP31 or PrRP20. Lipidized PrRP31 and PrRP20 analogs decrease food intake and body
weight in mice, increase stability and prolong half-life compared to natural peptides [8–12].
PrRP20 and PrRP31 also strongly interact with the receptor of neuropeptide FF (NPFF),
NPFF-R2 [13]. Lipidization of PrRP20 and PrRP31 increases in vitro binding affinities
not only to GPR10 but also to NPFF-R2 [8,9]. However, lipidized PrRP20 showed lower
solubility and bioavailability [8]; therefore, our further studies were focused on lipidized
PrRP31 analogs.

PrRP, together with NPFF, belongs to the RF-amide peptide family, which contains a
typical C-terminal amino acid sequence motif (RF-NH2) essential for receptor activation.
All RF-amide peptides have a high affinity for and activity on both NPFF receptors NPFF-
R2 and NPFF-R1 and may also exert in vivo effects through these receptors [14]. Expression
of both NPFF receptors has been found in hypothalamic areas that regulate feeding and
energy homeostasis. Moreover, the ability of NPFF to regulate food intake was previously
demonstrated, when ICV administration of NPFF was shown to result in decreased food
intake in fasted rats [15,16].

Both NPFF receptors show the ability to regulate the cardiovascular system and
modulate pain perceptions [17–19]. Despite the fact that antagonist of NPFF-R1 and NPFF-
R2 RF9 prevents opioid-induced hyperalgesia and that NPFF induces an increase in arterial
blood pressure in rats [20], our previous study did not prove the antagonistic activity of
RF9 on NPFF-induced anorexigenic effects [21]. Conversely, RF9 exhibits an anorectic effect
after ICV or subcutaneous administration in fasted mice [21].

Similar to NPFF, PrRP also appears to have antinociceptive properties [22,23]. Al-
though PrRP has a high affinity for NPFF receptors, its ability to modulate pain perception
through NPFF-1R and NPFF-2R has not been proven. Kalliomäki et al. studied the no-
ciceptive properties of 1DMe, a stable NPFF analog, and PrRP in the central nervous
system of rats and refuted the ability of PrRPs to regulate pain perception through NPFF
receptors [22].

Many G-protein coupled receptors (GPCRs) share similar characteristic features. Re-
ceptors GPR10, NPFF-R1 and NPFF-R2 are members of the β-type rhodopsin GPCR family,
which has important roles in the regulation of food intake and energy homeostasis [24].
GPR10 has a high percentage of amino sequence identity, especially in the transmembrane
regions, with neuropeptide Y receptors, members of the β-type rhodopsin GPCR family,
which are involved in food intake regulation [25]. Furthermore, Y receptors share a high
percentage of amino sequence homology with NPFF-R1 and NPFF-R2 [26].

The mechanism of action of PrRP is not yet fully understood. PrRP31 and PrRP20
have been shown to mobilize Ca2+ from intracellular stores via GPR10 by activating the
second messenger IP3 (inositol-1,4,5-trisphosphate), leading to an increase in cytoplasmic
Ca2+ [27,28], which can subsequently activate the extracellular signal-regulated kinase
(ERK) signaling cascade [29]. PrRPs displayed the ability to activate the phosphorylation
of ERK, the c-Jun N-terminal kinase (JNK) pathway, the cAMP-responsive element binding
protein (CREB) pathway and the protein kinase B (Akt/PKB) pathway, which plays a key
role in the regulation of protein synthesis and maintenance of glucose homeostasis [30–32].

Maixnerová et al. previously showed that the first 20 amino acids of PrRP31 are
important for the preservation of full in vivo activity [31]. This study compares the activity
of two most potent PrRP31 analogs, palm11-PrRP31 and palm-PrRP31, which contain
palmitic acid attached to the N-terminus of the amino acid chain (palm-PrRP31) or to
the position 11, where original Arg11 was replaced with Lys11 (palm11-PrRP31) (Table 1).
These analogs previously showed the ability to significantly decrease food intake and body
weight after repeated peripheral administration [8,9], but the mechanism of action is still
unclear. We aimed to identify the off-target activity of palm11-PrRP31 and palm-PrRP31
to map the mechanism of action and to compare intracellular transduction pathways of
anorexigenic receptors GPR10, NPFF-R2, and new strong target of PrRP31 analogs, NPFF-
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R1. GPR10 is a highly selective receptor for PrRP31 and analogs related to PrRP31. To
control the selectivity of PrRP31 for GPR10s, we used NPFF and its stable analog 1DMe
in this study. To determine whether the possible analgesic effect of PrRPs is caused by
off-target activity, opioid receptors were investigated.

Table 1. Structures of human prolactin-releasing peptide 31 (PrRP31), neuropeptide FF (NPFF) and
its analogs.

Analog Sequence

PrRP31 SRAHQHSMETRTPDINPAWYTGRGIRPVGRF-NH2
Palm11-PrRP31 SRTHRHSMEIK(γ-E (N-palm))TPDINPAWYASRGIRPVGRF-NH2
Palm-PrRP31 (N-palm)SRTHRHSMEIRTPDINPAWYASRRGIRPVGRF-NH2

NPFF FLFQPQRF-NH2
1DMe yL(N-Me)FQPQRF-NH2

2. Results
2.1. Binding Affinity for GPR10, NPFF-R2 and Potential Off-Target Receptors
2.1.1. Palmitoylated PrRP31 Analogs Have a High Binding Affinity for GPR10, NPFF-R2
and NPFF-R1

Based on previously published data, affinity for the GPR10 and NPFF-R2 of PrRP31
and its analogs was studied [8,9]. PrRP31 and its two palmitoylated analogs of PrRP31 (see
Table 1 for structures) have a high binding affinity for the GPR10 and NPFF-R2 receptors,
and their Ki values were in the nanomolar range (Table 2). Compared to natural PrRP31,
palmitoylated analogs had a higher binding affinity for both of these receptors. Palm11-
PrRP31 showed a higher affinity for the receptor GPR10 than for the receptor NPFF-R2.
NPFF and its stable analog 1DMe displayed negligible affinity for the GPR10 receptor.
The affinities of NPFF and 1DMe to NPFF-R2 were detected to be in the nanomolar range
(Table 2).

Table 2. Binding affinities of natural PrRP31, its analogs and other peptides to tested receptors.

Receptor GPR10 NPFF-R2 NPFF-R1 KOR

[125I]-PrRP31 [125I]-1DMe [125I]-1DMe [125I]-Dynorphin

Ki [nM]

PrRP31 4.58 ± 0.66 26.73 ± 9.01 40.39 ± 4.20 >10,000
Palm11-PrRP31 3.44 ± 0.36 7.66 ± 1.33 13.52 ± 1.57 4278 ± 866
Palm-PrRP31 4.04 ± 0.01 0.77 ± 0.19 0.78 ± 0.11 106 ± 15

NPFF >10,000 0.28 ± 0.06 1.08 ± 0.09 -
1DMe >10,000 1.03 ± 0.23 0.79 ± 0.06 -

Dynorphin - - - 0.36 ± 0.03

Receptor Y1 Y2 Y5 GHSR

[125I]-PYY [125I]-PYY [125I]-PYY [125I]-Ghrelin

Ki [nM]

PYY 2.92 ± 0.28 6.51 ± 0.71 3.06 ± 0.49 -
PrRP31 >10,000 >10,000 2863 ± 43 >10,000

Palm11-PrRP31 >10,000 >10,000 362 ± 96 2800 ± 466
Palm-PrRP31 3147 ± 31 >10,000 32.62 ± 6.16 160 ± 16

Ghrelin - - - 4.59 ± 0.41
- not determined; data presented as the means Ki values ± SEM and analyzed in Graph-Pad Software were
performed in 2–5 independent experiments in duplicates. Ki was calculated using the Cheng-Prusoff equation [33].

To find another possible target of the two most potent palmitoylated analogs of PrRP31,
binding to NPFF-R1 was tested. Membranes from CHO-K1 cells expressing the NPFF-R1
were isolated, and the Kd was determined to be 0.94 ± 0.06 nM by saturation experiments
using the radioligand [125I]-1DMe. Although natural PrRP31 bound to NPFF-R1 with a
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lower affinity than to NPFF-R2, the binding affinity was still in the 10−8 M range (Table 2).
Palmitoylation increased the binding affinities of both analogs to NPFF-R1. Palm-PrRP31
showed binding affinities in the nanomolar range to both NPFF receptors compared to
palm11-PrRP31 (Table 2).

