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Preface 

 

Gonadotropin-releasing hormone (GnRH) is a decapeptide produced in the 

hypothalamus (Figure 1)
1
 that activates cell surface GnRH receptors in pituitary 

gonadotrophs. The activation of these receptors stimulates the secretion of 

gonadotropins including luteinizing hormone (LH) and follicle-stimulating hormone 

(FSH). Gonadotropin secretion from the pituitary gland is regulated by various sex 

hormones in the central nervous system (CNS) and is involved in a number of gonadal 

functions including maturation of preovulatory ovarian follicles in female, and 

testosterone production in males;
2
 therefore, the reproductive hormone cascade from the 

brain to the peripheral tissues provides numerous target points for therapeutics to treat 

various hormone-dependent diseases. 

 

Figure 1. Structure of GnRH receptor agonists and antagonists. Abbreviations: Cap, 

4-(carbamoyl)aminophenylalanine; Cit, citrulline; Cpa, 4-(chlorophenyl)alanine; Hap, 

N-(L-hydroortyl)-4-aminophenylalanine; Nal, 3-(2-naphthyl)alanine; Pal, 3-(3-pyridyl)- 

alanine. 

 

To date, several GnRH receptor agonist peptides have been developed including 

leuprorelin (Figure 1).
3
 GnRH agonists have been used for the treatment of a wide range 

of hormone-dependent diseases, such as advanced prostate cancer,
4
 breast cancer,

5
 

endometriosis,
6
 and precocious puberty.

7
 They initially stimulate the GnRH receptor on 

the anterior pituitary, resulting in the induction of a transient increase of gonadotropin 

secretion.
8
 With repeated administration, they induce receptor desensitization and 
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down-regulation, leading to suppressed circulating levels of gonadotropins and sex 

hormones.
8
 Thus, chronic administration of GnRH receptor agonists results in inhibitory 

effects on the reproductive hormone cascade. Peptide-based GnRH antagonists have 

also been developed including cetrorelix and degarelix (Figure 1).
9
 Several non-peptide 

GnRH receptor antagonists with oral bioavailability such as TAK-013 (sufugolix),
10

 

elagolix,
11

 and TAK-385 (relugolix)
12 

have also been developed for the treatment of 

prostate cancer, uterine fibroids and endometriosis (Figure 1). 

GnRH secretion displays a bimodal pattern of release in mammals: the surge and 

pulse modes.
13

 The surge mode (GnRH surge) induces the preovulatory LH surge which 

induces ovulation in females. The pulse mode (GnRH pulse) is important for 

folliculogenesis, spermatogenesis, and steroidogenesis. GnRH pulse frequency controls 

baseline levels of circulating gonadotropins, and appropriate GnRH pulse frequency and 

amplitude is crucial for the maintenance of normal reproductive function.
14

 Although it 

is well known that both the GnRH surge and pulse modes are attenuated by steroid 

hormones in a feedback manner,
15

 the precise mechanisms underlying the regulation of 

these GnRH secretion patterns remain to be elucidated. 

 

A milestone discovery in revealing the regulatory mechanism of GnRH secretion 

was the identification of inactivating mutations in human and mouse genes that encode 

GPR54 (also known as KISS1R), which cause a loss of progression through puberty.
16

 

An inactivating mutation in the human KISS1 gene, which encodes kisspeptin (an 

endogenous ligand of GPR54), also results in failure to achieve puberty.
17

 Adult humans 

and mice with these mutations exhibit low plasma levels of gonadotropins, steroid 

hormones, undeveloped gonads, and infertility. This suggests that kisspeptin-GPR54 

signaling plays a key neuroendocrine role in the regulation of reproduction. 

Another neuropeptide that is involved in reproductive system regulation is 

neurokinin B (NKB). Human genetic studies have shown that patients bearing 

inactivating mutations in TAC3 and TACR3, which encode NKB and its cognate 

neurokinin-3 receptor (NK3R), respectively, exhibit hypogonadotropic hypogonadism 

and infertility,
18

 NKB-NK3R signaling has also been recognized as pivotal for the 

regulation of reproductive functions. Other studies also show the importance of NKB 

for the stimulation of gonadotropin secretion in monkeys,
19

 goats,
20

 and sheep.
21

 

In 2007, it was reported that kisspeptin neurons in the sheep arcuate nucleus 

(ARC) contain NKB and a third neuropeptide, dynorphin A (DynA).
22

 NKB and 

kisspeptin induce GnRH secretion, whereas DynA inhibits GnRH secretion. These 

peptides may cooperatively regulate the secretion of GnRH.
23

 Cells expressing these 
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three peptides are currently recognized as KNDy (kisspeptin, NKB and DynA) neurons. 

GnRH and KNDy neurons express GPR54 and NK3R, respectively.
24

 These 

observations suggest that NKB stimulates kisspeptin secretion from KNDy neurons in 

an autocrine and/or paracrine manner, and that NKB acts upstream of kisspeptin (Figure 

2).
25

  

 

Figure 2. Proposed regulating mechanism of GnRH secretion by KNDy neurons. NKB 
stimulates the release of kisspeptin from KNDy neurons in autocrine and/or paracrine 
manner, which is followed by GnRH secretion from GnRH neurons.  

 

Kisspeptins are members of a neuropeptide family, which were originally 

identified from human placenta extracts as tumor metastasis suppresser peptides.
26

 

KISS1 encodes a protein of 145 amino acids, which is processed into peptides of 54 or 

52 amino acids in human or rodent, respectively. These peptides are called “full-length 

kisspeptin” and they are further processed into C-terminal 14- and 13-amino acid 

peptides (Kp-14 and Kp-13, respectively). A C-terminal 10-residue peptide 

[kisspeptin-10 (Kp-10)] is the minimal bioactive kisspeptin (Figure 3).
26

 In many 

species, the acute administration of kisspeptins stimulates gonadotropin secretion and 

induces ovulation.
27

 In contrast, continuous administration of kisspeptins suppresses 

reproductive functions in rats,
28

 monkeys,
29

 and humans,
30

 similarly to GnRH agonists. 

Because kisspeptins are rapidly degraded in serum,
31

 several biostable Kp-10 

analogs have been developed for therapeutic assessment (Figure 3). For example, 

TAK-488, which retains the highly potent GPR54 agonistic activity of Kp-10, has good 
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peptidase resistance.
31,32 

Tomita et al. also identified a pentapeptide-based GPR54 

agonist, FTM080, through a down-sizing study of Kp-10.
33

 Further structure-activity 

relationship studies of FTM080 using a series of peptidomimetics identified FTM145 

with high biological stability.
34

 Continuous administration of TAK-488 to male rats 

suppressed plasma testosterone levels more rapidly and profoundly than leuprolide.
35

 

This observation suggests that GPR54 ligands could be promising therapeutics for 

treatment of hormone-dependent diseases. 

 

   
Figure 3. Structures of peptide-based GPR54 agonists. Abbreviations: Arg(Me), 

N
g
-methyl-arginine; azaGly, aza-glycine; Hyp, hydroxyproline. 

 

NKB is a member of the mammalian tachykinin peptide family along with 

substance P (SP) and neurokinin A (NKA), and they share a common C-terminal 

sequence, -Phe-Xaa-Gly-Leu-Met-NH2 (Table 1).
36

 Although NKB shows the highest 

binding affinity to NK3R, it also binds in the same order of magnitude to the other 

tachykinin receptors [neurokinin-1 receptor (NK1R) and neurokinin-2 receptor (NK2R)]. 

To study the physiological functions of NK3R, NK3R-selective agonist peptides have 

been reported (Table 1).
37

 Senktide is the most commonly used NK3R selective agonist 

peptide, which was serendipitously identified in an N-methylamino acid scanning study 

of SP-related peptides for the development of NK1R-selective agonists.
37a

 

[MePhe
7
]-NKB was identified through a structure-activity relationship study on 

NKB(4-10), a short NKB analog, and was designed based on the sequence of 

NK1R/NK3R agonist peptide, DiMeC7.
37b

 They have been used in a number of in vitro 

and in vivo experiments to investigate NK3R functions.
21,38

 For example, 

senktide-mediated NK3R stimulation evoked dopamine release from dopamine neurons 

in vitro.
38d

 In addition, intravenous administration of senktide induced pulsatile GnRH 

secretion in vivo.
21

 Therefore, NK3R selective agonists could be powerful and useful 



5 

 

modulators for gonadotropin secretion and are potential therapeutics for reproductive 

and hormone-dependent diseases. 

 

Table 1. Sequences of mammalian tachykinin peptides and NK3R selective agonists. 

Peptide Sequence 

SP H-Arg-Pro-Lys-Pro-Gln-Gln-Phe- Phe -Gly-Leu-Met-NH2 

NKA H-His-Lys-Thr-Asp-Ser-Phe- Val -Gly-Leu-Met-NH2 

NKB H-Asp-Met-His-Asp-Phe-Phe- Val -Gly-Leu-Met-NH2 

[MePhe
7
]-NKB H-Asp-Met-His-Asp-Phe-Phe-MePhe-Gly-Leu-Met-NH2 

senktide succinyl-Asp-Phe-MePhe-Gly-Leu-Met-NH2 

 

An international study has estimated that 5–15% of all couples of reproductive 

age (20–44 years old) suffer from infertility.
39

 The major cause of female infertility is 

chronic anovulation caused by polycystic ovarian syndrome (PCOS).
40

 Clomiphene 

citrate (CC) is usually the first treatment of choice for PCOS, and gonadotropin 

preparations are used for patients who do not conceive after receiving CC. In another 

treatment for infertility, in vitro fertilization, and a combination regimen of CC and 

gonadotropin preparations along with GnRH agonists and human chorionic 

gonadotropins (hCG) are used.
41

 However, this treatment approach elevates the risk for 

multiple pregnancy and ovarian hyperstimulation syndrome. As another undesired side 

effect, Brinton et al. reported that the administration of exogenous gonadotropins can 

increase the risk of ovarian cancer.
42

 

The reproduction of livestock also encounters several problems. For example, 

poor estrus expression and a prolonged intercalving interval result in low reproductive 

efficiency in cattle.
43

 To improve the fertility rate and reproductive efficiency, several 

protocols for estrus and ovulation synchronization have been developed, in which 

several hormone preparations are used such as equine chorionic gonadotropin (eCG) 

and hCG.
44

 However, repeated administration of these hormone preparations often 

results in the production of antibodies against them, resulting in a low efficacy of CG 

treatment. Because of these limitations, novel approaches to regulate and control 

reproductive systems are being developed. As described above, kisspeptin-GPR54 and 

NKB-NK3R systems offer alternative strategies to overcome these issues.
45
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In this thesis, the author describes the development of neuropeptide receptor 

ligands for the analysis and control of reproductive systems. 

In Chapter 1, Section 1, the author describes the selectivity profiles of GPR54 

ligands for neuropeptide receptors. 

In Chapter 1, Section 2, the author describes the development of two types of 

probes for kisspeptin receptor(s). The author developed fluorescent kisspeptin probes 

for visualization of kisspeptin receptor(s). The author also synthesized photoaffinity 

probes based on kisspeptins to investigate the binding mode between kisspeptins and 

GPR54. 

In Chapter 2, Section 1, the author describes a structure-activity relationship 

study of NK3R agonists for the development of novel, potent and selective analogs. The 

structural requirements for selectivity towards NK3R are revealed.  

In Chapter 2, Section 2, the author describes biostability analysis of NK3R 

selective agonists and the design of novel NK3R agonists with resistance to proteolytic 

degradation. 
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Chapter 1. Investigation of GPR54 Ligands for Functional 

Characterization of Kisspeptins and Their Receptors 

  

Section 1. Activation of Neuropeptide FF Receptors by 

Kisspeptin Receptor Ligands 

 

Summary 

 

The receptor selectivity of GPR54 ligands towards several neuropeptide 

receptors was investigated. Kisspeptin-10 (Kp-10) exhibited potent binding and 

agonistic activity towards two neuropeptide FF receptors (NPFFRs). In contrast, short 

peptide GPR54 agonists, FTM080 and FTM145, bound with much lower affinity to 

NPFFRs. The release of GnRH from median eminence tissue was stimulated only by 

Kp-10, suggesting that the GnRH secretion from the median eminence is regulated by 

receptor(s) other than GPR54, such as NPFFRs. 

 

Kisspeptin is a member of a neuropeptide family that shares the characteristic 

C-terminal motif, RFamide (-Arg-Phe-NH2). As described in the preface, the author’s 

group previously identified two GPR54 agonist peptides FTM080 1 and FTM145 2 

through a down-sizing study of kisspeptin-10 (Kp-10) and a subsequent 

structure-activity relationship study using a series of peptidomimetics.
1-3

 Because the 

overall characteristics of the peptides resemble several other members of the RFamide 

neuropeptide family, these short peptides may be recognized by other neuropeptide 

receptors. One example reported by Lyubimov et al. is the moderate activation of 

neuropeptide FF receptor 2 (NPFFR2/GPR74) by endogenous kisspeptin-13 (Kp-13) 

and kisspeptin-14 (Kp-14).
4
 In this section, to investigate potential off-target 

interactions that may cause adverse effects, the receptor selectivity of the GPR54 

ligands was investigated. 

Initially, to demonstrate the receptor selectivity of GPR54 ligands 1 and 2, the 

binding affinity to several GPCRs was evaluated using binding inhibition assays (Table 

1). Because GPR54 shares significant homology with galanin receptors (GALRs),
5
 the 

inhibitory effects of galanin binding to three subtypes of the galanin receptors (GALR1, 

GALR2 and GALR3) were evaluated. As reported previously for kisspeptins, no 

inhibitory effect by peptides 1 and 2 to these receptors was observed at 10 M. In 

contrast, both peptides exhibited moderate to high binding affinity towards three 

receptors of RFamide peptides. Binding of prolactin-releasing peptide to the receptor 

(PrRPR/GPR10) was inhibited by 10 M of peptides 1 and 2 by 21 and 16%, 

respectively. Significantly high inhibition was exerted by these peptides against 
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neuropeptide FF binding to neuropeptide FF receptors (NPFFR1/GPR147 and 

NPFFR2/GPR74), suggesting that these peptides bind to NPFF receptors with high 

affinity. 

Dose-responses of the binding affinity of GPR54 agonists with two NPFF 

receptors were assessed by the binding inhibition assay (Table 2). Peptides 1 and 2 

showed approximately 80-fold and 330-fold less inhibitory activity against NPFFR1 

compared with the control neuropeptide SF (NPSF); a known endogenous ligand for 

NPFFR1 [IC50(1) = 0.16 M; IC50(2) = 0.64 M]. Of note, the full length Kp-54 and 

Kp-10 also bound to NPFFR1 with slightly less binding affinity than NPSF 

[IC50(Kp-54) = 15 nM; IC50(Kp-10) = 4.7 nM]. In the same experiment for NPFFR2, 

moderate binding of Kp-54 and Kp-10 to the receptor was exhibited [IC50(Kp-54) = 

0.40 M; IC50(Kp-10) = 76 nM], which is consistent with a previous report.
4
 The 

binding affinity of peptides 1 and 2 to NPFFR2 was less than a quarter of the Kp-54 

binding affinity value [IC50(1) = 1.8 M; IC50(2) = 2.4 M]. The results demonstrated 

that GPR54-selectivity of peptides 1 and 2 was better than that of the original Kp-10. 

GPR54 agonist-mediated receptor activation of NPFFRs was next evaluated by a 

Ca
2+

 flux assay using HEK293T cells expressing NPFFR along with Gqi5 (Figures 1a 

and 1b).
6
 Kisspeptins and peptides 1 and 2 induced NPFFR1- or NPFFR2-mediated 

Table 1. Inhibitory effects of GPR54 agonists on radioligand binding to various 

receptors. 

Receptor 
Inhibitory Rate (%)

a
 

1 2 

GPR54
b
 100.1 100.0 

GALR1
c
 -

f
 -

f
 

GALR2
c
 -

f
 -

f
 

GALR3
c
 -

f
 -

f
 

PrRPR/GPR10
d
 21.1 16.1 

NPFFR1/GPR147
e
 99.4 88.3 

NPFFR2/GPR74
e
 90.7 95.7 

a
 Determined at a peptide concentration of 10 M. The data are expressed as the mean 

value of duplicate or triplicate analysis. 
b
 Inhibitory rate of [

125
I]Tyr-metastin(45-54) 

binding to the membrane preparation of GPR54. 
c
 Inhibitory rate of [

125
I]Tyr

9
-galanin 

binding to the membrane preparation of galanin receptor. 
d
 Inhibitory rate of 

[
125

I]-prolactin-releasing peptide-20 binding to the membrane preparation of PrRPR. 
e
 

Inhibitory rate of (D-[
125

I]Tyr
1
, MePhe

3
)-NPFF binding to the membrane preparation 

of NPFFR. 
f
 No inhibition. 
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intracellular calcium mobilization in a dose-dependent manner. Equipotent NPFFR1 

activation by Kp-10 to the reference neuropeptide AF (NPAF) was observed (Kp-10: 

86% activity at 0.24 M), whereas peptides 1 and 2 exhibited slightly less potency (1: 

49% activity; 2: 52% activity at 0.24 M). However, these GPR54 agonists exerted less 

NPFFR2 stimulation than NPAF. Calcium mobilization responses by these peptides 

largely coincided with the binding affinity to NPFFR1 and NPFFR2, respectively. 

Inhibitory effects of GPR54 agonists against forskolin-induced cAMP 

production were also examined using NPFFR-expressing CHO cells (Figures 1c and 1d). 

Since both native NPFFR1 and NPFFR2 couple to Gi/o,
7,8

 a decrease in cAMP levels 

indicates the receptor activation ability of the peptides. Kp-54 and Kp-10 reduced the 

cAMP level in NPFFR1-expressing CHO cells. The potency of Kp-10 was comparable 

to the reference NPSF. Conversely, NPFFR2-mediated decrease in cAMP levels by 

Kp-54 and Kp-10 peptides were considerably lower than observed with NPSF. Peptides 

1 and 2 exhibited significantly low inhibitory activity against forskolin-induced cAMP 

production of both NPFFR1- and NPFFR2-expressing CHO cells.  

Because GPR54 ligands exhibit cross-reactivity for NPFFRs, the bioactivity of 

NPFFR ligands for GPR54 was investigated as an opposite cross-reactivity (Figure 2). 

Among the reported NPFFR ligands 3–11, NPFFR antagonist, RF9 3
9
 and NPFFR 

agonist peptide 4
10

 showed significantly low affinity with GPR54 [IC50(3) = 0.83 M; 

IC50(4) = 16 M; IC50(Kp-10) = 78 pM], whereas both compounds did not induce 

intracellular calcium mobilization of GPR54-expressing CHO cells at 10 M. Of note, 

Table 2. Inhibitory effects of GPR54 agonists on radioligand binding to neuropeptide 

FF receptors (NPFFRs). 

peptide 
IC50 (M) 

GPR54
a
 NPFFR1

b,c
 NPFFR2

b,c
 

Kp-54 -
d
 1.5  10

–8 
4.0  10

–7 

Kp-10 1.2  10
–10

 4.7  10
–9

 (39)
 

7.6  10
–8

 (630) 

FTM080 1 7.1  10
–10

 1.6  10
–7

 (230) 1.8  10
–6

 (2500) 

FTM145 2 1.2  10
–10

 6.4  10
–7

 (530) 2.4  10
–6

 (20000) 

neuropeptide SF >3.0  10
–5

 1.9  10
–9 

7.9  10
–10 

a
 IC50 values indicate the concentration needed for 50% inhibition of receptor binding 

of [
125

I]kisspeptin-15 to GPR54.
16

 
b
 IC50 values indicate the concentration needed for 

50% inhibition of receptor binding of (D-[
125

I]Tyr
1
, MePhe

3
)-NPFF to NPFFRs. The 

data were derived from the dose-response curves generated from triplicate data points. 
c
 Shown in parentheses are the selectivity indexes (SIs) calculated by SI = 

IC50(NPFFR)/IC50(GPR54). 
d
 Not tested. 
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although the agonistic activity of 3 for GPR54 was not observed in this study, the 

binding to GPR54 may possibly involve the stimulation of LH secretion.
11

 The other 

NPFFR ligands including NPSF 6 and NPFF 7 were not recognized by GPR54.
12

 In 

contrast, a variety of RFamide sequences have been reported to bind to NPFFRs,
13

 

indicating that the molecular recognition by GPR54 seems to be highly stringent. 

Among the GPR54 agonists evaluated, peptide 2 had the best selectivity as a 

potent GPR54 agonist with less binding and receptor activation activities for other 

GPCRs, which were selected for bioevaluation, based on the receptor family or related 

physiological functions of RFamide ligands. The higher selectivity can be attributed to 

the truncation of the N-terminus of endogenous kisspeptins and the substitution of the 

C-terminal phenylalanine with tryptophan. Alternatively, moderate to potent stimulation 

of NPFFRs by full-length Kp-54 and Kp-10 was observed. Of interest, Kp-10, which 

exhibited the most potent binding to NPFFRs among the GPR54 agonists examined, has 

a similar length to known NPFF receptor ligands, such as NPSF. The lower bioactivity 

 

Figure 1. GPR54 agonist-mediated activation of NPFFRs. (a and b) Intracellular Ca
2+

 

mobilization in HEK293T cells expressing NPFFR1 (a) or NPFFR2 (b). The 

intracellular Ca
2+

 response was calculated from the maximum fluorescence intensity 

after the addition of neuropeptide AF (NPAF; 6 M for NPFFR1 and 1.2 M for 

NPFFR2). (c and d) GPR54 agonist-mediated inhibition of forskolin-induced cAMP 

production in CHO cells expressing NPFFR1 (c) or NPFFR2 (d). The cAMP level was 

calculated from the maximum signal after the addition of NPSF (100 M) using an 

AlphaScreen cAMP detection system. The data are expressed as the mean ± SD (n = 

3). 
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of the full length Kp-54 and short peptides 1 and 2 may suggest that the potency of 

kisspeptins for NPFFRs varies during the degradation process in vivo. The previous 

report
4
 on NPFFR2 recognition by endogenous Kp-13 and Kp-14 may also support this 

process. 

The preliminary investigation of the functional effects by peptides 1 and 2 was 

performed (Figure 3). Plasma LH levels were dramatically increased by in vivo 

administration of Kp-10, peptides 1 and 2 into the preoptic area of male rats, in which 

the majority of GnRH neuronal cell bodies are distributed (Figure 3a). These effects 

apparently coincided with the equipotent GPR54 activation of the peptides. On the other 

hand, in vitro experiments showed that Kp-10 (0.1 M) stimulated GnRH release from 

rat median eminence, while significant lower release was observed by peptides 1 and 2, 

even at 1 M (Figure 3b). These are likely to correspond to the potencies for NPFFR 

activation by these peptides. As such, the kisspeptin-NPFFR pairs, which were newly 

identified using a series of GPR54 agonists, may possibly represent an alternative 

system to activate GnRH neurons. 

Kisspeptin-GPR54 and RFamide-related peptide-3 (RFRP-3)-NPFFR1 systems 

are well known to regulate GnRH release in a positive and negative manner, 

respectively. RFRP-3, a mammalian ortholog of avian gonadotropin-inhibitory hormone 

(GnIH), decreases plasma LH levels in mammals in vivo.
14

 The observations described 

above may suggest that kisspeptins apparently regulate two incompatible receptor 

signals when the receptor activation for GPR54 and NPFFRs is focused. However, it is 

envisaged that the LH level would be highly regulated by the expression level of these 

receptors or ligands, the projection pattern of neurons, and/or by some unknown 

mechanisms.
15

 Further investigation examining the kisspeptin receptor distributions 

should reveal the regulatory mechanism of the highly sophisticated GnRH/LH secretion 

process as well as the molecular basis of incomplete hypogonadism in GPR54 knockout 

 
Figure 2. Structures of NPFF ligands. 
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mice.
16 

In conclusion, the investigation of the selectivity profiles of GPR54 agonist 

peptides revealed unprecedented interactions between kisspeptins and NPFFRs. Among 

the GPR54 agonists examined, Kp-10 exhibited highly potent binding affinity and 

receptor activation both to GPR54 and NPFFRs. Five-residue peptide agonists 1 and 2 

showed lower bioactivity towards NPFFRs yet equipotent bioactivity as Kp-10 toward 

GPR54. As compared with Kp-10, the lower GnRH release from the median eminence 

by peptides 1 and 2 with partial GPR54 selectivity supports the possible localization of 

a secondary kisspeptin receptor(s) such as NPFFRs. 

 

  

 

Figure 3. Functional analysis of GPR54 agonists. (a) LH secretion following the 

administration of GPR54 agonists (0.25 nmol) into the preoptic area of male rats. 

Plasma LH level was determined as the area under curve (AUC) from blood samples 

collected every 6 min for the 3 h sampling period. The data are expressed as the mean 

± SEM of five or more experiments. (b) GnRH release from the rat median eminence 

by treatment with GPR54 agonists in vitro. GnRH concentrations were determined by 

a double antibody radioimmunoassay with [
125

I]-labeled GnRH. The data are expressed 

as the mean ± SEM of triplicate or more experiments. 
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Experimental 

Solid-phase peptides synthesis. Protected peptide-resins were manually constructed by 

Fmoc-based solid-phase peptide synthesis. 2,2,4,6,7-Pentamethyldihydrobenzofuran- 

5-sulfonyl (Pbf) for Arg, t-Bu for Ser and Tyr, Trt for Gln and Asn were employed for 

side-chain protection. Fmoc-amino acids were coupled using three equivalents of 

reagents [Fmoc-amino acid, N,N’-diisopropylcarbodiimide (DIC), and HOBt·H2O] to 

free amino group in DMF for 1.5 h. Fmoc deprotection was performed by 20% 

piperidine in DMF (2  1 min, 1  20 min). The N-terminus of the peptides was 

modified by treatment with 1-adamantanecarboxylic acid/DIC/HOBt (3.0 equiv), dansyl 

chloride/(i-Pr)2NEt (3.0 equiv), and 3-(p-hydroxyphenyl)propionic acid/DIC/HOBt (3.0 

equiv) for peptides 3, 4 and 11, respectively. The resulting protected resin was treated 

with TFA/thioanisole/m-cresol/1,2-ethandithiol/H2O (80:5:5:5:5) at room temperature 

for 2 h. After removal of the resin by filtration, the filtrate was poured into ice-cold dry 

Et2O. The resulting powder was collected by centrifugation and washed with ice-cold 

dry Et2O. The crude product was purified by preparative HPLC on a Cosmosil 

5C18-ARII preparative column (Nacalai Tesque, 20  250 mm, flow rate 10 mL/min) to 

afford the expected peptides. All peptides were characterized by MALDI-TOF-MS 

(AXIMA-CFR plus, Shimadzu, Kyoto, Japan), and the purity was calculated as >95 % 

by HPLC on a Cosmosil 5C18-ARII analytical column (Nacalai Tesque, 4.6  250 mm, 

flow rate 1 mL/min) at 220 nm absorbance.  

 

Binding inhibition assays for galanin receptors, PrRP receptor and NPFF 

receptors.  

GALR1: Inhibitory activity of the test compounds was determined based on the 

inhibition of [
125

I]-Tyr
9
-galanin binding to the receptors. [

125
I]-Tyr

9
-galanin (0.08 nM, 

Perkin-Elmer) and the GALR1 membrane (1.5 mg/tube, PerkinElmer), and the inhibitor 

were incubated in assay buffer [250 L total; 25 mM HEPES-Na (pH 7.4), 10 mM 

MgCl2, 10 mM CaCl2, 0.5% BSA] at 25 ºC for 1 h. The bound radioactivity was 

counted for 2 min/tube in a COBRA (PerkinElmer).  

GALR2: Inhibitory activity of the test compounds was determined based on the 

inhibition of [
125

I]-Tyr
9
-galanin binding to the receptors. [

125
I]-Tyr

9
-galanin (0.08 nM, 

Perkin-Elmer), the GALR2 membrane (3.5 mg/tube, PerkinElmer), and the inhibitor 

were incubated in assay buffer [250 L total; 25 mM HEPES-Na (pH 7.4), 5 mM 

MgCl2, 1 mM EDTA, 0.5% BSA] at 25 ºC for 1 h. The bound radioactivity was counted 

for 2 min/tube in a COBRA (PerkinElmer). 

GALR3: Inhibitory activity of the test compounds was determined based on the 
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inhibition of [
125

I]-Tyr
9
-galanin binding to the receptors. [

125
I]-Tyr

9
-galanin (0.03 nM, 

Perkin-Elmer), the GALR3 membrane (10 mg/tube, Bio-Xtal), and the inhibitor were 

incubated in assay buffer [250 L total; 50 mM Tris-HCl (pH 7.4), 5 mM MgSO4, 1 

mM EDTA, 0.1% BSA] at 25 ºC for 1 h. The bound radioactivity was counted for 2 

min/tube in a COBRA (PerkinElmer). 

PrRPR: Inhibitory activity of the test compounds was determined based on the 

inhibition of [
125

I]-prolactin releasing peptide-20 binding to the receptors. 

[
125

I]-prolactin releasing peptide-20 (0.06 nM, Phoenix), the PrRPR membrane (78 

mg/tube, PerkinElmer), and the inhibitor were incubated in assay buffer [250 L total; 

25 mM HEPES-Na (pH 7.4), 10 mM MgSO4, 1 mM CaCl2, 0.5% BSA] at 25 ºC for 30 

min. The bound radioactivity was counted for 2 min/tube in a COBRA (PerkinElmer). 

NPFFR1 and NPFFR2: Inhibitory activity of the test compounds was determined 

based on the inhibition of (D-[
125

I]Tyr
1
, MePhe

3
)-NPFF binding to the receptors. 

(D-[
125

I]Tyr
1
, MePhe

3
)-NPFF (0.05 nM, Perkin-Elmer), the membrane (0.8 mg/tube of 

NPFFR1 or 2.7 mg/tube of NPFFR2, PerkinElmer), and the inhibitor were incubated in 

assay buffer [50 mM Tris-HCl (pH 7.4), 1 mM MgSO4, 60 mM NaCl, 0.5% BSA] at 25 

ºC for 2 h. The bound radioactivity was counted for 2 min/tube in a COBRA 

(PerkinElmer). 

GPR54 (Table 1): Binding inhibition assays were performed using membranes from 

GPR54-expressing HEK293 cells. Membranes were incubated with 50 L of peptide, 

25 L of [
125

I]Tyr-metastin(45-54) (0.1 nM), and 25 L of membrane suspension in 

assay buffer [50 mM HEPES (pH 7.4), 5 mM MgCl2, 1 mM CaCl2, 0.1% BSA]. 

Reaction mixtures were filtered through GF/B filters, pretreated with 0.3% 

polyethyleneimine. Filters were washed with [50 mM HEPES (pH 7.4), 500 mM NaCl, 

0.1% BSA] and dried at 55 °C. Bound radioactivity was measured by TopCount 

(PerkinElmer Life Sciences) in the presence of MicroScint-O (30 L) (PerkinElmer Life 

Sciences). 

GPR54 (Table 2): Membrane fraction of GPR54 was prepared using homogenizing 

buffer (10 mM NaHCO3, 2 mM EGTA, 0.2 mM MgCl2 protease inhibitors, pH 7.4) and 

stored in 50% glycerol-50% homogenizing buffer at –20 °C. Kisspeptin-15 was labeled 

with [
125

I]-NaI using lactoperoxidase, and purified to a carrier-free single peak. Assays 

were performed as previously described.
17

 

The inhibition rate was calculated from [1 – (B–N) / (B0–N)]  100 (%). B: Bound 

radioactivity in the presence of inhibitor. B0: Total bound radioactivity in the absence of 

inhibitor. N: non-specific bound radioactivity. 
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Measurement of the intracellular calcium mobilization of NPFF receptor- 

expressing cells. The Ca
2+

 flux assay was conducted using the intracellular calcium 

mobilization assay according to the manufacturer’s protocol (Molecular Devices). 

HEK293T cells were co-transfected with NPFFR1 or NPFFR2 along with Gqi5 using the 

lipofectamine 2000 transfection reagent. After 24 h of transfection, the cells were 

seeded in a 384-well plate (8,000 cells/well). The assays were carried out 48 h after 

transfection. The cell culture media were aspirated from the wells and replaced with 25 

L of Hanks buffer. 25 L of dye was added and the plate was incubated for 1 h at 

37 °C in 5% CO2. Following incubation, the plate was transferred to Flexstation III. The 

compounds were automatically injected into each well at varying concentrations (5-fold 

serial dilutions in the range of 0.38 nM - 30 M). 

 

AlphaScreen cAMP assay. cAMP was measured using the AlphaScreen cAMP assay 

kit according to the manufacturer’s protocol (Perkin Elmer). Reactions were performed 

in a 25 L final volume in 384-well Optiwell plates (Perkin Elmer). NPFFR1-CHO 

(5,000 cells), or NPFFR2-CHO cells (10,000 cells) were incubated with anti-cAMP 

antibody-coated acceptor beads (1 unit/well), varying concentrations of peptides and 10 

M forskolin in stimulation buffer [0.5 mM IBMX, 5 mM HEPES, 0.1 % BSA in 

HBSS (pH 7.4); 10 L] at 37 °C for 30 min in the dark. Subsequently, streptavidin 

donor beads (1 unit/well) and biotinylated cAMP (1 unit/well) in lysis buffer [5 mM 

HEPES (pH 7.4), 0.3 % Tween-20, 0.1 % BSA; 15 L] were added. The reaction 

mixture was incubated in the dark for 2 h at room temperature. The emission of light 

from the acceptor beads was measured using an EnVision Xcite plate reader. 

 

Measurement of the intracellular calcium mobilization of GPR54-expressing CHO 

cells.
18

 GPR54/CHO cells (3.0  10
4
 cells/200 L/well) were inoculated in 10% 

dFBS/DMEM onto a 96-well plate for FLIPR analysis (Black Plate Clear Bottom, 

Coster, Inc.), followed by incubation at 37 °C overnight in 5% CO2. After the medium 

was removed, 100 L of the pigment mixture was dispensed into each/well of the plate, 

followed by incubation at 37 °C for an hour in 5% CO2. 1 mM peptide in DMSO was 

diluted with HANKS/HBSS containing 2.5 mM probenecid, 0.2% BSA and 0.1% 

CHAPS. The dilution was transferred to a 96-well plate for FLIPR analysis (V-Bottom 

plate, Coster). After completion of the pigment loading onto the cell plate, the cell plate 

was washed 4 times with wash buffer (2.5 mM probenecid in HANKS/HBSS) using a 

plate washer. After the washing, 100 L of wash buffer was left. The cell plate and the 

sample plate were set in FLIPR (Molecular Devices) and 50 L of a sample from the 



21 

 

sample plate was automatically transferred to the cell plate. 

 

Quantitative analysis of LH secretion after intracerebroventricular administration 

into the preoptic area. Wistar-imamichi strain male rats aged 8-11 weeks old were 

obtained from the Institute for Animal Reproduction, Ibaraki, Japan and were housed in 

a controlled environment (14 h light and 10 h darkness, lights on 0500 h) with free 

access to food (CE-2, CLEA Japan Inc., Tokyo, Japan) and water. Surgeries were 

conducted under isoflurane anesthesia and aseptic condition. All the animal experiments 

were approved by the Committee on Animal Experiments of the Graduate School of 

Bioagricultural Sciences, Nagoya University.   