2.1.2. Palm-PrRP31 Shows a Higher Affinity for Other Potential Off-Target Receptors than
Palm11-PrRP31

Several other potential off-target receptors of PrRP31 and its palmitoylated analogs
were tested. The binding properties of PrRP31, palm11-PrRP and palm-PrRP31 to receptors
Y1, Y2, and Y5, ghrelin receptor (also growth hormone secretagogue receptor—GHSR) and
kappa-opioid receptor (KOR) were determined. The natural ligand PYY of Y receptors
bound in the nanomolar range to the Y1, Y2, and Y5 receptors (Table 2). From saturation
binding experiments with [125I]-PYY as a radioligand, the Kd for each receptor was de-
termined. The Kd for Y1 was 1.53 ± 0.08 nM, for Y2 was 2.18 ± 0.85 nM and for Y5 was
1.01 ± 0.27 nM. Natural PrRP31 had no affinity to the Y1 and Y2 receptors in the range of
measured concentrations, but it showed a very low affinity to the Y5 receptor. Compared to
palm11-PrRP31, palm-PrRP31 exhibited a relatively high affinity for the Y5 receptor. Both
palmitoylated analogs bound to Y1 and Y2 with a negligible low affinity (Table 2).

The Kd determined by a saturation binding experiment with [125I]-dynorphin as a
radioligand was 2.38 nM. The agonist dynorphin showed a very high affinity for the KOR
receptor, but no binding was observed with natural PrRP31 (Table 2). Palmitoylation
enhanced binding to the KOR receptor. Palm-PrRP31 bound to KOR with a higher affinity
than palm11-PrRP31, but both were in the 10−7–10−6 M range.

Another tested potential off-target receptor was the ghrelin receptor GHSR. From
saturation experiments using [125I]-ghrelin as a radioligand, a Kd of 0.44 ± 0.12 nM was
determined. Natural PrRP31 showed no binding to GHSR in competitive binding experi-
ments in the measured range, but palmitoylated analogs showed a low binding affinity for
this receptor (Table 2). Palm-PrRP31 had a higher affinity for GHSR than palm11-PrRP31.

2.2. PrRP31 and Its Palmitoylated Analogs Stimulate Ca2+ Mobilization in CHO-K1 Cells
Expressing GPR10 or NPFF-R2

Stimulation of Ca2+ in CHO-K1 cells expressing the GPR10 receptor was monitored
using the calcium-sensitive dye Fura 2. No calcium mobilization was observed after
stimulation with the NPFF-R2 agonists NPFF and 1DMe (Figure 1). On the other hand,
natural PrRP31, palm11-PrRP31 and palm-PrRP31 stimulated Ca2+ mobilization. Both of
the lipidized analogs showed a similar Ca2+ release response, which was observed at lower
concentrations compared to PrRP31.

Figure 1. Intracellular Ca2+ mobilization in CHO-K1 cells expressing (A) GPR10 or (B) NPFF-R2. Data are presented as
mean ± SEM, and the experiments were performed in duplicates and repeated two (GPR10) or three (NPFF-R2) times in
duplicates.

The CHO-K1 cell line expressing NPFF-R2 with aequorin protein, which detects intra-
cellular Ca2+ release, was used to study the agonist properties of PrRP31, its palmitoylated



Int. J. Mol. Sci. 2021, 22, 8904 5 of 17

analogs, NPFF and 1DMe. NPFF (EC50, 0.24 ± 0.02 pM) and 1DMe (EC50, 0.82 ± 0.15 nM)
stimulated intracellular Ca2+ release at much lower concentrations than the GPR10 agonist
PrRP31 (EC50, 89.33 ± 0.84 nM) and its lipidized analogs. Palmitoylation of PrRP31 in-
creased agonist activity at NPFF-R2, where the EC50 of palm11-PrRP31 was 18.71 ± 1.31 nM
and that of palm-PrRP31 was 14.16 ± 1.52 nM (Figure 1).

2.3. Palmitoylated PrRP31 Analogs Activate Different Intracellular Signaling Pathways in
GPR10-, NPFF-R2- or NPFF-R1-Expressing Cells

To determine the intracellular mechanism of action of PrRP31 and its palmitoylated
analogs, several signaling pathways were tested in cells expressing GPR10, NPFF-R2 or
NPFF-R1 receptors using immunoblotting (Figures 2–5; Supplementary Figure S1). No
changes in total protein levels were observed (Supplementary Figure S1B); therefore, only
activated/phosphorylated proteins were quantified and compared. NPFF and 1DMe were
used as negative controls to validate GPR10 selective properties.

To study PKB/Akt pathway activation, phosphorylation of Akt at Ser473 (Figure 2A)
and Thr308 (Figure 2B) was tested. Both PrRP31 analogs, palm11-PrRP31 and palm-PrRP31,
showed significantly increased phosphorylation of Akt at Ser473 (Figure 2A) and Thr308
(Figure 2B) in cells with GPR10 and NPFF-R2 but also in cells expressing NPFF-R1. Natural
PrRP31 did not significantly activate Akt (Figure 2) in cells with NPFF-R1. NPFF and 1DMe
increased the phosphorylation of Akt at either Ser473 (Figure 2A) or Thr308 (Figure 2B) in
cells containing NPFF-R2 and NPFF-R1, but they were less effective at GPR10.

The activation of the cAMP-dependent protein kinase (PKA) was also studied
(Supplementary Figure S1A). No significant changes were observed after treatment with
PrRP31, palmitoylated PrRP31 analogs, NPFF or 1DMe in cells expressing GPR10, NPFF-R2
and NPFF-R1.

Figure 2. Induction of (A) Akt (S473) and (B) Akt (T308) phosphorylation after 5 min of incubation
at 37 ◦C with peptides at final concentrations of 10−6 M in CHO-K1 cells expressing receptors
GPR10, NPFF-R2 and NPFF-R1. Densitometric quantification was normalized to GAPDH, and the
phosphorylation level in the untreated control was standardized as 100%. Data are presented as the
mean ± SEM and analyzed by two-way ANOVA followed by Dunnett’s post hoc test. Experiments
were performed independently at least three times. Statistically significant differences from the
control are indicated (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Figure 3. Induction of MAPK pathways: phosphorylation of (A) ERK and (B) JNK after 5 min
and (C) p38 after 60 min of incubation at 37 ◦C with peptides at final concentrations of 10−6 M in
CHO-K1 cells expressing receptors GPR10, NPFF-R2 and NPFF-R1. Densitometric quantification was
normalized to GAPDH, and the phosphorylation level in the untreated control was standardized
as 100%. Data are presented as the mean ± SEM and analyzed by two-way ANOVA followed by
Dunnett’s post hoc test. Experiments were performed independently at least three times. Statistically
significant differences from the control are indicated (* p < 0.05, ** p < 0.01, *** p < 0.001).

Figure 4. Dose-response phosphorylation of ERK in CHO-K1 cells expressing (A) GPR10 and (B) NPFF-R2 after 5 min of
incubation at 37 ◦C with peptides at final concentrations from 10−11 to 10−5 M. Densitometric quantification was normalized
to GAPDH. Data are presented as the mean ± SEM, and the experiments were performed independently at least two times
and were analyzed using nonlinear regression.
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Figure 5. Activation of (A) c-Jun and (B) c-Fos after 60 min incubation and induction of (C) CREB
phosphorylation after 5 min incubation at 37 ◦C with peptides in final concentrations 10−6 M in
CHO-K1 cells expressing receptors GPR10, NPFF-R2 and NPFF-R1. Densitometric quantification was
normalized to GAPDH and the phosphorylation level in the untreated control was standardized as
100%. Data are presented as mean ± SEM and analyzed by two-way ANOVA followed by Dunnett’s
post hoc test. Experiments were performed independently at least three times. Statistically significant
differences from the control are indicated (* p < 0.05, ** p < 0.01, *** p < 0.001).

One of the key signaling pathways of GPCR signaling, the mitogen-activated protein
kinase (MAPK) pathway, was also studied. The phosphorylation of MAPKs, ERK, JNK and
p38 was significantly increased in CHO-K1 cells expressing receptors GPR10, NPFF-R2 and
NPFF-R1 after stimulation with palm-PrRP31 (Figure 3A–C). Palm11-PrRP31 significantly
increased the phosphorylation of ERK, JNK and p38 in CHO-K1 cells expressing GPR10
and NPFF-R2 (Figure 3A–C), but no significant increase in JNK and p38 was observed in
cells with NPFF-R1 (Figure 3B,C). Natural PrRP31 was effective in cells expressing GPR10
and NPFF-R2 but did not activate ERK (Figure 3A), JNK (Figure 3B) or p38 (Figure 3C) in
cells transfected with NPFF-R1.

To further characterize the signaling of receptors GPR10 and NPFF-R2, dose-response
experiments were performed. The EC50 of ERK activation in cells expressing GPR10 was
in the nanomolar range after stimulation with PrRP31, palm11-PrRP and palm-PrRP31
(Figure 4A). Cells expressing NPFF-R2 showed a strong response with EC50 in nanomolar
concentrations after stimulation with natural PrRP31, palmitoylated PrRP31 analogs, NPFF
or 1DMe (Figure 4B).

Finally, three DNA-binding proteins, cyclic AMP-responsive element-binding (CREB),
c-Jun and c-Fos protein, which activate transcription factors, were tested (Figure 5). Palm-
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PrRP31 significantly increased the activation of c-Jun (Figure 5A) and c-Fos (Figure 5B)
and the phosphorylation of CREB (Figure 5C) compared to the nontreated control in the
CHO-K1 cells expressing GPR10, NPFF-R2 or NPFF-R1. Stimulation with palm11-PrRP31
significantly increased the activation of all three DNA-binding proteins (Figure 5) in cells
with GPR10 and NPFF-R2, but was ineffective in cells expressing the NPFF-R1 receptor. No
activation in GPR10 after stimulation with NPFF and its stable analog 1DMe was observed,
unlike in NPFF-R2 or NPFF-R1, where significantly increased activation was monitored.

The results showing signaling pathway activation determined using immunoblotting
in CHO-K1 cells expressing GPR10, NPFF-R2 and NPFF-R1 incubated with peptides at
final concentrations of 10−6 M are summarized in Table 3.

Table 3. Summary table of signaling pathways tested using immunoblot in cells expressing GPR10, NPFF-R2 and NPFF-R1.

PrRP31 Palm11-PrRP31 Palm-PrRP31 NPFF 1DMe

Receptor

G
PR

10

N
PF

F-
R

2

N
PF

F-
R

1

G
PR

10

N
PF

F-
R

2

N
PF

F-
R

1

G
PR

10

N
PF

F-
R

2

N
PF

F-
R

1

G
PR

10

N
PF

F-
R

2

N
PF

F-
R

1

G
PR

10

N
PF

F-
R

2

N
PF

F-
R

1

p-ERK ↑ ** ↑ ** - ↑ *** ↑ *** ↑ *** ↑ *** ↑ *** ↑ *** - ↑ *** ↑ *** ↑ * ↑ *** ↑ ***
p-JNK ↑ * ↑ ** - ↑ *** ↑ *** - ↑ *** ↑ *** ↑ ** - ↑ ** ↑ *** ↑ * ↑ ** ↑ ***
p-p38 ↑ ** - - ↑ *** ↑ * - ↑ *** ↑ ** ↑ *** - - ↑ * - ↑ ** ↑ ***

p-Akt S473 ↑ * ↑ *** - ↑ *** ↑ *** ↑ * ↑ *** ↑ ** ↑ ** - ↑ *** ↑ *** ↑ * ↑ *** ↑ ***
p-Akt T308 - ↑ *** - ↑ *** ↑ *** ↑ *** ↑ * ↑ *** ↑ *** - ↑ *** ↑ *** - ↑ *** ↑ ***

p-PKA - - - - - - - - - - - - - - -
c-Jun ↑ ** ↑ ** - ↑ *** ↑ *** - ↑ ** ↑ *** ↑ *** - ↑ *** ↑ ** - ↑ *** ↑ ***
c-Fos ↑ ** ↑ * - ↑ ** ↑ *** - ↑ *** ↑ *** ↑ *** - ↑ ** ↑ * - ↑ *** ↑ ***

p-CREB ↑ ** ↑ * - ↑ *** ↑ * - ↑ *** ↑ * ↑ ** - ↑ ** - - ↑ * -

↑ significant activation (* p < 0.05, ** p < 0.01, *** p < 0.001), - no significant changes.

2.4. Agonist and Antagonist Properties of PrRP31 and Its Palmitoylated Analogs at Other
Potential Off-Target Receptors

Using the beta-lactamase reporter gene assay with a FRET substrate, receptor acti-
vation was studied to establish agonist and antagonist properties of natural PrRP31 and
palmitoylated PrRP31 analogs.

Both tested palmitoylated PrRP analogs were strong agonists of the GPR10 receptor,
and their EC50 values were in the picomolar range (Table 4). Palm11-PrRP31 had stronger
agonist activity on GPR10 than the analog palm-PrRP31.

Table 4. Agonist properties on GPR10 and other potential off-target receptors determined using β-lactamase assay.

Receptor
GPR10 Y5 GHSR KOR DOR MOR ORL-1

EC50 [pM] EC50 [nM]

PrRP31 530.3 ± 70.5 N N N N N N
PYY 19.4 ± 2.5

Ghrelin 2.8 ± 2.5
U-50488 1.4 ± 1.0

Deltorphin II 5.6 ± 9.9
DAMGO 14.7 ± 1.9

Nociceptin 3.8 ± 0.6

Palm11-PrRP31 39.1 ± 5.1 583.3 ± 121.1 1068.1 ± 272.2 >10,000 N N N
Palm-PrRP31 71.8 ± 6.4 56.5 ± 18.4 1273.5 ± 167.9 >10,000 N N N

Data presented as the means EC50 values ± SEM and analyzed in Graph-Pad Software and performed in 2–3 independent experiments in
duplicates; N-no agonist properties.

Natural PrRP31 was not effective at any tested possible off-target receptor. Both
palm11-PrRP31 and palm-PrRP31 did not show any agonist activity on the DOR, MOR and
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ORL-1 opioid receptors, but they did have very weak agonist activity on the KOR (Table 4).
In addition, lipidized analogs exerted weak agonist effects on GHSR.

Compared to palm11-PrRP31, palm-PrRP31 showed much stronger agonist activity on
GHSR and the Y5 receptor (Table 4); therefore, antagonist activity on receptors Y5, GHSR
and opioid receptors was tested only with PrRP31 and palm11-PrRP31. No antagonist
properties of PrRP31 and palm11-PrRP31 were observed with receptors Y5 (Figure 6), GHSR
or opioid receptors (KOR, DOR, MOR, ORL-1) (Supplementary Figure S2A,B). Palm11-
PrRP31 was shown to be a positive allosteric modulator for the Y5 receptor, enhancing PYY
activity (Figure 6B).

Figure 6. Antagonist mode assay showing effect of (A) PrRP31 and (B) palm11-PrRP31 at Y5 receptor together with PYY
agonist. Data are presented as mean ± SEM, and the experiments were performed in duplicates and repeated at least two
times and analyzed using nonlinear regression.

3. Discussion

Palmitoylated analogs of neuropeptide PrRP31 previously showed anorexigenic effects
and central c-Fos activation after peripheral administration, as well as increased central
insulin and leptin signaling, suggesting great potential for the treatment of not only obesity
but also neurodegenerative disorders [9,34,35]. PrRP31 has a high affinity for its receptor
GPR10, but it also binds to NPFF-R2 [13]. Based on the results of our previous studies the
mechanism of action of the two most potent palmitoylated PrRP31 analogs, palm11-PrRP31
and palm-PrRP31 on the anorexigenic receptors GPR10 and NPFF-R2 was mapped.

Palmitoylation increased the binding properties of PrRP31 to both of these receptors.
Palm11-PrRP31 had a higher affinity for the GPR10 receptor than palm-PrRP31, and both
analogs displayed an affinity for the NPFF-R2 in the nanomolar range. In this study,
several possible off-target receptors of PrR31 were tested. Both of the PrRP31 analogs
showed a stronger affinity for the NPFF-R1 than natural PrRP31. Therefore, NPFF-R1 is
now considered another relevant target of lipidized PrRP31 analogs.

The activation of intracellular Ca2+ mobilization in the CHO-K1 AequoScreen cell line
expressing NPFF-R2 showed the agonist properties of PrRP31 and its palmitoylated analogs.
Palmitoylation increased the agonist properties of PrRP31 on the receptor NPFF-R2. How-
ever, NPFF and its stable analog 1DMe have much stronger agonist activity on its NPFF-R2
receptor than palm11-PrRP31 and palm-PrRP31. The activation of GPR10 was studied
using the β-lactamase assay with a FRET substrate and a FLIPR calcium assay measuring
intracellular Ca2+ mobilization. The EC50 values of palm11-PrRP31 and palm-PrRP31 were
in the picomolar range, and the activation was increased three times after palmitoylation.
Previous studies suggested that GPR10 is coupled with Gi/o proteins [30,32]. Other stud-
ies have shown the ability of PrRP to stimulate cAMP in rat PC12 cells [36] and CHO-K1
cells expressing GPR10 [37], which pointed to Gs protein coupling. However, Langmead
et al. revealed the PrRP-induced mobilization of intracellular Ca2+ after GPR10 activation,
and the PrRP’s inability to suppress cAMP levels after forskolin stimulation in HEK293
cells transfected with GPR10. These results suggested that GPR10 is coupled with the Gq
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protein [27]. We observed intracellular Ca2+ mobilization after stimulation with PrRP31
and its palmitoylated analogs, which may suggest that GPR10 is coupled with either Gi
or Gq. This also supported our finding that PKA was not activated after stimulation with
PrRP31 and its palmitoylated analogs; thus, GPR10 was not coupled with Gs proteins.