A stainless steel guide cannula (26G, Plastics One, Roanoke, VA, USA) was 

stereotaxically inserted into the preoptic area (0.3 mm caudal and 8.4 mm ventral to the 

bregma and 0.4 mm lateral from the midline) of male rats according to a rat brain 

atlas.
19

 Compound 1 (0.25 nmol), 2 (0.25 nmol) or rat Kp-10 (0.25 nmol) were injected 

through an inner cannula (33G, Plastics One), which was inserted through the guide 

cannula, for 2 min with a microsyringe pump (EICOM, Kyoto, Japan) at 0.25 µL/min 

immediately after the first blood sampling at 1300 h. Blood samples were collected 

every 6 min for 3 h from freely-moving conscious rats via a silicon cannula (i.d., 0.5 

mm; o.d., 1.0 mm; Shin-Etsu Polymer, Tokyo, Japan) that was inserted into the right 

atrium through the jugular vein on the day before the blood sampling. An equivalent 

volume of rat red blood cells taken from donor rats and suspended heparinized saline 

was replaced through the atrial cannula after each blood collection. Plasma was 

separated by centrifugation and stored at –20 °C until LH assay. At the end of the 

sampling, the animals were injected with 0.5 µL of 3% brilliant blue through the 

internal cannula at the same flow rate as GPR54 agonist injection, and were perfused 

with 10% formalin. Coronal sections of the brain at 50-µm thickness including the 

preoptic area were cut on a cryostat. Sections were stained with thionin to verify the 

cannula placement. Plasma LH concentrations were determined by a double-antibody 

radioimmunoassay with a rat LH RIA kit provided by the National Hormone and 

Peptide Program (Torrance, CA) and were expressed in terms of the NIDDK-rLH-RP3. 

The least detectable LH concentration was 7.8 pg/tube, and intra- and inter-assay 

coefficients of variation were 8.9 % and 9.6 % at 120 pg/tube, respectively. The area 

under the curve (AUC) of each plasma LH profile was calculated with the trapezoidal 

rule for the 3-h sampling period.  

 

Quantitative analysis of GnRH release from rat median eminence. Wistar-imamichi 
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strain female rats (aged 8-11 weeks old) having at least two consecutive 4-day estrous 

cycles were used in the study. Female rats were bilaterally ovariectomized and 

immediately received Silastic tubing (1.57 mm inner diameter; 3.17 mm outer diameter; 

Polymer Systems Technology, Buckinghamshire, UK) filled with estradiol (Sigma, St. 

Louis, MO) dissolved in peanut oil at 20 µg/mL. The estrogen treatment has been 

demonstrated to produce the diestrous plasma estradiol levels and showed negative 

feedback effect on LH release.
20

 One week after the surgery, animals were sacrificed 

between 13:00 and 14:00 h and median eminence tissues were quickly dissected from 

the brain with a micro-knife. The tissues were preincubated in HEPES-buffered 

Krebs-Ringer buffer (HKRB; 129 mM NaCl, 5 mM NaHCO3, 3.7 mM KCl, 1.2 mM 

KH2PO4, 1.8 mM CaCl2, 1.2 mM MgSO4 and 10 mM HEPES, pH 7.3) containing 5.5 

mM glucose, 0.1 mM bacitracin and 0.05% bovine serum albumin for 30 min at 37 °C 

with gently shaking. The HKRB was gassed with 100% O2 throughout the experimental 

period. After preincubation, tissues were treated with GPR54 agonists, such as 1 (0.1 or 

1 M) or 2 (0.1 or 1 M) or rat rKp-10 (0.1 M, kindly donated by Peptide Institute, 

Osaka, Japan) for 30 min. Incubation medium was collected after GPR54 agonist 

challenges and stored at –20 °C until assayed for GnRH. Coronal sections of the 

remaining brain tissue were cut at 50-m thickness on a cryostat. Sections were stained 

with thionin to verify the dissected region. GnRH concentrations were determined by a 

double antibody radioimmunoassay with 
125

I-labeled GnRH (PerkinElmer Inc, Waltham, 

MA) and anti-GnRH rabbit serum (RIX-419, kindly provided by Dr. Hasegawa of 

Kitazato University
21

). Synthetic GnRH (Sigma) was used as a standard. The least 

detectable GnRH concentration was 0.39 pg/tube, and the intra- and inter-assay 

coefficients of variation were 7.5% at the level of 8.8 pg/tube and 9.0% at the level of 

11.4 pg/tube, respectively. The significance of differences in mean GnRH concentration 

and mean AUC values were determined by one-way ANOVA followed by Tukey HSD 

test between GPR54 agonists-treated groups and vehicle-treated controls. 
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Chapter 1. Investigation of GPR54 Ligands for Functional 

Characterization of Kisspeptins and Their Receptors 

  

Section 2. 

 

Development of Chemical Probes for Kisspeptin 

Receptors 

 

Summary 

 

In this section, development of fluorescent and photoaffinity probes based on 

kisspeptins is described. Initially, rat kisspeptin-based fluorescent probes were designed 

for direct detection of kisspeptin receptors in rats. All fluorescent probes showed 

equipotent bioactivity to their parental kisspeptins in vitro and in vivo. In confocal 

microscopy and flow cytometry analysis, GPR54 expression in live cells was directly 

detected in both systems. Human kisspeptin-based photoaffinity probes were next 

developed to facilitate the design of novel potent GPR54 ligands. Crosslinking 

experiments using the probes and GPR54-expressing cells suggested the residues in 

kisspeptins involved in the interaction with GPR54. The receptor selectivity of the 

kisspeptins is also discussed.  

 

One of the major concerns in recent studies on the kisspeptin-GPR54 system is 

the distribution of GPR54, which is important in determining the functions of the 

receptor. Although a large number of studies have been reported the expression of Kiss1 

mRNA in the hypothalamus,
1-4

 only a limited number of reports have been published 

pertaining to the expression and localization of GPR54. Irwig et al. reported the 

co-expression of GnRH and GPR54 mRNAs in forebrain cells using a double-label in 

situ hybridization method.
1
 Messager et al. reported the localization of GPR54 

expression in GnRH neurons in the preoptic hypothalamic area of GPR54-null 

transgenic mice.
2
 Despite these efforts, there have been no reports concerning the direct 

detection of GPR54 protein in the central nervous system (CNS) with 

immunohistochemistry (IHC) because GPR54-specific antibodies for IHC are 

unavailable.  

The mechanism of interaction between kisspeptins and GPR54 is also of interest. 

Since Ohtaki et al. reported in 2001 that the C-terminal 10-residue peptide (Kp-10) was 

the minimal bioactive kisspeptin,
5
 several kisspeptin analogs have been developed as 

GPR54 agonists.
6-9

 The C-terminal region of kisspeptins is indispensable for direct 

receptor binding and activation of GPR54, whereas interactions between the N-terminal 

region and the receptor are yet to be elucidated.  
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In this section, the author describes the development of rat kisspeptin-based 

fluorescent probes for direct detection and visualization of GPR54 in rats. The author 

also describes the development of human kisspeptin-based photoaffinity probes to 

investigate the residues in kisspeptins that are involved in the interaction with GPR54. 

 

Design and synthesis of fluorescent probes for GPR54 

Fluorescent GPR54 probes 1–5 were designed based on rat kisspeptins (rKp-52 

and rKp-14) (Figure 1). During the design of these probes, the decision was taken to 

attach a fluorophore, such as tetramethylrhodamine (TMR) or rhodamine green (RG), to 

the N-terminus of the kisspeptins because the C-terminal sequence of these peptides is 

critical for their binding to GPR54.
5,6

 The fluorophore group was directly attached to 

the N-terminus of rKp-52 and rKp-14. For the rKp-14-based probe 4, a polyethylene 

glycol (PEG) linker was employed between the fluorophore and the peptide N-terminus 

to avoid the possibility of reduced binding affinity resulting from the bulky fluorophore 

group. Several TMR-labeled kisspeptin derivatives were synthesized. The peptide 

chains for rKp-52 and rKp-14 were constructed using Fmoc-based solid phase peptide 

synthesis (SPPS) on CLEAR-Amide resin and NovaSyn TGR resin, respectively 

(Scheme 1). The TMR fluorophore and PEG linker were also introduced to the 

N-termini of the peptides on resin using carboxytetramethylrhodamine and 

Fmoc-NH-(PEG)2-OH, respectively. Treatment of the TMR-labeled protected peptide 

resins with TFA/thioanisole/m-cresol/1,2-ethanedithiol/H2O (80:5:5:5:5) gave rKp-14 

derivatives 3 and 4. TMR-labeled rKp-52 1 was obtained by the deprotection and 

cleavage of the resin-bound rKp-52 derivatives followed by air oxidation. All of the 

TMR-labeled probes were purified by reverse-phase high performance liquid phase 

chromatography (RP-HPLC) and isolated as single regioisomers with regard to the 

 

Figure 1. Design of the rKp-52- and rKp-14-based fluorescent probes for GPR54. 
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fluorophore moiety (1a,b, 3a,b, and 4a,b). The RG-labeled probes (2 and 5) were 

synthesized according to an alternative approach because the application of the on-resin 

labeling approach used for the TMR-labeled probes gave only low yields of the desired 

probes as well as significant quantities of byproducts. The RG-labeled probes were 

synthesized using a Hüisgen 1,3-dipolar cycloaddition reaction, which allowed for the 

fluorescent RG group to be introduced to the N-termini of the kisspeptins. Peptide 

chains containing an alkyne at their N-termini were constructed using Fmoc-based 

SPPS (Scheme 1), and the resulting protected peptide resins were treated according to 

the deprotection/cleavage conditions described above. Subsequent conjugation of the 

alkyne-containing kisspeptin derivatives with an RG-conjugated azide in the presence of 

 

Scheme 1. Synthesis of fluorescent kisspeptin-based probes. (A) rKp-52-based probes. 

(B) rKp-14-based probes. Reagents and conditions: (a) Fmoc-based solid-phase 

peptide synthesis; (b) TFA/H2O/1,2-ethanedithiol/m-cresol/thioanisole (80:5:5:5:5); (c) 

air oxidation; (d) RG-N3, CuSO4, sodium ascorbate, TBTA. (C) Structures of TMR and 

RG. 
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CuSO4, sodium ascorbate and tris(benzyltriazolylmethyl)amine (TBTA) gave the 

desired RG-labeled peptides rKp-52 2 and rKp-14 5. It is noteworthy that the 

Cys
4
-Cys

18
 disulfide bond of 2 also formed under these conditions. The RG-labeled 

probes 2 and 5 were obtained as an inseparable mixture of regioisomers with regard to 

the fluorophore. 

 

Biological evaluation of the fluorescent probes 

The biological activities of fluorescent probes 1–5 towards GPR54 were 

investigated and the results are shown in Table 1. The binding activities were evaluated 

using a competitive inhibition experiment in rat GPR54-expressing Chinese hamster 

ovary cells (rGPR54 CHO cells) with radiolabeled kisspeptin-10 

[[
125

I]Tyr-metastin(45-54)]. The TMR- and RG-labeled rKp-52 probes (1a,b and 2) 

showed similar binding affinities to that of non-labeled rKp-52 towards rGPR54 

[IC50(1a) = 3.4 nM, IC50(1b) = 4.1 nM, IC50(2) = 5.0 nM, IC50(rKp-52) = 4.4 nM]. The 

rKp-14-based probes (3a,b, 4a,b and 5) showed slightly lower receptor binding 

affinities than the non-labeled rKp-14 [IC50(rKp-14) = 1.5 nM], regardless of whether or 

not they contained a PEG linker [IC50(3a) = 3.2 nM, IC50(3b) = 5.4 nM, IC50(4a) = 4.9 

nM, IC50(4b) = 7.4 nM, IC50(5) = 3.1 nM]. These results indicate that the direct 

Table 1. Biological activities of probes 1–5 for rGPR54. 

Probe  Fluorophore  Linker  Sequence  IC50 (nM)
a
 EC50 (nM)

b
 

rKp-52     4.4 23 

1a
c
 TMR -  rKp-52 3.4 46 

1b
c
 TMR -  rKp-52 4.1 49 

2
d
 RG -  rKp-52 5.0 -

e
 

rKp-14     1.5 12 

3a
c
  TMR -  rKp-14 3.2 36 

3b
c 

 TMR  -  rKp-14  5.4 45 

4a
c
 TMR (PEG)2 rKp-14 4.9 60 

4b
c
 TMR (PEG)2 rKp-14 7.4 57 

5
d
 RG - rKp-14 3.1 -

e
 

rKp-10  
   

0.60 11 
a
 IC50 values were calculated from the dose-response curves generated from triplicate 

data points in competitive experiment with [
125

I]Tyr-metastin(45-54). 
b
 EC50 values 

were calculated from the dose–response curves generated from triplicate data points in 

[Ca
2+

]i flux assay. 
c
 Single fluorophore-regioisomer. 

d
 Mixture of 

fluorophore-regioisomers. 
e
 Not determined. 
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conjugation of the fluorophore group to the N-terminus of rKp-14 did not have a 

significant impact on the receptor binding. The receptor binding of the probes to 

rGPR54 did not appear to be sensitive to the structures of the fluorophores or the 

different regioisomers of TMR. GPR54-agonistic activity of TMR-labeled peptides was 

also assessed by monitoring the intracellular Ca
2+

 flux in rGPR54 CHO cells (Table 

1).
10,11

 The TMR-labeled rKp-52-based probes 1a,b exhibited good GPR54 agonistic 

activities [EC50(1a) = 46 nM, EC50(1b) = 49 nM], although these values were two-fold 

greater than that of the parent rKp-52 [EC50(rKp-52) = 23 nM]. The TMR-labeled 

rKp-14-based probes 3a,b and 4a,b were three- to five-fold less potent than the parent 

rKp-14 [EC50(rKp-14) = 12 nM] in terms of their GPR54 agonistic activity [EC50(3a) = 

36 nM, EC50(3b) = 45 nM, EC50(4a) = 60 nM, EC50(4b) = 57 nM]. These results are 

therefore consistent with the receptor binding of the probes to GPR54. 

As described in Chapter 1, Section 1, the author and another group showed that 

short human kisspeptin peptides such as hKp-10 exhibited moderate binding activity, as 

well as the ability to activate neuropeptide FF receptors (i.e., human NPFFR1 and 

NPFFR2).
12

 The selectivity profiles of rKp-52 and rKp-14 were investigated for rat 

NPFF receptors (i.e., rNPFFR1 and rNPFFR2) using competitive binding inhibition 

assays with radiolabeled NPFF (Table 2). rKp-52 and rKp-14 showed much lower 

inhibitory activities towards the NPFF receptors [IC50(rKp-52) = 2200 nM, 

IC50(rKp-14) = 1300 nM for rNPFFR1; IC50(rKp-52) = 2200 nM, IC50(rKp-14) = 1800 

nM for rNPFFR2] compared with neuropeptide FF (NPFF), which was used as a control 

endogenous peptide for NPFF receptors [IC50(NPFF) = 0.67 nM for rNPFFR1; 

IC50(NPFF) = 0.30 nM for rNPFFR2].
13

 Although the binding activities of the rKp-52 

and rKp-14 towards the NPFF receptors were low, the possibility of nonspecific binding 

of the probes to these receptors could not be ruled out, especially when they were used 

at high doses. 

 

Table 2. Biological activities of rat kisspeptins for neuropeptide FF receptors. 

Peptide  IC50 (nM)
a
 

 
rNPFFR1 rNPFFR2 

NPFF 0.67 0.30 

rKp-52 2200 2200 

rKp-14 1300 1800 
a
 IC50 values were calculated from the dose-response curves generated from triplicate 

data points in competitive experiment with (D-[
125

I]Tyr
1
, MePhe

3
)-NPFF.  
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Application of fluorescent probes to confocal microscopy and flow cytometry 

experiments 

A confocal microscopy study using rGPR54 CHO cells was conducted to 

demonstrate the applicability of the TMR-labeled (1b and 3b) and RG-labeled (2 and 5) 

probes for the detection of GPR54 (Figure 2). When the rGPR54 CHO cells were 

treated with these probes (500 nM) for 15 min, the fluorescent signals were observed in 

the intracellular compartments, which were accompanied by receptor internalization.
14,15

 

The staining of the rGPR54-expressing cells was inhibited in the presence of 

non-labeled rKp-10 (10 M). These results suggested that the fluorescent probes 

allowed for the specific detection of GPR54 whilst maintaining the bioactivity of the 

parent kisspeptins. 

The RG-labeled probes 2 and 5 were used for the analysis of rGPR54 CHO cells 

by flow cytometry (Figure 3). Treatment of the cells with the RG-labeled probes (100 

nM) led to the occurrence of a fluorescent signal. No staining was observed in the 

rGPR54-expressing cells when the same experiment was conducted in the presence of 

non-labeled rKp-10 (10 M). Furthermore, the application of the RG-labeled probes to 

control cells not expressing GPR54 did not result in any staining. Taken together, these 

 

Figure 2. Confocal microscopy images of rGPR54-expressing CHO cells stained with 

the fluorescent probes. The cells were incubated with TMR-rKp-14 3b (500 nM) in the 

absence or presence of non-labeled rKp-10 (10 M) (a). rGPR54-expressing cells were 

treated with RG-rKp-14 5 (b), TMR-rKp-52 1b (c) and RG-rKp-52 2 (d) (500 nM). 
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Figure 3. Application of RG-labeled probes to flow cytometry. (A and B) 

rGPR54-expressing CHO cells were treated with RG-rKp-52 2 (A) and RG-rKp-14 5 

(B) (100 nM). The upper panels show the results in the absence of non-labeled Kp-10 

and the lower panels show the results in the presence of non-labeled rKp-10 (10 M) 

(C and D) rGPR54-expressing (upper panels) and non-expressing CHO cells (lower 

panels) were treated with RG-rKp-52 2 (C) and RG-rKp-14 5 (D) (100 nM).  