In this study, the intracellular signaling pathways of PrRP31 and its palmitoylated
analogs in CHO-K1 cells transfected with GPR10, NPFF-R2, or NPFF-R1 were explored
using immunoblotting, and the possible signal transduction of GPR10 was suggested
(Figure 7). Haykawa et al. previously showed the activation of Akt in rat pituitary GH3
cells after 5 min of stimulation with PrRP [32]. Our study found significant induction of
Akt phosphorylation at T308 and S473 in CHO-K1 cells expressing GPR10, NPFF-R2 and
NPFF-R1 after 5 min of stimulation with palm11-PrRP31 and palm-PrRP31, but no signifi-
cantly increased phosphorylation was observed after stimulation with natural PrPR31 in
cells with NPFF-R1. Palmitoylation helped stabilize PrRP31 and increased the induction
activity of Akt through the receptors GPR10, NPFF-R2 and NPFF-R1. Previous studies
demonstrated that PrRP activated the MAP kinases ERK and JNK in rat GH3 cells [30] and
PC12 cells [38]. Our results showed significant activation of JNK, ERK and p38 MAPKs after
PrRP31 incubation in CHO-K1 cells expressing GPR10, and of JNK and ERK in cells with
NPFF-R2. Both palmitoylated PrRP31 analogs also significantly increased the phosphory-
lation of all three tested MAPKs in GPR10 and NPFF-R2-expressing cells. Dose-response
experiments showed the ability of PrRP31, palm11-PrRP31 and palm-PrRP31 to activate
ERK phosphorylation in cells with GPR10 and NPFF-R2 in the nanomolar range. JNK and
ERK activation play important roles in cell proliferation, differentiation and apoptosis by
promoting the formation of AP1 complexes, important transcription factors controlling
the cell cycle, through the activation of c-Fos and c-Jun [39]. Similar to ERK and JNK,
p38 is also connected with cell cycle regulation, regulation of stress responses, immune
responses and cell differentiation [40]. Palm11-PrRP31 and palm-PrRP31 were found to
significantly increase p38 phosphorylation in cells expressing GPR10 and NPFF-R2, and
stimulation with palm-PrRP31 induced p38 phosphorylation in cells expressing NPFF-R1.
Both inducible transcription factors, c-Fos and c-Jun, were significantly activated after
stimulation with PrRP31 and its palmitoylated analogs in cells with GPR10 and NPFF-R2.
Conversely, NPFF-R1 significantly activated c-Fos and c-Jun only after stimulation with
palm-PrRP31. The transcription factor CREB is also important for the regulation of cell pro-
liferation, cell survival and differentiation, for maintaining glucose homeostasis, and has an
important role in activating immune responses [40,41]. Likewise, c-Fos and c-Jun activation
and phosphorylation of the transcription factor CREB were significantly increased in cells
expressing GPR10 and NPFF-R2 after stimulation with PrRP31 and its analogs. Compared
to palm11-PrRP31, palm-PrRP31 showed a higher activity in cells transfected with NPFF-
R1 in all tested signaling pathways. The results show that PrRP31, palm11-PrRP31 and
palm-PrRP31 may play important roles in the regulation of cell proliferation and affect
immune responses. These findings suggest that dysregulation of glucose homeostasis and
inflammatory responses linked with obesity could be treated with PrRP31 analogs.

In this study, we tested potential off-target receptors of PrRP31, which are related
to food intake and energy metabolism. Because PrRP and NPFF were found to have
antinociceptive properties [16,17,22,23], their agonist and antagonist activities on opioid
receptors were studied using a β-lactamase assay. In our study, palmitoylation increased
the binding properties of natural PrRP31. Palm11-PrRP31 was found to have a lower
affinity for KOR than palm-PrRP31, but they both had negligible ability to activate the
KOR receptor in either agonist mode or antagonist mode. We did not observe any agonist
or antagonist activity of either PrRP31 palmitoylated analog on the other opioid receptors
MOR, DOR and ORL-1. The possible pain modulation properties of PrRP do not seem
to be linked to opioid receptors, which supports the idea that GPR10 is involved in pain
processing regulation. A study by Laurent et al. using GPR10 KO suggested that the central
anti-opioid activity of NPFF in mice is regulated by GPR10. Moreover, they suggested that
the dual coupling of GPR10 with Gq and Gi may be the reason for PrRP’s involvement in



Int. J. Mol. Sci. 2021, 22, 8904 11 of 17

different neuronal networks [23]. GPR10 could be involved either in pain modulation or
food intake regulation, depending on the type of G protein coupled with GPR10.

Figure 7. Scheme of mechanism of action of palmitoylated PrRP31 analogs at GPR10: ERK, extracellular signal-regulated
kinase; JNK, c-Jun N-terminal kinase; CREB, cAMP-responsive element binding protein; PIP2, phosphatidylinositol
4,5-bisphosphate; IP3, inositol 1,4,5-triphosphate; PIP3, phosphatidylinositol (3,4,5)-trisphosphate; PDK, phosphoinositide-
dependent kinase 1; Akt, protein kinase B; mTORC2, mammalian target of rapamycin complex 2; GSK-3β, glycogen synthase
kinase-3β.

NPY, together with PYY and pancreatic polypeptide (PP), controls energy homeostasis
though NPY receptors. NPY receptors are expressed throughout the central nervous system
but can also be found in the peripheral nervous system [42]. The affinity of PrRP31 and
its palmitoylated analogs for the receptors Y1, Y2 and Y5 was tested. No binding affinity
of PrRP31 and palmitoylated analogs for the Y2 receptor was observed and a negligible
affinity of palm-PrRP31 for Y1 was detected. However, natural PrRP31, palm11-PrRP31
and palm-PrRP31 bound and activated the Y5 receptor with a Ki and an EC50 in the
micromolar range. PrRP31 affinity and agonist activity were increased with the attached
palmitoyl group. Y1 and Y5 receptors are expressed in the same neurons, and they both
have important regulatory functions in food intake and energy balance [42]. Although NPY
is an orexigenic peptide, Y1 and Y5 receptor deletion leads to obesity and decreases food
intake [43]. This study showed that palm11-PrRP31 and palm-PrRP31 had agonist activity
ranging from 10−7 to 10−8 M on the Y5 receptor, and palm11-PrRP31 was also shown to
be a positive allosteric modulator, which suggests that PrRP31 analogs could mediate the
in vivo ability to reduce food intake through Y5 receptors.

Finally, the off-target properties of the palmitoylated PrRP31 analogs on the receptor
of the orexigenic peptide ghrelin were studied. Palm-PrRP31 had a higher affinity for the
GHSR receptor than palm11-PrRP31, but both analogs had negligible activity on GHSR.
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Palm11-PrRP31 and palm-PrRP31 displayed higher affinity for GPR10 and NPFF-R2
receptors than natural PrRP31, and stimulation with PrRP31 analogs activated transcription
factors c-Fos, c-Jun and CREB and also activated PKB/Akt, MAPK pathways in cells
expressing these receptors. A new strong target of palmitoylated analogs was found to be
NPFF-R1. Palm-PrRP31 induced activation of tested signaling pathways in cells expressing
NPFF-R1. Both analogs revealed negligible affinity and ability to activate receptors Y,
opioid receptors and GHSR, but palm-PrRP31 showed higher off-target binding affinity
for these possible off-target receptors. Palm11-PrRP31 was a more selective agonist of
anorexigenic receptors GPR10 and NPFF-R2, with less off-target activity; therefore, it has
higher potential for the treatment of obesity and neurodegenerative diseases.

4. Materials and Methods
4.1. Material

Human PrRP31, palm11-PrRP31, palm-PrRP31, neuropeptide FF (NPFF), its stable
analog 1DMe (see Table 1 for structures), and ghrelin (ghr) were synthetized and purified
as described previously [9,31]. PrRP31 palmitoylation was performed on fully protected
peptide on resin as a last step [44]. Peptide purification and identification were determined
by analytical high-performance liquid chromatography and by using a Q-TOF micro MS
technique (Waters, Milford, MA, USA). Purity of the synthesized peptides was greater
than 95%.