 

 

Figure 4. Effect of the intravenous administration of TMR-rKp-14 3b on the plasma 

LH levels in male rats (12 weeks old). Plasma samples were collected at 0 (just before 

injection), 6 and 12 min after the intravenous injection of 3b (10 nmol/kg). The values 

are the mean plasma LH levels (n = 2). The open circles indicate individual plasma LH 

levels. 
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results suggested that the RG-labeled probes (2 and 5) were binding to GPR54 in a 

specific manner. 

 

Intravenous injection of the TMR-labeled probe into male rats 

A series of preliminary in vivo experiment were conducted using TMR-rKp-14 

3b (Figure 4). Probe 3b (10 nmol/kg) was intravenously injected into male rats, and the 

plasma LH concentration was subsequently measured by a double-anti-body 

radioimmunoassay (RIA).
16

 The plasma LH level increased at 6 and 12 min after the 

injection of 3b (Figure 4), which was consistent with the results obtained in our 

previous study using unlabeled rKp-10.
16

 This result suggested that TMR-rKp-14 3b 

was a useful probe, and that it possessed the necessary GPR54 agonistic activity to 

promote LH secretion in an in vivo experiment. 

 

Characterization of the receptor binding residues of kisspeptins by positional 

scanning using peptide photoaffinity probes 

The author designed human Kp-54 (hKp-54)-based probes that contain a 

photoreactive group to form a covalent bond onto GPR54 and a biotin tag to detect 

labeled GPR54.
17-19

 The biotin group was conjugated at the N-terminus of hKp-54 as 

well as the rat kisspeptin-based fluorescent probes. A panel of ligands was created with 

the photoreactive functional group conjugated to the Cys thiol group at the N-terminal 

Ser
5
, Ser

10
, Gln

15
, Ser

20
, Arg

25
, Pro

30
, Leu

35
, or Lys

40
 locations with Cys replacements 

(designed S5C, S10C, Q15C, S20C, R25C, P30C, L35C, or K40C, respectively) (Figure 

5). Each residue in the C-terminal sequence, Tyr
45

–Leu
52

, was also modified with the 

photoreactive group (designed Y45C, N46C, W47C, N48C, S49C, F50C, G51C, and 

L52C). All the probes retained the indispensable C-terminal RF-amide substructure 

(-Arg
53

-Phe
54

-NH2). 

Peptide chains of hKp-54 derivatives were constructed by standard Fmoc-SPPS 

on Novasyn TGR resin. The amino acid at the modification site for a photoreactive 

functional group was substituted with a Cys residue. The N-terminal biotin was attached 

by the standard coupling protocol. After final deprotection and cleavage from the resin, 

the photoreactive group-conjugated maleimide 6 was attached onto the Cys thiol group 

in the biotinylated hKp-54 peptides. RP-HPLC purification afforded the expected 

hKp-54 peptides, which were identified with ESI-MS. 

Using this panel of hKp-54-based probes, the crosslinking experiment was 

carried out for HEK293 cells stably expressing human GPR54 (hGPR54). After 

incubation with the probes, the cells were exposed to UV light through a 300 nm long 
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pass filter for 30 s. The cell lysates were separated by SDS-PAGE and the biotin on the 

kisspeptin crosslinked to GPR54 was subsequently detected by probing Western blots 

with horseradish peroxidase (HRP)-conjugated streptavidin. When using six probes 

(P30C, L35C, K40C, Y45C, N46C and W47C), a 65-kDa band was detected (Figure 

 

Figure 5. Design of hKp-54- and hKp-14-based photoaffinity probes for GPR54 and 

the structure of photoaffinity reagent 6. 

 

 

Figure 6. Photocrosslinking experiment of GPR54 with hKp-54-based probes. (A) 

hGPR54-expressing HEK293 cells were incubated with hKp-54-based photoaffinity 

probes, followed by UV irradiation. Biotin on the crosslinked GPR54 was detected by 

Western blot analysis. (B) hGPR54-expressing HEK293 cells were exposed to a 

potential hKp-54-based probe (P30C, L35C, K40C, Y45C, N46C and W47C; 500 nM) 

in the presence (+) or absence (–) of unlabeled hKp-10 (10 M) for the competitive 

experiments. 
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6A). In the competitive binding experiments of these six probes in the presence of 

unlabeled hKp-10, this 65-kDa band completely disappeared (Figure 6B), indicating the 

specific detection of GPR54. Of note, the probes with modification at the N-terminus 

(S5C, S10C, Q15C, S20C or R25C) did not form a covalent crosslink to GPR54, 

presumably because these residues are not located in sufficiently close proximity to 

directly interact with the receptor. In addition, when using the probes with modification 

at a C-terminal residue (N48C, S49C, F50C, G51C or L52C), crosslinks to GPR54 were 

not observed. This is consistent with the findings from the previous alanine scanning 

experiments of hKp-10, in which substitution of these residues resulted in significant 

reductions in the agonistic activity.
6
 The modification of these residues with a 

photoaffinity functional group may interfere with crucial interactions necessary for 

binding to GPR54. Taken together, the author has identified six hKp-54-based 

photoaffinity probes with modification of residues upstream of the C-terminal necessary 

residues for GPR54 bnding, suggesting that this region (Pro
30

–Trp
47

) in hKp-54 is 

located near the receptor protein, which may contribute to the secondary site(s) for 

binding to GPR54.  

The author next used this approach for the development of photoaffinity probes 

using hKp-14. On the basis of the structure-activity relationships obtained by the 

hKp-54-based probe studies, three photoaffinity probes with an N-terminal biotin and a 

photoreactive group at Tyr
5 

(Y5C), Asn
6
 (N6C) or Trp

7
 (W7C) in hKp-14 were 

designed (Figure 5). These modified residues correspond to Tyr
45

, Asn
46

 and Trp
47

 in 

hKp-54, which were successfully modified with the photoreactive group in the 

functional hKp-54-based probes. However, contrary to previous expectation, no 

labeling of GPR54 was observed using these probes (Figure 7A). The author assumed 

that streptavidin binding to the probes in the Western blot analysis was inhibited 

because the biotin tag was attached directly to the bioactive hKp-14 sequence without 

any linker.
20 

To avoid the possible reduced accessibility of streptavidin, three probes with a 

polyethylene glycol (PEG)27 linker between biotin and the hKp-14 sequence (Y5C/PEG, 

N6C/PEG and W7C/PEG) were designed and synthesized. Among these pegylated 

hKp-14-based probes, crosslinking of W7C/PEG to GPR54 was observed by Western 

blot analysis using HRP-conjugated streptavidin (Figure 7A). The binding specificity of 

the hKp-14-derived probe (W7C/PEG) for GPR54 was also confirmed by a competitive 

binding experiment with unlabeled Kp-10 (Figure 7B). 

Hormonal secretions are regulated by multiple interactions between a number of 

neuropeptides/peptide hormones and receptors. Short kisspeptin peptides such as 
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hKp-14 and hKp-10 activate two neuropeptide FF receptors (NPFFRs: 

NPFFR1/GPR147 and NPFFR2/GPR74),
12

 which possibly function as negative 

regulator(s) of GnRH secretion.
21-23

 Although the roles of the kisspeptin-NPFFR pairs 

for reproductive physiology have not been clearly defined, hKp-54 and the 

proteolytically processed short peptides may contribute to some physiological functions 

including GnRH release from the median eminence via unknown interaction 

network(s).
24-27

 These hKp-14-based probes would be useful for the photoaffinity 

labeling experiments to identify previously unrecognized target(s) of kisspeptins.
17-19 

It has been reported that the hGPR54 protein (42.5 kDa) contains three N-linked 

glycosylation sites within the N-terminal region.
28

 To further rationalize the 

identification of GPR54 using hKp-54- and hKp-14-based photoaffinity probes, 

deglycosylation experiments of the crosslinked 65 kDa protein were carried out. After 

UV light exposure in the presence of W47C or W7C/PEG (500 nM) for 

photocrosslinking, the cell lysates were subjected to deglycosylation treatment using 

peptide N-glycosidase (PNGase F). SDS-PAGE separation followed by Western blot 

 

Figure 7. Photocrosslinking experiments of GPR54 with hKp-14-based probes. (A) 

hGPR54-expressing HEK293 cells were labeled by hKp-14-based probes with (+) or 

without (–) (PEG)27 linker. Biotin on the crosslinked GPR54 was detected by Western 

blot analysis. (B) hGPR54-expressing HEK293 cells were exposed to W7C/PEG (500 

nM) in the presence (+) or absence (–) of unlabeled hKp-10 (10 M) for the 

competitive experiments. 

 

Figure 8. Deglycosylation experiments of labeled GPR54 by W47C (left) and 

W7C/PEG (right). After photocrosslinking, the cell lysate was incubated in the 

presence (+) or absence (–) of PNGase F. Biotin on the crosslinked GPR54 was 

detected by Western blot analysis. 
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analysis demonstrated that the 65 kDa band was shifted to a mass indicative of a protein 

that had undergone removal of N-linked oligosaccharide chains (Figure 8). This 

observation provides further evidence that the labeled protein with the probes was 

GPR54. 

 

In conclusion, the author designed and synthesized several fluorescent probes 

for rat GPR54, which were based on the endogenous rat kisspeptins, rKp-52 and rKp-14. 

The newly synthesized TMR- and RG-labeled kisspeptins exhibited comparable levels 

of biological activity to the parent unlabeled kisspeptins when they were evaluated in in 

vitro GPR54 binding and activation experiments. Confocal microscopy analysis 

suggested that the probes could be used to trace the receptor internalization of 

GPR54-expressing cells. The RG-labeled probes were also suitable for the analysis of 

GPR54-expressing cells by flow cytometry. Furthermore, peripheral administration of 

the TMR-labeled peptide effectively induced the LH release in rats. The author also 

designed and synthesized photoaffinity probes based on two human endogenous 

kisspeptin sequences (hKp-54 and hKp-14). Six hKp-54-based probes (P30C, L35C, 

K40C, Y45C, N46C and W47C) and one hKp-14-based probe (W7C/PEG) clearly 

detected hGPR54 on living cells in a specific manner. These probes should be 

promising tools to identify the distributions of possible kisspeptin receptors, including 

GPR54. 
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Experimental 

General methods. Analytical HPLC was performed using a Cosmosil 5C18-ARII 

column (4.6 × 250 mm, Nacalai Tesque, Kyoto, Japan). The column was eluted with a 

linear gradient of CH3CN containing 0.1% (v/v) TFA aq. at a flow rate of 1 mL/min, 

and the products were detected by UV at 220 nm. Preparative HPLC was performed 

using a Cosmosil 5C18-ARII column (20 × 250 mm or 10 × 250 mm, Nacalai Tesque). 

The column was eluted with a linear gradient of CH3CN containing 0.1 % (v/v) TFA aq. 

at a flow rate of 8 or 4 mL/min, respectively. The peptides were characterized by 

MALDI-TOF-MS or ESI-MS. The compound purities were determined to be greater 

than 95% by analytical HPLC. 

 

Peptide synthesis. The rKp-52 peptide chain was constructed by Fmoc-based SPPS on 

CLEAR-Amide resin (0.4 mmol/g, 50 mg, 0.02 mmol) using a PSSM-8 automatic 

peptide synthesizer (Shimadzu). The Fmoc-protected amino acids (0.10 mmol) were 

coupled using a mixture of O-(benzotriazol-1yl)-N,N,N′,N′-tetramethyluronium hexa- 

fluorophosphate (HBTU) (37.9 mg, 0.10 mmol), 1-hydroxybenzotriazole hydrate 

(HOBt·H2O) (15.3 mg, 0.10 mmol) and (i-Pr)2NEt (34.8 L, 0.20 mmol) in DMF (or 

DMF/NMP for Fmoc-Phe-OH) over 45 min. This process was performed twice. The 

protected peptide resin for rKp-14 was manually constructed by Fmoc-based SPPS on 

NovaSyn TGR resin (0.26 mmol/g, 384 mg, 0.10 mmol) using a mixture of 

N,N′-diisopropylcarbodiimide (DIC; 0.0464 mL, 0.30 mmol) and HOBt·H2O (45.9 mg, 

0.30 mmol) in DMF. The protected peptide-resin for hKp-54 and hKp-14 was manually 

constructed using Fmoc-based solid-phase synthesis on Novasyn TGR resin (0.26 

mmol/g, 100 mg, 0.026 mmol) using DIC and HOBt·H2O in DMF. For manual peptide 

synthesis, Fmoc-protected amino acid derivatives (3.0 or 5.0 equiv) were successively 

condensed using HBTU (5.0 equiv)/HOBt·H2O (5.0 equiv)/(i-Pr)2NEt (10.0 equiv) or 

DIC (3.0 equiv)/HOBt·H2O (3.0 equiv). t-Bu ester for Asp and Glu, t-Bu for Ser, Thr 

and Tyr, Boc for Lys, Trt for Cys, Asn and Gln, and Pbf for Arg were employed for 

side-chain protection. Subsequent treatment with 20% piperidine in DMF allowed for 

the cleavage of the Fmoc-protecting groups from the resin. 

Carboxytetramethylrhodamine (3.0 equiv) or 5-hexynoic acid (5.0 equiv) was manually 

coupled to both rKp-52 and rKp-14 peptide resin using a mixture of DIC (3.0 equiv) 

and HOBt·H2O in DMF. Biotin (3.0 equiv) was manually coupled to both hKp-54 and 

hKp-14 peptide resin using a mixture of HBTU (3.0 equiv)/HOBt·H2O (3.0 equiv) and 

(i-Pr)2NEt (5.0 equiv). The resulting protected peptide resin was treated with 

TFA/thioanisole/m-cresol/1,2-ethanedithiol/H2O (80:5:5:5:5) at room temperature for 2 

http://www.chemicalbook.com/ChemicalProductProperty_EN_CB4301572.htm
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h. The resin was then removed by filtration, and the resulting filtrate was poured into 

ice-cold anhydrous Et2O, which resulted in the precipitation of a powder. The powder 

was collected by centrifugation and then washed three times with ice-cold anhydrous 

Et2O. The crude product of rKp-52 was diluted with water (pH 7.9-8.1), and then 

incubated at room temperature in an open vessel for a few days to allow for disulfide 

bond formation. The crude peptide was purified by preparative HPLC to give the 

desired peptides as powders. 

 

Conjugation of rhodamine green (RG): synthesis of RG-rKp-52 (2). CuSO4 in H2O 

(0.2 M, 0.020 mL, 4 mol) and tris[(1-benzoyl-1H-1,2,3-triazol-4-yl)methyl]amine 

(TBTA) in DMSO (0.2 M, 0.020 mL, 4 mol) were added to H2O-DMSO-t-BuOH 

(21:7:40, 0.46 mL) and the solution was stirred for 3 min. Then, a solution of sodium 

ascorbate (0.2 M, 0.040 mL, 8 mol) was slowly added to the mixture. This reagent 

cocktail was added to the mixture of alkyne-containing rKp-52 (300 nmol) and 

RG-azide (1 mol) in DMSO (0.10 mL). After being stirred at room temperature for 10 

min, the mixture was purified by preparative HPLC to provide RG-rKp-52 (0.82 mg, 

111 nmol, 37%) as freeze-dried powder (mixture of fluorophore-regioisomers). 

RG-rKp-14 (5) was synthesized essentially in the same manner. 

 

Synthesis of photocrosslinking reagent (6). To a solution of 4-azido-2-hydroxy- 

benzoic acid N-hydroxysuccinimide ester (28 mg, 0.10 mmol) and 

N-(2-aminoethyl)maleimide hydrochloride (27 mg, 0.15 mmol) in DMF (250 μL) was 

added (i-Pr)2NEt (53 μL, 0.30 mmol) dropwise at 0 °C. The reaction mixture was 

allowed to warm upto room temperature, and stirred for 30 min. The reaction mixture 

was diluted with EtOAc, and then washed with 10% citric acid, H2O and brine. The 

organic layer was dried over MgSO4, and the solution was filtered, concentrated, and 

flash-chromatographed on silica gel to provide 6 (9.4 mg, 30.8%) as a pale yellow solid: 

mp >300 °C; 
1
H NMR (CDCl3) δ 3.64 (m, 2H), 3.86 (t, J = 5.2 Hz, 2H), 6.53 (dd, J = 

2.3, 8.6 Hz, 1H) 6.62 (d, J = 2.3 Hz, 1H) 6.77 (s, 2H) 7.36 (d, J = 8.6 Hz, 1H); 
13

C 

NMR (CDCl3) δ 37.1, 39.9, 108.1, 110.1, 110.8, 127.2, 134.4, 146.0, 163.1, 169.8, 

171.2. MS (ESI), calcd for C13H12N5O4 [M + H]
+
 302.1, found 302.1. 

 

Modification of Cys residue in Kp-54 and Kp-14 derivatives with photoreactive 

group. The biotinylated kisspeptin peptide (1.25 μmol) and 6 (750 μg, 2.5 μmol) were 

dissolved in AcOH/DMSO/H2O (2:1:1, 100 μL), and the reaction mixture was stirred 

for 6 h at 37 °C. The crude product was purified by RP-HPLC on a Cosmosil 
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5C18-ARII preparative column (Nacalai Tesque, 20  250 mm). 

 

Table 3. Analytical data of synthetic kisspeptin probes. 

peptide calcd found peptide calcd found 

1a 6247.06 6247.62
a
 Kp-54(K40C) 1575.25

b
 1574.91

d
 

1b 6247.06 6247.86
a
 Kp-54(Y45C) 1566.51

b
 1566.36

d
 

2 2392.04 2392.52
a
 Kp-54(N46C) 1578.77

b
 1578.72

d
 

3a 2135.92 2135.71
a
 Kp-54(W47C) 1560.76

b
 1560.45

d
 

3b 2135.92 2135.39
a
 Kp-54(N48C) 1578.77

b
 1578.77

d
 

4a 2454.10 2453.96
a
 Kp-54(S49C) 1585.52

b
 1585.38

d
 

4b 2454.10 2454.43
a
 Kp-54(F50C) 1570.51

b
 1570.03

d
 

5 6503.18 6502.91
a
 Kp-54(G51C) 1593.02

b
 1593.99

d
 

Kp-54(S5C) 1585.52
b
 1585.29

d
 Kp-54(L52C) 1579.01

b
 1579.40

d
 

Kp-54(S10C) 1585.52
b
 1585.85

d
 Kp-14(Y5C) 1105.48

c
  1106.63

d
 

Kp-54(Q15C) 1575.26
b
 1575.76

d
 Kp-14(N6C) 1129.99

c
  1130.65

d
 

Kp-54(S20C) 1585.52
b
 1585.30

d
 Kp-14(W7C) 1093.97

c
  1094.70

d
 

Kp-54(R25C) 1568.25
b
 1568.23

d
 Kp-14(Y5C)/PEG 878.93

b
 879.57

d
 

Kp-54(P30C) 1583.01
b
 1583.24

d
 Kp-14(N6C)/PEG 891.18

b
  892.24

d
 

Kp-54(L35C) 1579.01
b
 1578.85

d
 Kp-14(W7C)/PEG 873.18

b
  874.09

d
 

a
 Detected by MALDI-TOF-MS. 

b
 [M+4H]

4+
. 

c
 [M+2H]

2+
. 

d
 Detected by ESI-MS. 

 

Cell lines. Human GPR54 expressing HEK293 cells were kindly gifted by Professor S. 

C. Peiper (Thomas Jefferson University). For generation of the cDNA for the rat GPR54, 

a Hind III site was inserted at the 5′ site of the GPR54 using GPR54/F 

(TATAAAGCTTATGGCCGCAGAGGCGACGTT) as a forward primer and a Xho I 

site was inserted at the 3′ site of the GPR54 using GPR54/R 

(TATACTCGAGTCAGAGTGGGGCAGTGTGTT) as a reverse primer, respectively. 

The resulting PCR product was digested with Hind III and Xho I, and inserted into the 

Hind III/Xho I site of pcDNA5/FRT/TO, to obtain pcDNA5/FRT/TO-rGPR54. Flp-In 

CHO cells (Invitrogen) were maintained in Ham’s F12 medium (Wako) with 10% 

heat-inactivated fetal bovine serum, 100 units/mL penicillin and 100 g/mL 

streptomycin in 5% CO2 at 37 °C. The GPR54 constructs were cotransfected with 

pOG44 (Invitrogen), an expression vector for Flp recombinase, into Flp-In CHO cells 

according to the manufacturer’s protocol. The cells were cultured in the medium in the 

presence of 500 g/mL hygromycin. The cells that were resistant to hygromycin were 

then selected. 

 

Evaluation of the binding affinity to rGPR54. The binding affinities of the probes for 

GPR54 were evaluated using the membrane fraction of rGPR54 CHO cells with 
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[
125

I]-metastin 45-54 (PerkinElmer Life Sciences), which was used as a radioactive 

ligand. Samples (25 L) of a membrane suspension in assay buffer [50 mM Tris-HCl 

(pH 7.4), 5 mM MgCl2, 2 mM EGTA, 0.5% BSA] were incubated with 50 L solutions 

of the different fluorescent probe and 25 L of [
125

I]-metastin 45-54 (0.2 nM) at room 

temperature for 1 h. The reaction mixtures were then filtered through GF/B filters 

(PerkinElmer Life Sciences), which had been pretreated with 0.3% polyethyleneimine. 

The filters were then washed with a buffer [10 mM HEPES (pH 7.4), 500 mM NaCl] 

and then dried at 55 °C. The bound radioactivity was measured by TopCount 

(PerkinElmer Life Sciences) in the presence of MicroScint-O (30 L). 

 

Evaluation of the GPR54 agonistic activity of synthesized probes. The GPR54 

agonistic activities of the newly synthesized probes were evaluated by monitoring 

intracellular Ca
2+

 flux levels in rat GPR54 CHO cells. rGPR54 CHO cells (4.0  10
4
 

cells/50 L/well) were inoculated in 10% FBS/Ham’s F-12 medium on a 96-well plate 

(black clear-bottom plate, Greiner), and incubated in 5% CO2 at 37 °C for 24 h. The 

medium was then removed from the plate and replaced with 100 L of the pigment 

mixture (Calcium 4 assay kit, Molecular Devices), which was dispensed into each well 

of the plate. The resulting mixtures were then incubated in 5% CO2 at 37 °C for 1 h. 

Samples of the peptide in DMSO (10 mM) were diluted with HANKS/HEPES 

containing 2.5 mM probenecid and transferred to a 96-well sample plate (V-bottom 

plate, Coster). The cell and sample plates were then placed in a FlexStation (Molecular 

Devices) and 25 L portions of the sample solutions were automatically transferred to 

the cell plate. Time dependent changes in the intracellular calcium ion levels were then 

measured. 

 

Confocal microscopy analysis. The rGPR54 CHO cells were plated on 35 mm 

glass-bottomed dishes and cultured in 10% FBS/Ham’s F-12 medium. The cells were 

washed three times with PBS (+) and incubated with each fluorescent peptide (500 nM) 

in the presence or absence of unlabeled Kp-10 (10 M) at 37 °C for 15 min. After being 

rinsed three times with PBS (+), the cells were observed by confocal microscopy using 

an Eclipse Ti-E confocal microscope (Nikon). The green (RG) channel was excited by a 

488 nm laser and detected through a BP 500−550 nm emission filter. The red (TMR) 

channel was excited by a 561 nm laser, and detected through a BP 575−615 nm 

emission filter. 

 

Flow cytometry analysis. The rGPR54 CHO cells were detached using versene and the 
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resulting cells (5.0  10
5
 cells) were resuspended in 100 L of a probe solution [i.e., 100 

nM of the RG-labeled probe in PBS (0.1% BSA)]. After being incubated at 37 °C for 15 

min, the cells were washed with PBS (0.1% BSA) and the fluorescence intensity was 

analyzed using a FACSCalibur system (BD Biosciences). The resulting data were 

collected from FL1 in the log mode and the fluorescent intensity values were calculated 

as the geometric mean of cellular fluorescence. Data were analyzed using CellQuest Pro 

software (BD Biosciences). 

 

Injection of TMR probe into rat and subsequent monitoring of plasma LH level. 

An animal experiment was conducted in accordance with the guidelines of the 

Committee on Animal Experiments of the Graduate School of Bioagricultural Sciences, 

Nagoya University. TMR-rKp-14 (3b) was injected (10 nmol/kg) into the jugular vein 

of freely-moving conscious male rats (12 weeks old, n = 2) through a silicon cannula 

(0.5-mm inner diameter; 1-mm outer diameter; Shin-Etsu Polymer) that had been 

inserted into the right atrium on the day before blood sampling. Blood samples were 

collected from the rats through the cannula just before the injection of the TMR probe, 

and both 6 and 12 min after the injection. The plasma LH concentrations were 

determined by a double-anti-body radioimmunoassay (RIA) according to a previously 

published procedure.
16

 

 

Photoaffinity labeling experiment. 500 nM of each probe was preincubated with 

GPR54-expressing HEK293 cells in PBS in 24 wells plate for 1 h on ice, followed by 

exposure to UV light (wave length >300 nm) for 30 s. The cells were washed with ice 

cold PBS twice and harvested. After centrifugation (15,000 rpm, 10 min), the cells were 

solubilized by lysis buffer [1% CHAPS, 500 M 4-(2-aminoethyl)benzenesulfonyl 

fluoride hydrochloride, 150 nM aprotinin, 1 M E-64, 1 M leupeptin hemisulfate 

monohydrate]. The lysate was centrifuged for 10 min at 15,000 rpm at 4 °C, and then 

supernatant was separated on polyacrylamide gel transferred onto a PVDF membrane. 

Membranes were blocked using blocking buffer (50% Blocking One (Nacalai Tesque) 

in PBS with 0.1% Tween (TPBS)) for 1.5 h and then incubated overnight in 10% 

Blocking One (Nacalai Tesque) in PBS with horseradish peroxidase-tagged streptavidin 

(Invitrogen) at 4 °C. After washing with TPBS five times, the chemiluminescence 

signal using Chemi-Lumi One (Nacalai Tesque) was detected with a LAS 4000 imaging 

system (GE Healthcare). 

 

Deglycosylation experiment. For cleavage with PNGase F (New England BioLabs), 
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whole cell extracts (9 L) were mixed with glycoprotein denaturing buffer (1 L). After 

heating for 5 min at 55 °C, 10  G7 reaction buffer (1 L), 10% NP-40 (2 L) PGNase 

F (0.5 L, 250 units) and H2O (5.5 L) were added to denatured sample solution, and 

then the mixture was incubated overnight at 37 °C. 
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Chapter 2. Development of Novel Neurokinin-3 Receptor 

Selective Agonists 

  

Section 1. Structure-activity Relationship Study of Neurokinin-3 

Receptor Agonists 

 

Summary 

 

In this section, the structure-activity relationship study of NK3R agonist peptides 

for the development of novel potent NK3R selective agonists is described. The structure 

requirement for receptor selectivity towards NK3R was investigated using naturally 

occurring tachykinin peptides and [MePhe
7
]-NKB. Two amino acids, Asp

5
 and MePhe

7
 

were identified to be important for receptor selectivity. Through a structure-activity 

relationship study of senktide, novel potent NK3R selective agonist peptides were 

identified. A pepide with an N-terminal D-Glu residue showed resistance against 

proteolytic degradation by NKB-inactivating enzyme, NEP 24.11. 

 

NKB is an endogenous ligand for NK3R, and is a member of the mammalian 

tachykinin peptide family along with substance P (SP) and neurokinin A (NKA). NKB 

acts as a neurotransmitter to regulate the release of GnRH and dopamine in the CNS.
1-3

 

NKB also induces contraction of the portal vein, venoconstriction of the mesenteric bed 

and an increase in heart rate.
4-6 

Recently, NKB-NK3R signaling has come under the 

spotlight in the field of reproductive physiology. Tachykinin peptides show low 

receptor selectivity towards three tachykinin receptors [neurokinin-1 receptor (NK1R), 

neurokinin-2 receptor (NK2R) and NK3R]. Although NKB shows highest binding 

affinity towards NK3R, it also binds to NK1R and NK2R with an affinity in the same 

order of magnitude. To date, there have been several selective tachykinin receptor 

ligands reported, such as [Pro
9
]-SP, [Pro

10
]-SP, and [Sar

9
, Met(O2)

11
]-SP for NK1R,

7,8
 

and [-Ala
8
]-NKA(4-10) and [Nle

10
]-NKA(4-10) for NK2R.

9,10
 [MePhe

7
]-NKB and 

senktide are both potent NK3R-selective agonist peptides,
11,12

 which could be lead 

compounds for development of novel agents for the control of reproductive systems. 

Previous studies demonstrated that the substitution of the amino acid at position 

7
13

 in tachykinins [Phe
7
 in NKB or Phe

8
 in [pGlu

6
]-SP(6-11)] with MePhe improved 

NK3R binding and selectivity. Alternatively, Severini et al. suggested that two acidic 

amino acids at positions 4 and 5 are responsible for the high NK3R selectivity.
10

 An 

NK3R-selective agonist, senktide, also contains Asp at this position.
11

 These 

observations suggest the utilization of these structural motifs and the congeners would 

facilitate the identification of novel NK3R selective agonists. In this section, the author 
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describes; (I) a structure-activity relationship study on naturally occurring tachykinin 

peptides and [MePhe
7
]-NKB to identify the structure requirement for NK3R selective 

agonists; and (II) a structure-activity relationship study on senktide to identify novel 

potent NK3R selective agonists. 

 

Synthesis of tachykinin- and senktide-analogue peptides 

All peptide chains were constructed by standard Fmoc-based solid-phase peptide 

synthesis (Fmoc-SPPS) on Rink-amide resin. Carbamoylation, or 

hydroxycarbamoylation of the peptide’s N-terminus was carried out on resin as 

previously reported.
14,15

 Modification with succinyl, oxalyl, aminocarbamoyl, 

methyloxalyl, 2-amino-2-oxoacetyl, or sulfamoyl groups at the peptide N-terminus was 

conducted using appropriate reagents as described in the experimental procedures. The 

final deprotection and cleavage from the resin with the cocktail 

[TFA/thioanisole/m-cresol/1,2-ethanedithiol/H2O (80:5:5:5:5)], followed by RP-HPLC 

purification afforded the expected peptides as TFA salts. All peptides were identified 

with ESI-MS or MALDI-TOF-MS and the purity was determined to be more than 98% 

by analytical HPLC. 

 

Structure-activity relationships of naturally occurring tachykinins and the 

derivatives 

Initially, the author investigated the biological activities of vertebrate and 

invertebrate tachykinins (Table 1). The biological activities were evaluated by 

competitive binding assays using [
125

I]-BH-SP for NK1R, [
125

I]-NKA for NK2R and 

([
125

I]His
3
,MePhe

7
)-NKB for NK3R. The author also assessed the NK3R agonistic 

activity by monitoring the intracellular Ca
2+

 flux induced by NK3R activation.
16-19

 All 

naturally occurring tachykinins showed moderate to weak receptor binding to NK3R. 

Among the eight natural peptides 2a9a, PG-KII 2a showed slightly higher NK3R 

agonistic activity [EC50(2a) = 79 pM], whereas it bound to NK3R with more than 

10-fold less potency when compared with that of [MePhe
7
]-NKB 1a [IC50(2a) = 53 nM]. 

Uperolein 4a, eledoisin 5a and kassinin 6a also exerted similarly potent NK3R agonistic 

effects [EC50(4a) = 124 pM; EC50(5a) = 224 pM; EC50(6a) = 205 pM]. However, these 

peptides also showed potent binding to NK1R and NK2R at 10 M. On the basis of 

these previous investigations, the author designed several analog peptides of vertebrate 

and invertebrate tachykinins with Asp and MePhe substitutions at positions 5 and 7, 

respectively. 
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Table 1. Structure-activity relationships of naturally occurring tachykinin peptides. 

Peptide Sequence 
IC50 

(nM)
a
 

EC50 

(pM)
b
 

Binding Affinity
c
 

NK1R NK2R 

[MePhe
7
]-NKB (1a) H-Asp-Met-His-Asp-Phe-Phe-MePhe-Gly-Leu-Met-NH2 3.8 107 < 10 59 

PG-KII (2a) pGlu-Pro-Asn-Pro-Asp-Glu-Phe -Val- Gly-Leu-Met-NH2 53 79 94 92 

PG-SP1 (3a) pGlu-Pro-Asn-Pro-Asp-Glu-Phe -Tyr- Gly-Leu-Met-NH2 711 1378 98 < 10 

3b pGlu-Pro-Asn-Pro-Asp-Asp-Phe-MePhe-Gly-Leu-Met-NH2 19 83 < 10 < 10 

uperolein (4a) pGlu-Pro-Asp-Pro-Asn-Ala-Phe -Tyr- Gly-Leu-Met-NH2 82 124 100 60 

4b pGlu-Pro-Asp-Pro-Asn-Asp-Phe-MePhe-Gly-Leu-Met-NH2 17 129 < 10 < 10 

eledoisin (5a) pGlu-Pro-Ser-Lys-Asp-Ala-Phe -Ile- Gly-Leu-Met-NH2 180 224 100 95 

5b pGlu-Pro-Ser-Lys-Asp-Asp-Phe-MePhe-Gly-Leu-Met-NH2 15 90 < 10 < 10 

kassinin (6a) H-Asp-Val-Pro-Lys-Ser-Asp-Gln-Phe -Val- Gly-Leu-Met-NH2 346 205 101 96 

6b H-Asp-Val-Pro-Lys-Ser-Asp-Asp-Phe-MePhe-Gly-Leu-Met-NH2 105 85 < 10 < 10 

sialokinin II (7a) H-Asp-Thr-Gly-Asp-Lys-Phe -Tyr- Gly-Leu-Met-NH2 1929 10880 99 98 

7b H-Asp-Thr-Gly-Asp-Asp-Phe-MePhe-Gly-Leu-Met-NH2 81 107 < 10 < 10 

physalaemin (8a) pGlu-Ala-Asp-Pro-Asn-Lys-Phe -Tyr- Gly-Leu-Met-NH2 1552 3361 101 68 

8b pGlu-Ala-Asp-Pro-Asn-Asp-Phe-MePhe-Gly-Leu-Met-NH2 54 148 87 < 10 

bufokinin (9a) H-Lys-Pro-Arg-Pro-Asp-Gln-Phe -Tyr- Gly-Leu-Met-NH2 2989 10730 101 95 

9b H-Lys-Pro-Arg-Pro-Asp-Asp-Phe-MePhe-Gly-Leu-Met-NH2 31 5040 26 < 10 
a
 IC50 values are the concentrations for 50% inhibition of ([

125
I]His

3
, MePhe

7
)-NKB binding to NK3R (n = 3).

 b
 EC50 values are the 

concentrations for 50% induction of Ca
2+

 influx in NK3R expressing CHO cells (n = 3). 
c
 Binding affinity (%) was calculated by 

binding inhibition assay using radioactive ligand and 10 M of each peptide.  
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Table 2. Structure-activity relationships of eledoisin, kassinin and their analogues. 