Human peptide YY (PYY) (#SC319) was obtained from the PolyPeptide Group (Stras-
bourg, France). The selective KOR agonists (±)-trans-U-50488 methanesulfonate salt
(#D8040) were purchased from Sigma-Aldrich (St. Louis, MS, USA). [D-Pro10]-dynorphin
A (#021-17), used as an agonist of KOR in binding experiments, was purchased from
Phoenix Pharmaceuticals (Burlingame, CA, USA). Selective agonists of mu-opioid receptor
(MOR) DAMGO (#1171), opioid receptor-like 1 (ORL-1) agonist nociceptin (#0910) and
agonist of delta-opioid receptor (DOR) [D-Ala2]-deltorphin II (#1180) were obtained from
Tocris (Bristol, UK).

4.2. Peptide Iodination

Human PrRP31 and 1DMe were iodinated at Tyr20 and D-Tyr1, respectively, with
Na[125I] purchased from Izotop (Budapest, Hungary) using IODO-GEN (Pierce, Rockford,
IL, USA), as described previously [44]. Radioligands [125I]-PYY, [125I]-dynorphin A and
[125I]-ghrelin were iodinated at Tyr20 (Tyr27), Tyr1 and His9, respectively. The identity of
peptides was determined by a MALDI-TOF Reflex IV mass spectrometer (Bruker Daltonics,
Billerica, MA, USA). The specific activity of all 125I-labeled peptides was approximately
2100 Ci/mmol. The radiolabeled peptides were kept in aliquots at −20 ◦C and used in
experiments within 1 month.

4.3. Cell Cultures

All used cells were maintained at 37 ◦C in a humified incubator with 5% CO2. Growth
and assay media were prepared according to manufacturer protocols, and cells were
cultured as required. Chinese hamster ovary cells (CHO-K1) stably expressing receptors
GPR10 (#K1732) or kappa-opioid receptor (KOR) (#K1533) and human bone osteosarcoma
epithelial cells (U2OS) stably expressing receptors of NPY (Y1 (#K1803), Y2 (#K149), Y5
(#K1782)), mu-opioid receptor (MOR) (#K1523), delta-opioid receptor (DOR) (#K1778),
opioid receptor-like 1 (ORL-1) (#K1786) and ghrelin receptor (GHSR) (#K1819) were all
obtained from Thermo Fisher Scientific Inc. Brand (Waltham, MA, USA). CHO-K1 cell lines
containing NPFF-R2 (#ES-490-A) and NPFF-R1 (#ES-491-C) were obtained from Perkin
Elmer (Waltham, MA, USA).

4.4. Cell Membrane Isolation

Pellets of CHO-K1 cells containing NPFF-R2, NPFF-R1 and KOR receptors were
homogenized in ice-cold homogenizing buffer (20 mM HEPES pH 7.1, 5 mM MgCl2,
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0.7 mM bacitracin) with a DIAX 100 Homogenizer (Heidolph Instruments, Schwabach,
Germany) and centrifuged in an ultracentrifuge (Beckman Coulter, Fullerton, CA, USA) at
26,000× g for 15 min at 4 ◦C. The pellets were homogenized in ice-cold homogenization
buffer, and the previous steps were repeated 2 more times. After the third centrifugation,
pellets were resuspended in ice-cold storage buffer (50 mM Tris-Cl pH 7.4, 0.5 mM EDTA,
10 mM MgCl2, 10% sucrose), and aliquots were stored at −80 ◦C. The concentration of
isolated membrane proteins was determined by a PierceTM BCA Protein Assay Kit (Pierce,
Rockford, IL, USA).

4.5. Competitive Binding Experiments

Competition binding experiments were performed according to [45]. [125I]-PrRP31
was used to compete with human PrRP31, palmitoylated PrRP31 analogs, NPFF, and
1DMe in CHO-K1 cells expressing human GPR10 as described previously [31]. Binding
experiments using U2OS cells were optimized and performed in assay buffer (50 mM Tris-
Cl pH 7.4, 118 mM NaCl, 5 mM MgCl2, 4.7 mM KCl, 0.1% BSA) for cells stably expressing
GHSR and (25 mM HEPES, 120 mM NaCl, 5 mM MgCl2, 4.7 mM KCl, 1 mM CaCl2, 0.5%
BSA, 2 g/L glucose) for cells containing receptors Y1, Y2 and Y5. PrRP31 or lipidized
analogs of PrRP31,ghr, or PYY were used at final concentrations from 10−12 to 10−5 M to
compete with 0.1 nM [125I]-ghr, or [125I]-PYY radioligands. Cells were incubated for 60 min
at room temperature (RT).

Plasma membranes isolated from CHO-K1 cells containing receptors NPFF-R2, NPFF-
R1 and KOR were used at a concentration of 5 µg of protein/tube, and binding experiments
were performed in assay buffer (50 mM Tris-HCl pH 7.4 + 60 mM NaCl + 1 mM MgCl2 +
0.5% BSA). [125I]-1DMe was used to compete with human PrRP31, palmitoylated PrRP31
analogs, NPFF or 1DMe in isolated membranes with NPFF-R2 or NPFF-R1, and [125I]-
dynorphin A was used to compete with human PrRP31 and palmitoylated PrRP31 analogs
in isolated membranes with KOR. The studied peptides and radioligands were incubated
with plasma membranes for 60 min at RT and subsequently filtered in a Brandel cell
harvester (Biochemical and Development Laboratories, Gaithersburg, MD, USA) using
Whatman GF/B filters preincubated in 0.3% polyethylenimine. Filters were rinsed three
times with 2 mL of wash buffer (50 mM Tris pH 7.4 + 60 mM NaCl).

Radioactivity was determined by a γ-counter Wizard 1470 Automatic Gamma Counter
(Perkin Elmer). Experiments were carried out in duplicate at least three times, and Ki was
calculated using the Cheng-Prusoff equation.

4.6. Cell Signaling Detection by Immunoblotting

Activation of signaling pathways was studied in the CHO-K1 cell lines containing
GPR10, NPFF-R2 and NPFF-R1. Cells were seeded in 24-well plates at 30,000 cells/well in
assay medium (growth medium without selective antibiotics) and were grown for 2 days.
The day before the experiment, the medium was changed to serum-free medium. On the
day of the experiment, cells were incubated with PrRP31, lipidized PrRP31 analogs, NPFF
or 1DMe at final concentrations from 10−11 to 10−5 M for 5 min or 60 min at 37 ◦C and then
washed three times with ice-cold phosphate-buffered saline (PBS) pH 7.4. Cells were lysed
with Laemmli sample buffer (62.5 mM Tris-HCl at pH 6.8, 2% SDS, 10% glycerol, 0.01%
bromophenol blue, 5% β-mercaptoethanol, 50 mM NaF, and 1 mM Na3VO4). Samples
were stored at −20 ◦C. Electrophoresis and immunoblotting were performed as described
previously [45]. For detection of signaling pathways, primary monoclonal antibodies (see
Table 5 for the antibodies used) purchased from Cell Signaling Technology (Danvers, MA,
USA) were used.
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Table 5. Primary antibodies used for immunoblotting and their dilutions.

Antibody Against Source Dilution

Phospho-Akt (Thr308) (#2965) Rabbit 1:1000, 5% BSA, TBS/T-20
Phospho-Akt (Ser473) (#4060)

Akt (#4691S)
Rabbit
Rabbit

1:1000, 5% BSA, TBS/T-20
1:1000, 5% BSA, TBS/T-20

Phospho-CREB (Ser133) (#9196)
CREB (#9104S)

Mouse
Mouse

1:1000, 5% milk, TBS/T-20
1:1000, 5% milk, TBS/T-20

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (#4370S)
p44/42 MAPK (Erk1/2) (#9107S)

Rabbit
Mouse

1:2000, 5% BSA, TBS/T-20
1:2000, 5% milk, TBS/T-20

Phospho-SAPK/JNK (Thr183/Tyr185) (#4668)
SAPK/JNK (#9252)

Rabbit
Rabbit

1:1000, 5% BSA, TBS/T-20
1:1000, 5% BSA, TBS/T-20

Phospho-p38 MAPK (Thr180/Tyr182) (#4511)
p38 MAPK (#9212)

Rabbit
Rabbit

1:1000, 5% BSA, TBS/T-20
1:1000, 5% BSA, TBS/T-20

Phospho-PKA C (Thr197) (#5661) Rabbit 1:1000, 5% BSA, TBS/T-20
c-Fos (#2250) Rabbit 1:1000, 5% BSA, TBS/T-20
c-Jun (#9165) Rabbit 1:1000, 5% BSA, TBS/T-20

GAPDH (#97166) Mouse 1:1000, 5% milk, TBS/T-20

4.7. Calcium Mobilization Assays

Measuring the intracellular Ca2+ level in CHO-K1 cells containing GRP10 was per-
formed using the calcium-sensitive dye Fura-2 according to the manufacturer’s protocol
(Molecular Devices, Sunnyvale, CA, USA). The day before the experiment, cells were
seeded at 40,000 cells/well in 96-well plates in growth media and kept at 37 ◦C in an incu-
bator with 5% CO2 overnight. Peptides were tested at concentrations from 10−12 to 10−5 M.
Fura-2 fluorescent dye was detected using a FlexStation 3 fluorometric plate reader (Molec-
ular Devices), and excitation was measured at 340 nm and 380 nm and emission at 510 nm.