Peptide Sequence 
IC50 

(nM)
a
 

EC50 

(pM)
b
 

Binding Affinity
c
 

NK1R NK2R 

[MePhe
7
]-NKB (1a) H-Asp-Met-His-Asp-Phe-Phe-MePhe-Gly-Leu-Met-NH2 3.4 13 < 10 57 

eledoisin (5a) pGlu-Pro-Ser-Lys-Asp-Ala-Phe -Ile- Gly-Leu-Met-NH2 96 241 100 99 
5b pGlu-Pro-Ser-Lys-Asp-Asp-Phe-MePhe-Gly-Leu-Met-NH2 5.5 78 < 10 < 10 
5c pGlu-Pro-Ser-Lys-Asp-Asp-Phe -Ile- Gly-Leu-Met-NH2 35 5.4 91 56 
5d pGlu-Pro-Ser-Lys-Asp-Ala-Phe-MePhe-Gly-Leu-Met-NH2 7.9 71 48 26 

kassinin (6a) H-Asp-Val-Pro-Lys-Ser-Asp-Gln-Phe -Val- Gly-Leu-Met-NH2 103 250 99 99 
6b H-Asp-Val-Pro-Lys-Ser-Asp-Asp-Phe-MePhe-Gly-Leu-Met-NH2 27 149 < 10 < 10 
6c H-Asp-Val-Pro-Lys-Ser-Asp-Asp-Phe -Val- Gly-Leu-Met-NH2 89 473 53 74 
6d H-Asp-Val-Pro-Lys-Ser-Asp-Gln-Phe-MePhe-Gly-Leu-Met-NH2 13 38 46 11 
a
 IC50 values are the concentrations for 50% inhibition of ([

125
I]His

3
, MePhe

7
)-NKB binding to NK3R (n = 3). 

b
 EC50 values are the 

concentrations for 50% induction of Ca
2+

 influx in NK3R expressing CHO cells (n = 3). 
c
 Binding affinity (%) was calculated by 

binding inhibition assay using radioactive ligand and 10 M of each peptide. 
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Next, the author designed thachykinin derivatives 3b9b, which have Asp and 

MePhe at position 5 and 7, respectively, based on the structure of [MePhe
7
]-NKB and 

senktide. All tachykinin derivatives 3b9b showed more potent binding affinity and 

agonistic activity to NK3R compared with the parent peptides 2a9a (Table 1). Peptide 

3b showed more potent NK3R binding affinity than PG-KII 2a and PG-SP1 3a 

[IC50(3b) = 19 nM], whereas the NK3R agonistic activity was similar to that of 2a 

[EC50(3b) = 83 pM]. Peptide 4b also exhibited a similar NK3R agonistic activity of 

uperolein 4a [EC50(4b) = 129 pM]. Similarly potent bioactivities of an eledoisin 

derivative 5b to those of 3b and 4b were observed [EC50(5b) = 90 pM]. Peptide 6b 

showed 3-times higher binding affinity and agonistic activity than kassinin 6a (6b: IC50 

= 105 nM, EC50 = 85 pM) for NK3R. No binding of peptides 3b7b to NK1R and 

NK2R were observed, indicating that these peptides are NK3R-selective. Peptides 7b 

and 8b showed much more potent binding affinity and agonistic activity than the 

corresponding naturally occurring sialokinin II 7a and physalaemin 8a (7b: IC50 = 81 

nM, EC50 = 107 pM; 8b: IC50 = 54 nM, EC50 = 148 pM). The agonistic activity of 7b 

was comparable to [MePhe
7
]-NKB 1a. The NK3R binding of peptide 9b was 

significantly improved over bufokinin 9a [IC50(9b) = 31 nM], whereas a small 

improvement of the agonistic activity was observed [EC50(9b) = 5040 pM]. Peptides 8b 

and 9b remained moderate NK1R binders.
20

 As such, Asp
5
 and MePhe

7
 are important 

for NK3R selective binding and agonistic activities. In addition, the receptor binding 

and agonistic activity of Asp
5
/MePhe

7
-substituted peptides towards NK3R is correlated. 

Although the contribution of these two residues and the C-terminal consensus sequence 

to the biological activities seems to be dominant, significantly different bioactivities 

among peptides 3b9b suggest that the N-terminal region is also playing a role in 

defining receptor binding and activation. For example, Lys
0
 and Arg

2
 in less potent 

peptides (9b) are unfavorable for NK3R agonistic activity.  

To understand the optimization rationale by Asp and MePhe substitutions for 

receptor binding, selectivity and NK3R agonistic activity, the author designed the 

analogs of eledoisin 5a and kassinin 6a, in which each residue at position 5 or 7 was 

substituted (Table 2). Asp substitution at position 5 in both peptides 5a and 6a led to 

slightly increased receptor binding to NK3R [IC50(5c) = 35 nM; IC50(6c) = 89 nM]. 

MePhe substitution at position 7 of 5a and 6a also improved binding affinity for NK3R 

[IC50(5d) = 7.9 nM; IC50(6d) = 13 nM]. Comparing these substitutions, MePhe at 

position 7 contributed more significantly to receptor binding. Dual substitutions led to 

the most potent binding to NK3R in eledoisin 5a, whereas the single substitution with 

MePhe at position 7 resulted in highest binding of kassinin 6a. In terms of NK3R 
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agonistic activity, single Asp substitution in eledoisin 5a or MePhe substitution in 

kassinin 6a led to an increase in bioactivity [EC50(5c) = 5.4 pM; EC50(6d) = 38 pM]. 

The potency of peptides 5c and 6d exceeded those of peptides 5b and 6b. Of 

note, NK1R and NK2R binding remained for peptides 5c,d and 6c,d with single Asp or 

MePhe substitutions at 10 M, whereas peptides 5b and 6b did not bind to these 

receptors. Thus, dual Asp/MePhe substitutions provided the desired biological 

Table 3. Structure-activity relationships of Phe
5
-substituted [MePhe

7
]-NKB analogs. 

H-Asp-Met-His-Asp-Xaa-Phe-MePhe-Gly-Leu-Met-NH2 

Peptide Xaa 
IC50 

(n)
a
 

EC50 

(pM)
b
 

Binding Affinity (%)
c
 

NK1R NK2R 

[MePhe
7
]-NKB (1a) Phe 3.8 70 < 10 57 

1b Asp 38 40 < 10 < 10 

1c Glu 7.5 24 < 10 < 10 

1d Arg 2.5 80 60 62 

1e Lys 11 26 40 35 

1f His 5.9 17 < 10 47 

1g Tyr 1.5 72 < 10 51 

1h Trp 1.8 281 < 10 79 

1i Val 1.5 65 < 10 29 

1j Leu 6.9 51 < 10 29 

1k Ile 4.0 60 < 10 35 

1l Ala 4.4 12 < 10 33 

1m Asn 18 36 < 10 10 

1n Gln 4.6 43 24 21 

1o Ser 3.6 40 < 10 31 

1p Thr 4.3 46 < 10 19 

1q Met 1.7 32 < 10 41 

1r Pro 45 41 < 10 38 

1s Gly 13 36 < 10 22 
a
 IC50 values are the concentrations for 50% inhibition of ([

125
I]His

3
, MePhe

7
)-NKB 

binding (0.1 nM) to NK3R (n = 3). 
b
 EC50 values are the concentrations for 50% 

induction of Ca
2+

 influx in NK3R expressing CHO cells (n = 3).
 c
 Binding inhibition 

(%) was calculated by the binding inhibition assay using a radioactive ligand (0.1 nM) 

and each peptide (10 M). 100% binding inhibition was calculated based on the 

background signals, which were obtained by measurement of the wells without 

receptor membrane. 
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properties with high potency and selectivity for NK3R selective agonists. 

 

Structure-activity relationship study of position 5 in [MePhe
7
]-NKB 

On the basis of the favorable effects of Asp/MePhe substitutions at positions 5 

and 7 for selective NK3R agonists, the author next designed [MePhe
7
]-NKB analogs 

1bs to optimize the Phe
5
 position in [MePhe

7
]-NKB 1a (Table 3). Initially, the author 

evaluated the binding affinity of the derivatives for NK3R. The substitution of Phe
5
 

with Arg, Tyr, Trp, Val, Ser or Met resulted in a slight increase in NK3R binding (1d, 

1g, 1h, 1i, 1o, 1q; IC50 = 1.53.6 nM), whereas the other derivatives showed lower 

binding to NK3R. For example, Asp- or Pro-substituted derivatives showed more than 

10-times lower binding affinity than the parent [MePhe
7
]-NKB 1a [IC50(1b) = 38 nM; 

IC50(1r) = 45 nM]. The NK3R agonistic activity was largely similar among the 

derivatives except for the Trp-substituted peptide 1h [EC50(1h) = 281 pM]. Peptides 1f 

and 1l showed 45-times higher agonistic activities than that of [MePhe
7
]-NKB 1a 

[EC50(1f) = 17 pM; EC50(1l) = 12 pM]. Moderate correlations were observed between 

the binding affinity and agonistic activity for NK3R, suggesting that the amino acid at 

this position is not a critical factor in determining the biological activity for NK3R.  

The author also assessed the binding affinity of the peptides 1as to NK1R and 

NK2R to evaluate the receptor selectivity. Peptides 1d, 1e and 1n with a substitution 

with Arg, Lys and Gln, respectively, at position 5 exhibited moderate NK1R binding, 

whereas the other peptides did not bind to NK1R at 10 M. In contrast, moderate to low 

NK2R binding was observed for peptides 1d1s, except for two peptides 1b and 1c that 

had substitutions with acidic amino acids (Asp or Glu). These observations suggest that 

the negative charge at this position is unfavorable for NK2R binding, and that the 

electrostatic property at this position is more important for an NK3R selective agonist. 

As such, the negatively charged amino acid at position 5 contributes to the receptor 

selectivity, rather than binding affinity and agonistic activity for NK3R. 

 

Structure-activity relationships of tachykinin consensus sequences in senktide 

Next, the author carried out the structure-activity relationship study of another 

NK3R selective agonist, senktide. The C-terminal sequence, 

Phe-Xaa-Gly-Leu-Met-NH2, is common among mammalian tachykinin peptides 

including SP, NKA and NKB, which are endogenous agonists of NK1R, NK2R and 

NK3R, respectively.
9,10,21

 In addition, tachykinin peptides share similar sequences 

among mammalian species, whereas the consensus sequence often contains several 

amino acid substitutions in other species. For example, insect-derived tachykinin-related 
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peptides with the consensus Phe-Xaa-Gly/Ala-Yaa-Arg-NH2 sequence
22

 show potent 

agonistic activity towards the tachykinin peptide receptor, STKR, which has 41% 

homology with human NK3R. Octopus-derived tachykinin peptides have a variety of 

C-terminal sequences, including oct-TKRP I with Gly-Thr-Arg-NH2 and oct-TKRP-V 

with Pro-Pro-Lys-NH2.
23

 These oct-TKRP peptides show potent agonistic activity 

towards the oct-TKRP receptor.
23

 To optimize the amino acids of the consensus 

sequences in senktide for receptor binding and selectivity, the author designed senktide 

derivatives 10ar based on these invertebrate tachykinin-related peptide sequences 

(Table 4). However, these modifications resulted in bioactivity loss, except for the 

Table 4. Structure-activity relationship of senktide derivatives with modification of 

tachykinin consensus sequence. 

succinyl-Asp-Xaa
1
-MePhe-Xaa

2
-Xaa

3
-Xaa

4
-NH2 

Peptide Xaa
1
 Xaa

2
 Xaa

3
 Xaa

4
 IC50 (nM)

a
 

senktide Phe Gly Leu Met 43 

10a Phe Pro Leu Met 7119 

10b Phe Pro Val Met >10000 

10c Phe Ala Val Met >10000 

10d Phe Pro Gly Met >10000 

10e Phe Ala Gly Met >10000 

10f Phe Ala Pro Met >10000 

10g Phe Gly Val Arg >10000 

10h Phe Ala Val Arg >10000 

10i Phe Gly Met Arg >10000 

10j Phe Pro Ser Arg >10000 

10k Phe Gly Ala Arg >10000 

10l Phe Gly Leu Arg >10000 

10m Phe Gly Thr Arg >10000 

10n Phe Pro Thr Arg >10000 

10o Phe Pro Pro Lys >10000 

10p Tyr Gly Leu Met 8480 

10q Trp Gly Leu Met >10000 

10r His Gly Leu Met >10000 
a
 IC50 values are the concentrations for 50% inhibition of ([

125
I]His

3
, MePhe

7
)-NKB 

(0.1 nM) binding to NK3R (n = 3). 
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peptide 10a with Gly to Pro substitution (Xaa
2
), which exhibited weak NK3R binding. 

Substitution of Phe (Xaa
1
) in the consensus sequence with an aromatic amino acid (Tyr, 

Trp or His) also led to significantly weak or no NK3R binding. These results suggest 

that the amino acids in the tachykinin consensus sequence, including the C-terminal 

Met-NH2 are indispensable for the biological activity of senktide towards NK3R. 

The author next designed several senktide derivatives with substitution at the 

MePhe position with other N-methylamino acids, including MeVal (Table 5). Among 

derivatives 11a–c with an aliphatic N-methylamino acid, the MeVal- (11a) and 

MeIle-derivatives (11b) showed slightly lower biological activity than senktide (11a: 

IC50 = 104 nM, EC50 = 64 pM; 11b: IC50 = 91 nM, EC50 = 50 pM). In contrast, 

substitution with MeLeu resulted in loss of binding to NK3R. The MeTyr- (11d) and 

MeTrp-substituted peptides (11e) also maintained the NK3R binding and activation 

(11d: IC50 = 28 nM, EC50 = 41 pM; 11e: IC50 = 123 nM, EC50 = 33 pM). Substitution 

with D-MePhe resulted in loss of NK3R binding, suggesting that NK3R recognizes the 

side chain orientation derived from the L-MePhe chiral centre in senktide. As the acidic 

succinyl-Asp substructure in senktide is likely to interact with the potential basic 

functional group(s) of NK3R, replacement of MePhe with MeAsp was also attempted; 

Table 5. Structure-activity relationship of senktide derivatives with a modification at 

the MePhe position. 

succinyl-Asp-Phe-Xaa-Gly-Leu-Met-NH2 

Peptide Xaa IC50 (nM)
a
 EC50 (pM)

b
 

IC50 (nM)
c
 

NK1R NK2R 

senktide MePhe 45 17 >10000 >10000 

11a MeVal 104 64 >10000 >10000 

11b MeIle 91 50 >10000 >10000 

11c MeLeu >10000 -
d
 -

d
 -

d
 

11d MeTyr 28 41 >10000 >10000 

11e MeTrp 123 33 >10000 >10000 

11f D-MePhe >10000 -
d
 -

d
 -

d
 

11g MeAsp >10000 -
d
 -

d
 -

d
 

a
 IC50 values indicate the concentration needed for 50% inhibition of receptor binding 

of ([
125

I]His
3
, MePhe

7
)-NKB to NK3R. 

b
 EC50 values are the concentration needed for 

50% of the full agonist activity induced by 100 nM senktide. 
c
 IC50 values indicate the 

concentration needed for 50% inhibition of receptor binding of [
125

I]-BH-SP to NK1R, 

and [
125

I]-NKA to NK2R. 
d
 Not evaluated. 
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however, the MeAsp derivative (11g) showed no binding to NK3R. Taken together, 

some appropriate aliphatic or aromatic N-methylamino acids are acceptable at the 

MePhe position for potent NK3R agonists. Of note, the potent peptides 11a, 11b, 11d 

and 11e showed no binding affinity to NK1R and NK2R at 10 M. 

 

Structure-activity relationships of N-terminal substructures in senktide 

Senktide possesses two anionic carboxyl groups at the N-terminus. Through the 

SAR study of tachykinin peptides described above, these negative charges would 

contribute to the agonistic activity and receptor selectivity towards NK3R. Therefore, 

the author next investigated the modification of the senktide N-terminal substructure 

with a number of potential bioisosteres.  

Initially the N-terminal succinyl group in senktide was substituted with L-Asp or 

D-Asp derivatives (Table 6). As the succinyl group in senktide is derived from the side 

chain of L-Asp
4
 in NKB, regeneration of a chiral center was expected to allow favorable 

orientation of negatively charged functional groups.
24

 Introduction of unmodified L-Asp 

Table 6. Structure-activity relationship of senktide derivatives with a modification of 

the N-terminal acetyl-Asp substructure. 

R-Xaa-Phe-MePhe-Gly-Leu-Met-NH2 

Peptide R Xaa IC50 (nM)
a
 EC50 (pM)

b
 

IC50 (nM)
c
 

NK1R NK2R 

senktide succinyl L-Asp 40 23 >10000 >10000 

12a H-L-Asp L-Asp 175 63 >10000 >10000 

13a Ac-L-Asp L-Asp 68 31 >10000 >10000 

13b Ac-L-Asp D-Asp 83 24 >10000 >10000 

13c Ac-L-Asp L-Glu 7.7 8.1 >10000 >10000 

13d Ac-L-Asp D-Glu 37 18 >10000 >10000 

14a Ac-D-Asp L-Asp 73 18 >10000 >10000 

14b Ac-D-Asp D-Asp 55 17 >10000 >10000 

14c Ac-D-Asp L-Glu 13 12 >10000 >10000 

14d Ac-D-Asp D-Glu 68 17 >10000 >10000 
a
 IC50 values indicate the concentration needed for 50% inhibition of receptor binding 

of ([
125

I]His
3
, MePhe

7
)-NKB to NK3R. 

b
 EC50 values are the concentration needed for 

50% of the full agonist activity induced by 100 nM senktide. 
c
 IC50 values indicate the 

concentration needed for 50% inhibition of receptor binding of [
125

I]-BH-SP to NK1R, 

and [
125

I]-NKA to NK2R. 
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(12a) resulted in a slight decrease in receptor binding and agonistic activity (12a: IC50 = 

175 nM, EC50 = 63 pM). The acetyl capping of the Asp -amino group (13a) restored 

the potent bioactivity (13a: IC50 = 68 nM, EC50 = 31 pM), suggesting that a basic 

functional group at the N-terminal region is unfavourable for NK3R binding and 

activation. Among derivatives 13a–d with a modification at the second acidic amino 

acid, the L-Glu-substituted derivative 13c showed 5-fold more potent receptor binding 

and 3-fold more potent agonist activity compared with those of senktide (13c: IC50 = 7.7 

nM, EC50 = 8.1 pM). A similar structure-activity relationship was obtained among the 

14a–d series of peptides with an Ac-D-Asp modification at the N-terminus, in which the 

most potent L-Glu peptide 14c exhibited 3-fold more potent receptor binding and 2-fold 

stronger agonist activity compared with those of senktide (14c: IC50 = 13 nM, EC50 = 12 

pM). The advantage of L-Glu for NK3R activation is consistent with the potent 

biological activity of PG-KII with an L-Asp-L-Glu substructure at this position, which 

was derived from the Australian frog, Pseudophryne guentheri.
10

  

Taking advantage of these key insights, further investigations were carried out 

Table 7. Structure-activity relationship of N-terminal succinyl and oxalyl senktide 

derivatives. 