The intracellular Ca2+ level was measured using the AequoScreen stable CHO-K1 cell
line containing NPFF-R2 purchased from Perkin Elmer according to the manufacturer’s
protocol. Cells at 80–90% confluence cultured in media without selective antibiotics were
detached (PBS pH 7.4 + 0.5 mM EDTA) and centrifuged. Cells resuspended in phenol
red-free DMEM with 0.1% protease-free BSA and 5 µM coelenterazine h (Thermo Fisher
Scientific Inc. Brand) were seeded at 50,000 cells/well in 96-well plates and incubated
in the dark at RT with gentle agitation for 4 h. Peptides were tested at concentrations
from 10−12 to 10−5 M. Luminescent light emission was recorded using a FlexStation 3
plate reader.

4.8. Cell Signaling Determined Using Beta-Lactamase Reporter System

Cell lines containing beta-lactamase reporter genes with different receptors, GPR10,
Y5, GHSR and opioid receptors, were used to study the agonist/antagonist properties of
PrRP31 and lipidized PrRP31 analogs. Cells were seeded at 10,000 cells/well in a 384-well
plate in assay medium, and the assay was performed according to Thermo Fisher’s protocol
and according to our previous study [10]. Receptor agonists were tested at concentrations
from 10−12 to 10−5 M. The concentration of the agonist in antagonist assay mode ranged
from 10−12 to 10−5 M, and the potential antagonists PrRP31 and palm11-PrRP31 were
tested at concentrations from 10−7 or 10−6 to 10−5 M. Fluorescence was detected at 409 nm
excitation and 460 and 530 nm emissions using the FlexStation 3 fluorometric plate reader.

4.9. Statistical Analysis

Data were analyzed by GraphPad Software (San Diego, CA, USA) and are presented
as the means ± SEM. The saturation and competitive binding experiments were analyzed
according to [46] using the Cheng-Prusoff equation [33]. The competitive binding curves
were plotted compared to the best fit for single-binding site models, and half maximal
inhibitory concentration (IC50) values were obtained from nonlinear regression analysis.
From saturation binding experiments, the dissociation constant (Kd) and number of binding
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sites/cell (Bmax) were calculated. Inhibition constants (Ki) were calculated from IC50
values, Kd and the concentration of radioligands.

Experiments using immunoblotting were analyzed using one-way ANOVA followed
by Dunnett’s post hoc test; p < 0.05 was considered statistically significant. Dose-response
curves were obtained from nonlinear regression.

The beta-lactamase assay results were analyzed by nonlinear regression as log agonist
versus response, and EC50 values were determined in agonist mode using GraphPad
software. Data are representative of at least two experiments, each performed in duplicate.

Ca2+ release assay data are shown as the percentage of maximal response, and the re-
sults were analyzed by nonlinear regression as log agonist versus response using GraphPad
software. Data are representative of at least three experiments, each performed in duplicate.

5. Conclusions

Lipidized PrRP31 analogs have great potential for the treatment of obesity and neu-
rodegenerative diseases. The in vitro properties of the two most potent palmitoylated
analogs, palm-PrRP31 and palm11-PrRP31, were tested and compared. Palmitoylation
of PrRP31 increased not only the activity and binding affinity to GPR10 and NPFF-R2,
which are both connected with food intake regulation, but also the binding properties
and activity to NPFF-R1. Therefore, NPFF-R1 is a new target of lipidized PrRP31 analogs.
Both analogs activated the cellular signaling of the PKB/Akt and MAPK pathways and
activated the transcription factors c-Fos, c-Jun and CREB in cells expressing GPR10 and
NPFFR-2. Activation of all previously mentioned cellular pathways in cells expressing
NPFF-R1 was observed only after incubation with palm-PrRP31. Palm-PrRP31 also showed
higher off-target activity on GHSR receptors and Y receptors than palm11-PrRP31; therefore,
the more selective palm11-PrRP31 has a better potential for obesity treatment. Our future
studies will focus on further development of palmitoylated PrRP analogs with minimized
off-target activity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22168904/s1, Supplementary Figure S1: Induction of (A) PKA phosphorylation after 5 min
incubation at 37 ◦C with peptides in final concen-18 trations 10-6 M in CHO-K1 cells expressing
receptors GPR10, NPFF-R2 and NPFF-R1, Supplementary Figure S2: Antagonist mode of FRET assay
showing effect of PrRP31 and palm11-PrRP31 at (A) opioid receptors and 23 (B) GHSR.

Author Contributions: A.K. measured the data, wrote the manuscript and prepared the figures; V.S.
measured the data and contributed to the writing of the manuscript, L.H. assisted in data measure-
ments and preparation of the pictures; L.M., B.Ž. and J.K. designed the experiments, contributed to
the writing and revised the manuscript. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the Grant Agency of the Czech Republic (GACR 21-03691S,
RVO:67985823 and RVO:61388963) of the Academy of Sciences of the Czech Republic.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We gratefully acknowledge the generous help of Miroslava Blechová., for
peptide synthesis and Aleš Marek, for radioiodination.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
design of the study, the collection, analyses, or interpretation of data, the writing of the manuscript
or in the decision to publish the results.

References
1. Hinuma, S.; Habata, Y.; Fujii, R.; Kawamata, Y.; Hosoya, M.; Fukusumi, S.; Kitada, C.; Masuo, Y.; Asano, T.; Matsumoto, H.; et al.

A prolactin-releasing peptide in the brain. Nature 1998, 393, 272–276. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms22168904/s1
https://www.mdpi.com/article/10.3390/ijms22168904/s1
http://doi.org/10.1038/30515


Int. J. Mol. Sci. 2021, 22, 8904 16 of 17

2. Matsumoto, H.; Noguchi, J.; Horikoshi, Y.; Kawamata, Y.; Kitada, C.; Hinuma, S.; Onda, H.; Nishimura, O.; Fujino, M. Stimulation
of Prolactin Release by Prolactin-Releasing. Biochem. Biophys. Res. Commun. 1999, 259, 321–324. [CrossRef]

3. Lawrence, C.B.; Celsi, F.; Brennand, J.; Luckman, S.M. Alternative role for prolactin-releasing peptide in the regulation of food
intake. Nat. Neurosc. 2000, 3, 645–646. [CrossRef] [PubMed]

4. Lawrence, C.B.; Ellacott, K.L.J.; Luckman, S.M. PRL-releasing peptide reduces food intake and may mediate satiety signaling.
Endocrinology 2002, 143, 360–367. [CrossRef] [PubMed]

5. Bjursell, M.; Lenneras, M.; Goransson, M.; Elmgren, A.; Bohlooly, Y.M. GPR10 deficiency in mice results in altered energy
expenditure and obesity. Biochem. Biophys. Res. Commun. 2007, 363, 633–638. [CrossRef] [PubMed]

6. Gu, W.; Geddes, B.J.; Zhang, C.; Foley, K.P.; Stricker-Krongrad, A. The prolactin-releasing peptide receptor (GPR10) regulates
body weight homeostasis in mice. J. Mol. Neurosc. 2004, 22, 93–103. [CrossRef]

7. Prazienkova, V.; Funda, J.; Pirnik, Z.; Karnosova, A.; Hruba, L.; Korinkova, L.; Neprasova, B.; Janovska, P.; Benzce, M.; Kadlecova,
M.; et al. GPR10 gene deletion in mice increases basal neuronal activity, disturbs insulin sensitivity and alters lipid homeostasis.
Gene 2021, 774, 145427. [CrossRef]

8. Maletinska, L.; Nagelova, V.; Ticha, A.; Zemenova, J.; Pirnik, Z.; Holubova, M.; Spolcova, A.; Mikulaskova, B.; Blechova, M.;
Sykora, D.; et al. Novel lipidized analogs of prolactin-releasing peptide have prolonged half-lives and exert anti-obesity effects
after peripheral administration. Int. J. Obesity 2015, 39, 986–993. [CrossRef]

9. Prazienkova, V.; Holubova, M.; Pelantova, H.; Buganova, M.; Pirnik, Z.; Mikulaskova, B.; Popelova, A.; Blechova, M.; Haluzik,
M.; Zelezna, B.; et al. Impact of novel palmitoylated prolactin-releasing peptide analogs on metabolic changes in mice with
diet-induced obesity. PLoS ONE 2017, 12, e0183449. [CrossRef]

10. Prazienkova, V.; Ticha, A.; Blechova, M.; Spolcova, A.; Zelezna, B.; Maletinska, L. Pharmacological characterization of lipidized
analogs of prolactin-releasing peptide with a modified C-terminalaromatic ring. J. Physiol. Pharmacol. 2016, 67, 121–128. [PubMed]

11. Pirnik, Z.; Kolesarova, M.; Zelezna, B.; Maletinska, L. Repeated peripheral administration of lipidized prolactin-releasing peptide
analog induces c-fos and FosB expression in neurons of dorsomedial hypothalamic nucleus in male C57 mice. Neurochem. Int.
2018, 116, 77–84. [CrossRef]

12. Pirnik, Z.; Zelezna, B.; Kiss, A.; Maletinska, L. Peripheral administration of palmitoylated prolactin-releasing peptide induces
Fos expression in hypothalamic neurons involved in energy homeostasis in NMRI male mice. Brain Res. 2015, 1625, 151–158.
[CrossRef]

13. Engstrom, M.; Brandt, A.; Wurster, S.; Savola, J.M.; Panula, P. Prolactin releasing peptide has high affinity and efficacy at
neuropeptide FF2 receptors. J. Pharmacol. Exp. Therapeut. 2003, 305, 825–832. [CrossRef]

14. Elhabazi, K.; Humbert, J.P.; Bertin, I.; Schmitt, M.; Bihel, F.; Bourguignon, J.J.; Bucher, B.; Becker, J.A.; Sorg, T.; Meziane, H.;
et al. Endogenous mammalian RF-amide peptides, including PrRP, kisspeptin and 26RFa, modulate nociception and morphine
analgesia via NPFF receptors. Neuropharmacology 2013, 75, 164–171. [CrossRef]

15. Murase, T.; Arima, H.; Kondo, K.; Oiso, Y. Neuropeptide FF reduces food intake in rats. Peptides 1996, 17, 353–354. [CrossRef]
16. Sunter, D.; Hewson, A.K.; Lynam, S.; Dickson, S.L. Intracerebroventricular injection of neuropeptide FF, an opioid modulating

neuropeptide, acutely reduces food intake and stimulates water intake in the rat. Neurosci. Lett. 2001, 313, 145–148. [CrossRef]
17. Mouledous, L.; Mollereau, C.; Zajac, J.M. Opioid-modulating properties of the neuropeptide FF system. BioFactors 2010, 36,

423–429. [CrossRef] [PubMed]
18. Nicklous, D.M.; Simansky, K.J. Neuropeptide FF exerts pro- and anti-opioid actions in the parabrachial nucleus to modulate food

intake. Am. J. Physiol. Regulat. Integr. Compar. Physiol. 2003, 285, 1046–1054. [CrossRef] [PubMed]
19. Panula, P.; Aarnisalo, A.A.; Wasowicz, K. Neuropeptide FF, a mammalian neuropeptide with multiple functions. Progress

Neurobiol. 1996, 48, 461–479. [CrossRef]
20. Simonin, F.; Schmitt, M.; Laulin, J.-P.; Laboureyras, E.; Jhamandas, J.H.; MacTavish, D.; Matifas, A.; Mollereau, C.; Laurent, P. RF9,

a potent and selective neuropeptide FF receptor antagonist, prevents opioid-induced tolerance associated with hyperalgesia. Proc.
Natl. Acad. Sci. USA 2006, 103, 466–471. [CrossRef]

21. Maletinska, L.; Ticha, A.; Nagelova, V.; Spolcova, A.; Blechova, M.; Elbert, T.; Zelezna, B. Neuropeptide FF analog RF9 is not an
antagonist of NPFF receptor and decreases food intake in mice after its central and peripheral administration. Brain Res. 2013,
1498, 33–40. [CrossRef] [PubMed]

22. Kalliomäki, M.L.; Pertovaara, A.; Brandt, A.; Wei, H.; Pietilä, P.; Kalmari, J.; Xu, M.; Kalso, E.; Panula, P. Prolactin-releasing
peptide affects pain, allodynia and autonomicreflexes through medullary mechanisms. Neuropharmacology 2004, 46, 412–424.
[CrossRef] [PubMed]

23. Laurent, P.; Becker, J.A.; Valverde, O.; Ledent, C.; de Kerchove d’Exaerde, A.; Schiffmann, S.N.; Maldonado, R.; Vassart, G.;
Parmentier, M. The prolactin-releasing peptide antagonizes the opioid system through its receptor GPR10. Nat. Neurosci. 2005, 8,
1735–1741. [CrossRef]

24. Cardoso, J.C.; Felix, R.C.; Fonseca, V.G.; Power, D.M. Feeding and the rhodopsin family g-protein coupled receptors in nematodes
and arthropods. Front. Endocrinol. 2012, 3, 157. [CrossRef] [PubMed]

25. Marchese, A.; Heiber, M.; Nguyen, T.; Heng, H.H.Q.; Saldivia, V.R.; Cheng, R.; Murphy, P.M.; Tsui, L.C.; Shi, X.; Gregor, P.;
et al. Cloning and Chromosomal Mapping of Three Novel Genes, GPR9, GPR10, and GPR14, Encoding Receptors Related to
Interleukin 8, Neuropeptide Y, and Somatostatin Receptors. Genomics 1995, 29, 335–344. [CrossRef]

http://doi.org/10.1006/bbrc.1999.0789
http://doi.org/10.1038/76597
http://www.ncbi.nlm.nih.gov/pubmed/10862694
http://doi.org/10.1210/endo.143.2.8609
http://www.ncbi.nlm.nih.gov/pubmed/11796487
http://doi.org/10.1016/j.bbrc.2007.09.016
http://www.ncbi.nlm.nih.gov/pubmed/17904108
http://doi.org/10.1385/JMN:22:1-2:93
http://doi.org/10.1016/j.gene.2021.145427
http://doi.org/10.1038/ijo.2015.28
http://doi.org/10.1371/journal.pone.0183449
http://www.ncbi.nlm.nih.gov/pubmed/27010901
http://doi.org/10.1016/j.neuint.2018.03.013
http://doi.org/10.1016/j.brainres.2015.08.042
http://doi.org/10.1124/jpet.102.047118
http://doi.org/10.1016/j.neuropharm.2013.07.012
http://doi.org/10.1016/0196-9781(95)02137-X
http://doi.org/10.1016/S0304-3940(01)02267-4
http://doi.org/10.1002/biof.116
http://www.ncbi.nlm.nih.gov/pubmed/20803521
http://doi.org/10.1152/ajpregu.00107.2003
http://www.ncbi.nlm.nih.gov/pubmed/14557236
http://doi.org/10.1016/0301-0082(96)00001-9
http://doi.org/10.1073/pnas.0502090103
http://doi.org/10.1016/j.brainres.2012.12.037
http://www.ncbi.nlm.nih.gov/pubmed/23291266
http://doi.org/10.1016/j.neuropharm.2003.09.021
http://www.ncbi.nlm.nih.gov/pubmed/14975697
http://doi.org/10.1038/nn1585
http://doi.org/10.3389/fendo.2012.00157
http://www.ncbi.nlm.nih.gov/pubmed/23264768
http://doi.org/10.1006/geno.1995.9996


Int. J. Mol. Sci. 2021, 22, 8904 17 of 17

26. Bonini, J.A.; Jones, K.A.; Adham, N.; Forray, C.; Artymyshyn, R.; Durkin, M.M.; Smith, K.E.; Tamm, J.A.; Boteju, L.W.; Lakhlani,
P.P.; et al. Identification and characterization of two G protein-coupled receptors for neuropeptide FF. J. Biol. Chem. 2000, 275,
39324–39331. [CrossRef] [PubMed]

27. Langmead, C.J.; Szekeres, P.G.; Chambers, J.K.; Ratcliffe, S.J.; Jones, D.N.; Hirst, W.D.; Price, G.W.; Herdon, H.J. Characterization
of the binding of [(125)I]-human prolactin releasing peptide (PrRP) to GPR10, a novel G protein coupled receptor. British J.
Pharmacol. 2000, 131, 683–688. [CrossRef]

28. Roland, B.L.; Sutton, S.W.; Wilson, S.J.; Luo, L.; Pyati, J.; Huvar, R.; Erlander, M.G.; Lovenberg, T.W. Anatomical distribution
of prolactin-releasing peptide and its receptor suggests additional functions in the central nervous system and periphery.
Endocrinology 1999, 140, 5736–5745. [CrossRef]