R-Xaa-Phe-MePhe-Gly-Leu-Met-NH2 

Peptide R Xaa IC50 (nM)
a
 EC50 (pM)

b
 

IC50 (nM)
c
 

NK1R NK2R 

senktide succinyl L-Asp 43 63 >10000 >10000 

15b succinyl D-Asp 16 29 >10000 >10000 

15c succinyl L-Glu 6.1 30 >10000 >10000 

15d succinyl D-Glu 24 84 >10000 >10000 

15e succinyl L-Aad 9.9 19 >10000 >10000 

16a oxalyl L-Asp 3.6 83 >10000 >10000 

16b oxalyl D-Asp 3.5 22 >10000 >10000 

16c oxalyl L-Glu 0.43 9.1 >10000 >10000 

16d oxalyl D-Glu 0.51 14 >10000 >10000 

16e oxalyl L-Aad 1.4 7.4 >10000 >10000 
a
 IC50 values indicate the concentration needed for 50% inhibition of receptor binding 

of ([
125

I]His
3
, MePhe

7
)-NKB to NK3R. 

b
 EC50 values are the concentration needed for 

50% of the full agonist activity induced by 100 nM senktide. 
c
 IC50 values indicate the 

concentration needed for 50% inhibition of receptor binding of [
125

I]-BH-SP to NK1R, 

and [
125

I]-NKA to NK2R. 
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for optimization of the spatial arrangements of two N-terminal acidic functional groups 

in senktide (Table 7). Among the senktide derivatives in which L-Asp was substituted 

with other acidic amino acids including D-Asp, L-Glu, D-Glu or L-2-aminoadipic acid 

(L-Aad) (15b–e), substitution with D-Asp (15b), L-Glu (15c) or L-Aad (15e) resulted in 

2- or 3-fold more potent NK3R agonist activity (15b: IC50 = 16 nM, EC50 = 29 pM; 15c: 

IC50 = 6.1 nM, EC50 = 30 pM; 15e: IC50 = 9.9 nM, EC50 = 19 pM) compared with that of 

senktide, whereas peptide 15d with D-Glu showed slightly less potent agonist activity 

(15d: IC50 = 24 nM, EC50 = 84 pM). Interestingly, significant improvement in 

bioactivity was observed among the N-terminally oxalyl-modified derivatives 16a–e. 

The derivatives with the L-Glu (16c), D-Glu (16d) or L-Aad (16e) substitution exhibited 

7- to 9-fold more potent biological activity (16c: IC50 = 0.43 nM, EC50 = 9.1 pM; 16d:  

Table 8. Optimization of the N-terminal accessory substructure. 

R-Asp-Phe-MePhe-Gly-Leu-Met-NH2 

Peptide R IC50 (nM)
a
 EC50 (pM)

b
 

IC50 (nM)
c
 

NK1R NK2R 

senktide 
 

29 3.4 >10000 >10000 

17 
 

39 13 >10000 >10000 

18 
 

10 43 >10000 >10000 

19 
 

34 6.0 >10000 >10000 

20a 
 

4.1 2.9 >10000 >10000 

21 
 

7.9 11 >10000 >10000 

22a 
 

5.6 2.5 >10000 >10000 

a
 IC50 values indicate the concentration needed for 50% inhibition of receptor binding 

of ([
125

I]His
3
, MePhe

7
)-NKB to NK3R. 

b
 EC50 values are the concentration needed for 

50% of the full agonist activity induced by 100 nM senktide. 
c
 IC50 values indicate the 

concentration needed for 50% inhibition of receptor binding of [
125

I]-BH-SP to NK1R, 

and [
125

I]-NKA to NK2R. 
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IC50 = 0.51 nM, EC50 = 14 pM; 16e: IC50 = 1.4 nM, EC50 = 7.4 pM) compared with that 

of senktide. Although the peptides with the L-Asp (16a) or D-Asp (16b) substitution 

showed 10-fold more potent binding inhibition, significant improvement in NK3R 

activation was not observed (16a: IC50 = 3.6 nM, EC50 = 83 pM; 16b: IC50 = 3.5 nM, 

EC50 = 22 pM). These results suggest that a combination of carboxy functional groups 

with a short tether at the N-terminus and with a long side chain at the L-Asp position of 

Table 9. Structure-activity relationships of N-terminal methyloxalyl and 

aminosulfonyl derivatives. 

R-Xaa-Phe-MePhe-Gly-Leu-Met-NH2 

Peptide R Xaa IC50 (nM)
a
 EC50 (pM)

b
 

IC50 (nM)
c
 

NK1R NK2R 

senktide 
 

L-Asp 75 21 >10000 >10000 

20a 
 

L-Asp 15 24 >10000 >10000 

20b 
 

L-Glu 11 55 >10000 >10000 

20c 
 

D-Glu 18 65 >10000 >10000 

20d 
 

L-Aad 11 47 >10000 >10000 

22a 
 

L-Asp 36 27 >10000 >10000 

22b 
 

L-Glu 12 10 >10000 8200 

22c 
 

D-Glu 41 28 >10000 >10000 

22d 
 

L-Aad 13 14 >10000 >10000 

a
 IC50 values indicate the concentration needed for 50% inhibition of receptor binding 

of ([
125

I]His
3
, MePhe

7
)-NKB to NK3R. 

b
 EC50 values are the concentration needed for 

50% of the full agonist activity induced by 100 nM senktide. 
c
 IC50 values indicate the 

concentration needed for 50% inhibition of receptor binding of [
125

I]-BH-SP to NK1R, 

and [
125

I]-NKA to NK2R. 
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senktide would be appropriate for potent agonist activity towards NK3R. 

Further modifications of the senktide N-terminus with isosteric functional 

groups were performed in attempt to improve the biological activity (17–22a) (Table 8). 

All the derivatives maintained the potent binding inhibition and agonist activity toward 

NK3R (IC50 = 4.1–39 nM; EC50 = 2.5–43 pM). Peptides 20a and 22a, with 

methyloxalyl and aminosulfonyl groups, respectively, showed slightly more potent 

biological activity compared with that of senktide [20a: IC50 = 4.1 nM, EC50 = 2.9 pM; 

22a: IC50 = 5.6 nM, EC50 = 2.5 pM], suggesting that a charged anionic functional group 

is not critical for the N-terminus of senktide. Using the potent peptides, 20a and 22a, 

the author further optimized the L-Asp position using acidic amino acids (Table 9). 

However, the improvement in agonist activity towards NK3R by modifying the L-Asp 

position was limited, which was inconsistent with the case of the series of derivatives 

with an N-terminal oxalyl group. Taken together, the author concluded that the oxalyl 

group is the best N-terminal functional group for NK3R agonists. 

The highly potent senktide derivatives, 16c–e, were evaluated for agonist 

activity towards NK3R derived from other mammalian species including rat, goat and 

cattle (Table 10). All the peptides showed more potent agonist activity towards 

mammalian NK3R compared with that of senktide. The most potent peptide, 16e, with 

oxalyl-L-Aad at the N-terminus exhibited 3-, 2- and 4-fold higher potency than senktide 

in activation of rat, goat and cattle NK3R, respectively.
25

 

 

Proteolytic degradation of potent NK3R agonist peptides by endopeptidase 

treatment 

It has been reported that NKB is degraded and inactivated by cleavage at the 

Gly-Leu peptide bond by membrane-anchored neutral endopeptidase 24.11 (NEP 24.11; 

also known as neprilysin or enkephalinase).
26

 To identify potent NK3R agonists with 

Table 10. Biological activity of potent peptides towards rat, goat and cattle NK3R. 

Peptide 
EC50 (pM)

a
 

human rat goat cattle 

senktide 63 23 19 610 

16c 9.1 13 12 169 

16d 14 9.9 9.4 152 

16e 7.4 7.2 9.3 150 
a
 EC50 values are the concentration needed for 50% of the full agonist activity induced 

by 100 nM senktide 
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resistance to NEP 24.11-mediated degradation, the author assessed the stability of 

senktide and its potent derivatives 16c–e (Figure 1). After 24 h incubation with NEP 

24.11, ca. 80% of senktide was digested at Gly-Leu dipeptide bond. Peptide 16c and 

16e were also digested in similar manner to senktide. In contrast, little degradation of 

16d by NEP 24.11 was observed after 24 h. These results suggest that substitution of 

L-Asp in senktide with D-Glu is effective for resistance against NEP 24.11-mediated 

proteolytic degradation at the distal Gly-Leu cleavage site. Thus, peptide 16d with 

oxalyl-D-Glu at the N-terminus is a potent NK3R agonist with high biological stability. 

 

In this study, the author investigated the structure-activity relationships of 

naturally occurring tachykinins and an NK3R agonist, [MePhe
7
]-NKB. The SAR study 

of eledoisin and kassinin demonstrated that both Asp and MePhe at positions 5 and 7 

contribute to the potent receptor binding to NK3R and high NK3R-selectivity. It was 

also revealed that in the optimization study of Phe
5
 in [MePhe

7
]-NKB, an acidic amino 

acid such as Asp and Glu improved the NK3R-selectivity. Moreover, the author 

investigated the structure-activity relationships of senktide derivatives in relation to 

agonist activity towards NK3R. The consensus sequence of tachykinin peptides in 

senktide is important for NK3R binding and activation, while MePhe can be substituted 

with several hydrophobic N-methylamino acids. Optimization of the N-terminal 

substructures resulted in identification of novel potent NK3R agonists (16c–e) with an 

oxalyl group at the peptide N-terminus. These novel NK3R-selective peptide ligands 

could be therapeutic agents that modulate GnRH secretion. The investigation of the 

peptide resistance to NEP 24.11-mediated degradation revealed the substitution of 

 

Figure 1. Proteolytic degradation profile of senktide derivatives by NEP 24.11. The 

peptides were incubated in NEP 24.11 solution for 24 h at 37 °C and were analysed by 

HPLC (detection at 220 nm). Data represent the mean ± SD (n = 3). 
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L-Asp with D-Glu at the N-terminus of senktide could contribute to the improvement of 

the peptide stability against ploteolytic degradation. 
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Experimental 

General method for peptide synthesis. The protected linear peptides were constructed 

by Fmoc-based solid-phase synthesis on Rink-Amide resin (0.66 mmol/g, 45.5 mg, 

0.025 mmol). Fmoc-protected amino acids (0.075 mmol) were coupled by 

N,N'-diisopropylcarbodiimide (DIC, 11.6 L, 0.075 mmol) and HOBt·H2O (11.5 mg, 

0.075 mmol) in DMF. Coupling of amino acid (0.075 mmol) to N-methylamino acid 

was carried out with 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]- 

pyridinium-3-oxide hexafluorophosphate (HATU, 28.5 mg, 0.075 mmol) and (iPr)2NEt 

(DIPEA, 13.0 L, 0.075 mmol). Completion of each coupling reaction was ascertained 

using the Kaiser ninhydrin test. The Fmoc-protecting group was removed by treating the 

resin with 20% piperidine in DMF. The resulting protected peptide resin was treated 

with TFA/thioanisole/m-cresol/1,2-ethanedithiol/H2O (5 mL; 80:5:5:5:5) at room 

temperature for 2 h. After removal of the resin by filtration, the filtrate was poured into 

ice-cold dry Et2O (40 mL). The resulting powder was collected by centrifugation and 

then washed three times with ice-cold dry Et2O (3  40 mL). The crude product was 

purified by HPLC on a Cosmosil 5C18-ARII preparative column (Nacalai Tesque, 20  

250 mm). All peptides were characterized by ESI-MS or MALDI-TOF-MS and the 

purity was calculated as >98% by HPLC on a Cosmosil 5C18-ARII analytical column 

(Nacalai Tesque, 4.6  250 mm) (Table 11). 

 

General procedures for modification of the peptide N-terminus 

Acetylation: The peptide resin (0.025 mmol) was treated with Ac2O (24 L, 0.25 mmol) 

and pyridine (20 L, 0.25 mmol) in DMF (1.0 mL) for 1.5 h to produce acetyl-modified 

peptide resin for peptides 13a–d and 14a–d.  

Succinylation: The peptide resin (0.025 mmol) was treated with succinic anhydride 

(12.5 mg, 0.125 mmol) and DIPEA (43.6 L, 0.125 mmol) in DMF (1.0 mL) for 1.5 h, 

to produce succinyl-modified peptide resin for peptides 10a–r, 11a–g and 15b–e.  

Oxalylation: The peptide resin (0.025 mmol) was treated with tert-butyl 

chloro(oxo)acetate
27

 (20.6 mg, 0.125 mmol) and DIPEA (43.6 L, 0.25 mmol) in 

CH2Cl2 (1.0 mL) for 1.5 h, to produce oxalyl-modified peptide resin for peptides 16a–e.  

Carbamoylation: The peptide resin (0.025 mmol) was treated with chlorosulfonyl 

isocyanate (10.9 L, 0.125 mmol) and pyridine (20.2 L, 0.25 mmol) in CH2Cl2 (1.0 

mL) for 16 h. Subsequently, the resin was treated with H2O (50 L) for 48 h, to produce 

carbamoyl-modified peptide resin for peptide 17.  

Hydroxycarbamoylation: The peptide resin (0.025 mmol) was treated with 

p-nitrophenyl chloroformate (186.4 mg, 0.925 mmol) and DIPEA (16.1 L, 0.925 



62 

 

mmol) in THF/CH2Cl2 (1:1, 1.0 mL) for 30 min. After removal of the above reagents, a 

solution of hydroxylamine hydrochloride (64.3 mg, 0.925 mmol) and DIPEA (322 L, 

1.85 mmol) in DMF (1.0 mL) was added. The suspension was stirred for 15 min, to 

produce hydroxycarbamoyl-modified peptide resin for peptide 18.  

Aminocarbamoylation: A solution of p-nitrophenyl chloroformate (100.8 mg, 0.5 mmol) 

in dry THF (1.0 mL) was added to a solution of tert-butyl carbazate (66.1 mg, 0.5 

mmol) and N-methylmorpholine (55 L, 0.5 mmol) in dry THF (4.0 mL). After stirring 

for 40 h, the reaction mixture was concentrated to give Boc-NHNH-CO2C6H4(4-NO2). 

This reagent in dry THF (1.0 mL) and TEA (69 L, 0.5 mmol) were added to the 

peptide resin (0.025 mmol). The suspension was agitated for 42 h to produce 

aminocarbamoyl-modified peptide resin for peptide 19.  

Methyloxalylation: The peptide resin (0.025 mmol) was treated with methyl 

chloroglyoxalate (0.0114 cm
3
, 0.125 mmol) and pyridine (20.1 L, 0.25 mmol) in 

CH2Cl2 (1.0 mL) for 2 h, to produce methyloxalyl-modified peptide resin for peptides 

20a–d.  

2-Amino-2-oxoacetylation: The peptide resin (0.025 mmol) was treated with oxamic 

acid (11.1 mg, 0.125 mmol), DIC (19.4 L, 0.125 mmol), and HOBt·H2O (19.1 mg, 

0.125 mmol) in CH2Cl2 (1.0 mL) for 3 h, to produce 2-amino-2-oxoacetyl-modified 

peptide resin for peptide 21.  

Sulfamoylation: tert-Butyl alcohol (23.7 L, 0.25 mmol) in dry THF (100 L) was 

added to chlorosulfonyl isocyanate (21.8 L, 0.25 mmol) in dry THF (150 L) and the 

mixture was stirred for 15 min at 0 °C. The reaction mixture and TEA (69.3 L, 0.5 

mmol) in dry CH2Cl2 (25 L) were added to the peptide resin (0.025 mmol), and the 

suspension was agitated for 3 h, to produce sulfamoyl-modified peptide resin for 

peptides 22a–d. 

 

Cell lines. Human NK3R cDNA in pcDNA3 was purchased from Missouri University 

of S&T cDNA Resource Center. The cDNA was digested with Kpn I and Xho I, and 

inserted into the Kpn I/Xho I site of pcDNA5/FRT/TO, to obtain 

pcDNA5/FRT/TO-human NK3R. Rat NK3R cDNA was cloned from a rat brain cDNA 

library using a forward primer with a Hind III site 

(ATTAAAGCTTATGGCCTCAGTCCCCAGGGG) and a reverse primer with a Xho I 

site (GCCGCTCGAGTTAGGAATATTCATCCACAG). The resulting cDNA was 

digested with Hind III and Xho I, and inserted into the Hind III/Xho I site of 

pcDNA5/FRT/TO, to obtain pcDNA5/FRT/TO-rat NK3R. Cattle and goat NK3R 

cDNA were cloned from cattle or goat hypothalamic cDNA. The resulting cattle or goat 
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cDNAs were digested with Bam HI and Kpn I, or Kpn I and Apa I, and inserted into the 

Bam HI/Kpn I or Kpn I/Apa I sites of pcDNA5/FRT/TO, respectively, to obtain 

pcDNA5/FRT/TO-bovine NK3R and pcDNA5/FRT/TO-goat NK3R.  