29. Chuderland, D.; Seger, R. Calcium regulates ERK signaling by modulating its protein-protein interactions. Commun. Integr. Biol.
2008, 1, 4–5. [CrossRef] [PubMed]

30. Kimura, A.; Ohmichi, M.; Tasaka, K.; Kanda, Y.; Ikegami, H.; Hayakawa, J.; Hisamoto, K.; Morishige, K.; Hinuma, S.; Kurachi, H.;
et al. Prolactin-releasing peptide activation of the prolactin promoter is differentially mediated by extracellular signal-regulated
protein kinase and c-Jun N-terminal protein kinase. J. Biol. Chem. 2000, 275, 3667–3674. [CrossRef] [PubMed]

31. Maixnerova, J.; Spolcova, A.; Pychova, M.; Blechova, M.; Elbert, T.; Rezacova, M.; Zelezna, B.; Maletinska, L. Characterization of
prolactin-releasing peptide: Binding, signaling and hormone secretion in rodent pituitary cell lines endogenously expressing its
receptor. Peptides 2011, 32, 811–817. [CrossRef]

32. Hayakawa, J.; Ohmichi, M.; Tasaka, K.; Kanda, Y.; Adachi, K.; Nishio, Y.; Hisamoto, K.; Mabuchi, S.; Hinuma, S.; Murata,
Y. Regulation of the PRL promoter by Akt through cAMP response element binding protein. Endocrinology 2002, 143, 13–22.
[CrossRef] [PubMed]

33. Cheng, Y.; Prusoff, W.H. Relationship between the inhibition constant (K1) and the concentration of inhibitor which causes 50 per
cent inhibition (I50) of an enzymatic reaction. Biochem. Pharmacol. 1973, 22, 3099–3108. [CrossRef] [PubMed]

34. Holubova, M.; Zemenova, J.; Mikulaskova, B.; Panajotova, V.; Stohr, J.; Haluzik, M.; Kunes, J.; Zelezna, B.; Maletinska, L.
Palmitoylated PrRP analog decreases body weight in DIO rats but not in ZDF rats. J. Endocrinol. 2016, 229, 85–96. [CrossRef]

35. Maletinska, L.; Popelova, A.; Zelezna, B.; Bencze, M.; Kunes, J. The impact of anorexigenic peptides in experimental models of
Alzheimer's disease pathology. J. Endocr. 2019, 240, R47–R72. [CrossRef]

36. Nanmoku, T.; Takekoshi, K.; Isobe, K.; Kawakami, Y.; Nakai, T.; Okuda, Y. Prolactin-releasing peptide stimulates catecholamine
release but not proliferation in rat pheochromocytoma PC12 cells. Neurosci. Lett. 2003, 350, 33–36. [CrossRef]

37. Wang, Y.; Wang, C.Y.; Wu, Y.; Huang, G.; Li, J.; Leung, F.C. Identification of the receptors for prolactin-releasing peptide (PrRP)
and Carassius RFamide peptide (C-RFa) in chickens. Endocrinology 2012, 153, 1861–1874. [CrossRef]

38. Nanmoku, T.; Takekoshi, K.; Fukuda, T.; Ishii, K.; Isobe, K.; Kawakami, Y. Stimulation of catecholamine biosynthesis via the PKC
pathway by prolactin-releasing peptide in PC12 rat pheochromocytoma cells. J. Endocrinol. 2005, 186, 233–239. [CrossRef]

39. Cargnello, M.; Roux, P.P. Activation and function of the MAPKs and their substrates, the MAPK-activated protein kinases.
Microbiol. Mol. Biol. Rev. 2011, 75, 50–83. [CrossRef]

40. Canovas, B.; Nebreda, A.R. Diversity and versatility of p38 kinase signalling in health and disease. Nat. Rev. Mol. Cell Biol. 2021.
[CrossRef]

41. Wen, A.Y.; Sakamoto, K.M.; Miller, L.S. The role of the transcription factor CREB in immune function. J. Immunol. 2010, 185,
6413–6419. [CrossRef] [PubMed]

42. Loh, K.; Herzog, H.; Shi, Y.C. Regulation of energy homeostasis by the NPY system. Trends Endocrinol. Metab. 2015, 26, 125–135.
[CrossRef] [PubMed]

43. Nguyen, A.D.; Mitchell, N.F.; Lin, S.; Macia, L.; Yulyaningsih, E.; Baldock, P.A.; Enriquez, R.F.; Zhang, L.; Shi, Y.C.; Zolotukhin, S.;
et al. Y1 and Y5 receptors are both required for the regulation of food intake and energy homeostasis in mice. PLoS ONE 2012, 7,
e40191. [CrossRef] [PubMed]

44. Maletinska, L.; Pychova, M.; Holubova, M.; Blechova, M.; Demianova, Z.; Elbert, T.; Zelezna, B. Characterization of new stable
ghrelin analogs with prolonged orexigenic potency. J. Pharmacol. Exp. Ther. 2012, 340, 781–786. [CrossRef] [PubMed]

45. Spolcova, A.; Mikulaskova, B.; Holubova, M.; Nagelova, V.; Pirnik, Z.; Zemenova, J.; Haluzik, M.; Zelezna, B.; Galas, M.C.;
Maletinska, L. Anorexigenic lipopeptides ameliorate central insulin signaling and attenuate tau phosphorylation in hippocampi
of mice with monosodium glutamate-induced obesity. J. Alzheimers Dis. 2015, 45, 823–835. [CrossRef] [PubMed]

46. Motulsky, H.; Neubig, R. Analyzing radioligand binding data. Curr. Protoc. Neurosci. 2002, 7. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.M004385200
http://www.ncbi.nlm.nih.gov/pubmed/11024015
http://doi.org/10.1038/sj.bjp.0703617
http://doi.org/10.1210/endo.140.12.7211
http://doi.org/10.4161/cib.1.1.6107
http://www.ncbi.nlm.nih.gov/pubmed/19704446
http://doi.org/10.1074/jbc.275.5.3667
http://www.ncbi.nlm.nih.gov/pubmed/10652364
http://doi.org/10.1016/j.peptides.2010.12.011
http://doi.org/10.1210/endo.143.1.8586
http://www.ncbi.nlm.nih.gov/pubmed/11751586
http://doi.org/10.1016/0006-2952(73)90196-2
http://www.ncbi.nlm.nih.gov/pubmed/4202581
http://doi.org/10.1530/JOE-15-0519
http://doi.org/10.1530/JOE-18-0532
http://doi.org/10.1016/S0304-3940(03)00836-X
http://doi.org/10.1210/en.2011-1719
http://doi.org/10.1677/joe.1.05919
http://doi.org/10.1128/MMBR.00031-10
http://doi.org/10.1038/s41580-020-00322-w
http://doi.org/10.4049/jimmunol.1001829
http://www.ncbi.nlm.nih.gov/pubmed/21084670
http://doi.org/10.1016/j.tem.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25662369
http://doi.org/10.1371/journal.pone.0040191
http://www.ncbi.nlm.nih.gov/pubmed/22768253
http://doi.org/10.1124/jpet.111.185371
http://www.ncbi.nlm.nih.gov/pubmed/22182933
http://doi.org/10.3233/JAD-143150
http://www.ncbi.nlm.nih.gov/pubmed/25624414
http://doi.org/10.1002/0471142301.ns0705s19
http://www.ncbi.nlm.nih.gov/pubmed/18428565

	Introduction 
	Results 
	Binding Affinity for GPR10, NPFF-R2 and Potential Off-Target Receptors 
	Palmitoylated PrRP31 Analogs Have a High Binding Affinity for GPR10, NPFF-R2 and NPFF-R1 
	Palm-PrRP31 Shows a Higher Affinity for Other Potential Off-Target Receptors than Palm11-PrRP31 

	PrRP31 and Its Palmitoylated Analogs Stimulate Ca2+ Mobilization in CHO-K1 Cells Expressing GPR10 or NPFF-R2 
	Palmitoylated PrRP31 Analogs Activate Different Intracellular Signaling Pathways in GPR10-, NPFF-R2- or NPFF-R1-Expressing Cells 
	Agonist and Antagonist Properties of PrRP31 and Its Palmitoylated Analogs at Other Potential Off-Target Receptors 

	Discussion 
	Materials and Methods 
	Material 
	Peptide Iodination 
	Cell Cultures 
	Cell Membrane Isolation 
	Competitive Binding Experiments 
	Cell Signaling Detection by Immunoblotting 
	Calcium Mobilization Assays 
	Cell Signaling Determined Using Beta-Lactamase Reporter System 
	Statistical Analysis 

	Conclusions 
	References