Flp-In CHO (Invitrogen) cells were maintained in Ham’s F12 medium (Wako) with 

10% heat-inactivated fetal bovine serum, 100 units/mL penicillin and 100 g/mL 

streptomycin in 5% CO2 at 37 °C. The human, rat, cattle and goat NK3R constructs 

were cotransfected with pOG44 (Invitrogen), an expression vector for Flp recombinase, 

into Flp-In CHO cells according to the manufacturer’s protocol. Cells were cultured in 

the presence of hygromycin (500 g/mL) and cells resistant to hygromycin were 

selected. 

 

Evaluation of binding affinity of tachykinin peptides to NK1R, NK2R and NK3R. 

Binding inhibition assays were performed using membranes from NK1R-, NK2R- or 

NK3R-expressing CHO cells. Membranes were incubated with 50 L of peptide, 25 L 

of radioactive ligand [[
125

I]-BH-SP for NK1R, [
125

I]-NKA for NK2R, and ([
125

I]His
3
, 

MePhe
7
)-NKB for NK3R, respectively, 0.4 nM, Perkin-Elmer Life Sciences], and 25 

L of membrane suspension in assay buffer [50 mM HEPES (pH 7.4), 5 mM MgCl2, 1 

mM CaCl2, 0.1% BSA]. Reaction mixtures were filtered through GF/B filters, 

pretreated with 0.3% polyethyleneimine. Filters were washed with [50 mM HEPES (pH 

7.4), 500 mM NaCl, 0.1% BSA] and dried at 55 °C. Bound radioactivity was measured 

by TopCount (PerkinElmer Life Sciences) in the presence of MicroScint-O (30 L) 

(PerkinElmer Life Sciences). 

 

Evaluation of NK3R agonist activity. NK3R agonist activity of each peptide was 

evaluated by [Ca
2+

]i flux assay. NK3R expressing CHO cells (4.0  10
4
 cells 50 

L/well) were inoculated in 10% FBS/Ham’s F-12 onto a 96-well black clear-bottom 

plate (Greiner), followed by incubation at 37 °C overnight in 5% CO2. After medium 

removal, 100 L of pigment mixture (Calcium 4 assay kit, Molecular Devices) was 

dispensed into each well, followed by incubation at 37 °C for 1 h. 10 mM peptide in 

DMSO was diluted with HANKS/HEPES containing 2.5 mM probenecid, and the 

dilution was transferred to a 96-well sample plate (V-bottom plate, Coster). The cell and 

sample plates were set in FlexStation (Molecular Devices) and 25 L sample solution 

automatically transferred to the cell plate. 

 

Evaluation of peptide stability in the presence of NEP 24.11. 8 L of peptide 

solution [10 mM in DMSO containing 0.1% of m-cresol (for senktide) or 0.1% of 
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L-tryptophan (for 16c, 16d and 16e)] was dissolved in Tris·HCl (pH 7.5) containing 

0.05% of Brij-35 (WAKO) (192 L). After addition of NEP 24.11 (R & D systems) 

[200 L, 0.1 g/mL in Tris·HCl (pH 7.5)], solutions were incubated at 37 °C. After 

incubation, a 30 L aliquot was sampled at the indicated intervals, and quenched by 

addition of MeCN (30 L). The sample solution was analyzed by HPLC with a linear 

gradient of MeCN in 0.1% TFA aq. (5–50% over 45 min or 30–50% over 20 min; 

detection at 220 nm). The compound ratio was determined by the peak areas.  
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Table 11. Analytical data of synthetic peptides. 

peptide 
ESI-MS [MH

+
]  

peptide 
ESI-MS [MH

+
] 

calcd found calcd found 

1a 1272.55 1272.37  7b 1130.48 1130.42 

1b 1240.52 1240.97  8a 1265.59 1265.55 

1c 1254.53 1254.74  8b 1250.54 1250.85 

1d 1281.59 1281.96  9a 1350.69 1350.97 

1e 1253.58 1253.77  9b 1335.68 1335.62 

1f 1262.55 1262.63  10a
b
 904.39

c
 904.74

c
 

1g 1311.57 1311.90  10b 868.38 868.75 

1h 1288.55 1288.91  10c 842.34 842.18 

1i 1224.55 1224.84  10d
b
 848.78

c
 848.33

c
 

1j 1238.57 1238.97  10e 800.32 800.17 

1k 1238.57 1238.97  10f 840.36 840.80 

1l 1196.52 1196.73  10g 853.42 853.63 

1m 1239.53 1239.80  10h 867.44 867.94 

1n 1253.54 1253.77  10i 885.39 885.18 

1o 1212.52 1212.98  10j 881.42 881.26 

1p 1226.53 1227.01  10k 825.39 825.05 

1q 1256.53 1257.03  10l 867.44 867.18 

1r 1222.54 1222.79  10m 855.40 855.21 

1s 1182.51 1182.63  10n 895.43 895.80 

2a 1228.56 1228.79  10o 863.43 863.25 

3a 1292.55 1292.89  10p 858.36 858.25 

3b 1276.56 1276.46  10p 858.36 858.25 

4a 1234.56 1234.85  10q 881.38 881.28 

4b 1276.56 1277.00  10r 832.37 832.22 

5a 1188.60 1188.70  11a 794.37 794.13 

5b 1280.59 1280.71  11b 808.38 808.25 

5c 1232.60 1232.62  11c 858.36 858.15 

5d 1236.61 1236.56  11d 881.38 881.17 

6a 1334.67 1335.01  11e 808.38 808.22 

6b 1383.65 1383.85  11f 810.33 810.09 

6c 1321.65 1321.69  11g 842.37 842.25 

6d 1396.69 1396.64  12a 857.38 857.24 

7a 1145.52 1145.35  13a 899.39 899.17 
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13b 899.39 899.20  16e 842.37 842.07 

13c 913.41 913.25  17 785.94 785.76 

14a 899.39 899.20  18 801.94 801.82 

14b 899.39 899.22  19 800.38 800.81 

14c 913.41 913.24  20a
b
 850.94

c
 850.55

c
 

14d 913.41 913.34  20b 842.37 842.80 

15b 842.37 842.21  20c
b
 864.36

c
 864.64

c
 

15c 856.38 856.28  20d 856.39 856.84 

15d 856.38 856.26  11 813.95 813.88 

15e 870.41 870.23  21a 821.99 821.83 

16a 814.34 814.15  21b 835.34 835.76 

16b 814.34 814.20  21c 835.34 835.61 

16c 828.35 828.12  21d 849.36 849.76 

16d 828.35 828.19  senktide 794.37 794.13 
a
 Unless otherwise noted, the data were obtained by ESI-MS analysis.

 b
 The data were 

obtained by MALDI-TOF-MS. 
c
 [MNa

+
]. 
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Chapter 2. Development of Novel Neurokinin-3 Receptor 

Selective Agonists 

  

Section 2. Development of Novel Neurokinin 3 Receptor 

(NK3R) Selective Agonists with Resistance to 

Proteolytic Degradation 

 

Summary 

 

The biological stability of NK3R selective agonists was evaluated to aid in the 

development of novel NK3R agonists that regulate reproductive functions. 

[MePhe
7
]-NKB was degraded in animal sera and pig hypothalamus extracts, whereas 

senktide was stable in the same conditions. Senktide was digested at the Gly-Leu 

peptide bond and was inactivated by neutral endopeptidase 24.11, which is an 

inactivating enzyme of NKB. Based on degradation profiles of the peptides, several 

peptidomimetic derivatives were designed. The modification of senktide with (E)-alkene 

dipeptide isostere generated a novel potent NK3R agonist with high stability and 

prolonged in vivo bioactivity. 

 

NK3R agonists, including NKB, [MePhe
7
]-NKB and senktide, have been 

employed in a number of in vitro experiments using primary cultures or cell lines.
1-3

 In 

vivo studies using NKB or senktide also provided insights into the regulation of 

hypothalamo-pituitary-gonadal (HPG) axis function. However, the reported actions of 

these NK3R agonists remain controversial. For example, intracerebroventricular (i.c.v.) 

treatment with NKB had no effect in the male rat,
4
 whereas i.c.v. administration of 

senktide to female rats resulted in decreased plasma LH levels.
5
 In contrast, another 

study reported that senktide increased plasma LH levels in female rats.
6
 These 

apparently inconsistent data may be attributable to enzymatic degradation following in 

vivo administration of the peptides. Indeed, it has been reported that NKB is degraded 

by neutral endopeptidase (NEP) 24.11 (also known as neprilysin or enkephalinase) at 

four peptide bonds [Asp
4
-Phe

5
, Phe

5
-Phe

6
, Phe

6
-Val

7
 and Gly

8
-Leu

9
].

7
 The author 

envisioned that substitution of the degradable peptide bond(s) in NK3R selective 

agonists with appropriate noncleavable isosteres would confer resistance to enzymatic 

degradation, while maintaining NK3R agonistic activity. This could potentially provide 

novel therapeutic agents, with prolonged effects, for human and domestic animal 

reproduction disorders. This may also results in useful research tool(s) to investigate the 

role of NKB-NK3R in HPG axis regulation, by addressing the major confounding 

influence of enzymatic degradation. 
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In this section, the author investigated proteolytic digestion of NKB-selective 

agonist peptides in animal serum, hypothalamic extracts, and by recombinant NEP 

24.11. In addition, on the basis of the degradation of these peptides, novel 

peptidomimetic senktide analogs with resistance against proteinase-mediated 

degradation were designed and synthesized using a series of dipeptide isosteres. In vivo 

biological activity of the biostable analogs was assessed using the multiple-unit activity 

(MUA) recording method in conscious goats. 

 

Proteolytic degradation of NK3R-selective agonists. 

Initially, the author investigated the proteolytic degradation of [MePhe
7
]-NKB 

in pig, rat, goat, and cattle serum (Figure 1). Treatment of [MePhe
7
]-NKB with pig 

serum provided the fragment peptides 1–5 by N-terminus degradation. Peptides 1–5 

were similarly produced by treatment with sera derived from the other animal species, 

although the degradation patterns were different. Peptides 2, 5, and 3 were mainly 

obtained by serum derived from cattle, goat and pig, respectively. Fragment 6 was also 

observed following 24-h treatment with rat serum. The proteolytic degradation was 

terminated at the Phe-MePhe peptide bond in sera of all animals, and the resistance 

could be attributed to the N-methyl group of MePhe. The author also analyzed the 

proteolytic degradation of [MePhe
7
]-NKB in pig hypothalamic extracts, which is the 

site of action of NKB in the central nervous system (Figure 1). [MePhe
7
]-NKB was 

immediately degraded by treatment with hypothalamic extract to generate peptides 5 

along with 6 and 7 with the C-terminal carboxylate. Under this condition, fragments 1–4 

were scarecely observed probably owing to the rapid degradation of [MePhe
7
]-NKB. 

Next, the author investigated the biological activities of fragment peptides 1–7, 

which were synthesized separately by Fmoc-based solid-phase peptide synthesis (Table 

1). Receptor binding was evaluated by competitive binding assay using [
125

I]-BH-SP for 

human NK1R, [
125

I]-NKA for human NK2R, and ([
125

I]His
3
, MePhe

7
)-NKB for human 

NK3R, respectively. The shorter fragments among peptides 1–5 exhibited less 

inhibitory activity for NK3R binding, whereas peptides 6 and 7 did not inhibit NK3R 

binding. In contrast, slightly improved NK1R binding inhibition was observed for 

shorter peptide fragments 1–5, and moderate inhibitory activity for NK2R. NK3R 

agonistic activity was assessed by monitoring intracellular Ca
2+

 flux induced by NK3R 

activation, with peptides 1–5 exhibiting similar activity (EC50 = 0.091–0.35 nM), which 

is apparently inconsistent with the structure-activity relationship data obtained by 

binding assays. This may be because of the heterologous binding competition, in which 

the IC50 values do not always truly reflect competitor binding, in the binding assay.
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The proteolytic degradation of senktide by serum, pig hypothalamic extracts and 

NEP 24.11 was investigated (Figure 2). Senktide was stable in animal sera and pig 

hypothalamic extracts over 24 h, indicating that N-terminal succinyl capping on 

senktide prevents degradation by exopeptidases in serum and hypothalamus (Figure 2A). 

 

Figure 1. Proteolytic degradation of [MePhe
7
]-NKB in serum or hypothalamic 

extracts. (A) Cleavage sites of [MePhe
7
]-NKB in animal sera or pig hypothalamic 

extracts, and the sequences of the digested peptides. The degradation profiles of 

[MePhe
7
]-NKB following treatment with (B) pig serum; (C) rat serum; (D) goat serum; 

(E) cattle serum; (F) pig hypothalamic extracts: [MePhe
7
]-NKB (closed circles), 1 

(opened circles), 2 (closed triangles), 3 (opened squares), 4 (closed squares), 5 (closed 

diamonds), 6 (opened diamonds), 7 (opened triangles). [MePhe
7
]-NKB was incubated 

in serum or hypothalamic extracts at 37 °C. The sample was analyzed by HPLC 

(detection at 220 nm). Data represent the mean ± SD (n = 3). 
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Senktide degradation by NEP 24.11 was also analyzed. In contrast to treatment in serum 

and hypothalamic extracts, more than 80% of senktide was digested by NEP 24.11 

within 24 h as described in Section 1 (Figure 2B and 2C). Enzymatic hydrolysis 

occurred at the Gly
8
-Leu

9
 bond, which corresponds to the cleavage site of NKB by NEP 

24.11.
7
 The resulting senktide N-terminal fragment 8 and C-terminal fragment 9 did not 

exhibit agonistic activity at 100 nM (data not shown), suggesting that NEP 24.11 is able 

to rapidly deactivate the senktide administered in vivo. 

The author turned the attention to development of novel senktide derivatives 

with an increased enzymatic stability. An approach that has been explored to provide 

resistance against enzymatic degradation while maintaining NK3R agonistic activity 

includes the use of an appropriate dipeptide isostere at the cleavable Gly-Leu dipeptide 

moiety. Since the introduction of a dipeptide isostere structure to bioactive peptides 

might lead to loss of the original bioactivity, the author designed several senktide 

derivatives containing a variety of dipeptide isostere substructures. The Gly-Leu 

dipeptide surrogates for the standard Fmoc-based solid-phase peptide synthesis were 

synthesized according to the facile preparation approach.
8
 The amidoxime- and 

amidine-containing peptides 10d,e were also obtained using aldoxime resin.
9,10 

Table 1. Biological activities of [MePhe
7
]-NKB degradation products. 

Peptide IC50 (M)
a
 EC50 (nM)

b
 

Binding Inhibition (%)
c
 

NK1R NK2R 

[MePhe
7
]-NKB 0.012 ± 0.004 0.064 ± 0.016 <10 57 ± 1.3 

1 0.022 ± 0.008 0.33 ± 0.014 22 ± 1.3 78 ± 1.9 

2 0.043 ± 0.012 0.28 ± 0.041 18 ± 1.6 74 ± 1.3 

3 0.059 ± 0.022 0.091 ± 0.021 15 ± 2.6 73 ± 0.98 

4 2.9 ± 1.8 0.24 ± 0.054 49 ± 0.81 84 ± 1.6 

5 2.3 ± 0.34 0.35 ± 0.093 70 ± 0.55 77 ± 0.53 

6 >10000 >100 -
d
 -

d
 

7 >10000 >100 -
d
 -

d
 

a
 IC50 values are the concentrations for 50% inhibition of ([

125
I]His3, MePhe7)-NKB 

(0.1 nM) binding to human NK3R (n = 3).
 b
 EC50 values are the concentrations needed 

for 50% induction of Ca
2+

 influx in human NK3R expressing CHO cells (n = 3). 
c
 

Binding inhibition (%) was calculated by binding inhibition assay using a radioactive 

ligand (0.1 nM) and each peptide (10 M). 100% binding inhibition was calculated 

based on background signal, obtained by measurement of the wells without receptor 

membrane.
 d

 Not evaluated. 
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Biological evaluations of senktide derivatives with Gly-Leu dipeptide isosteres 

All designed peptides (10a–e) worked as full NK3R agonists, exhibiting a good 

correlation between binding affinity and agonistic activity (Table 2). Among 

peptidomimetics 10a–e, (E)-alkene dipeptide isostere-containing analog 10a was most 

potent (IC50 = 0.056 ± 0.012 M; EC50 = 0.016 ± 0.002 nM), comparable to the parent 

senktide (IC50 = 0.056 ± 0.003 M; EC50 = 0.011 ± 0.004 nM). The alkene substructure, 

which mimics a planar amide bond may contribute to the high affinity and potent 

agonistic activity, which are in contrast to the lower bioactivities of a flexible 

ethylene-type derivative 10b (IC50 = 19 ± 0.88 M; EC50 = 0.92 ± 0.13 nM) and 

,-unsaturated derivative 10c (IC50 = 13 ± 3.9 M; EC50 = 1.9 ± 0.86 nM). 

Amidoxime 10d and amidine derivative 10e showed 15- and 8-times lower bioactivity 

compared with senktide, respectively [IC50(10d) = 1.1 ± 0.082 M; EC50(10d) = 0.37 ±  

 

Figure 2. (A) Stability of senktide in animal sera and pig hypothalamic exctracts after 

24h incubation at 37
o
C. (B) Cleavage site of senktide, and the sequences of the 

digested peptides by NEP 24.11 proteolytic degradation. (C) The degradation profile of 

senktide following treatment with NEP 24.11: senktide (closed circles), 8 (closed 

triangles), 9 (opened triangles). Senktide was incubated in NEP 24.11 solution at 37 °C 

and analyzed by HPLC (detection at 220 nm). Data represent the mean ± SD (n = 3). 



74 

 

0.12 nM; IC50(10e) = 0.36 ± 0.091 M; EC50(10e) = 0.10 ± 0.027 nM]. It is worth 

nothing in terms of the receptor selectivity of peptides 10a–e, binding to NK1R and 

NK2R was not observed at 30 M, indicating that these peptides are NK3R-selective 

(Table 2). To estimate the biological activity of 10a in animals, its agonistic activity 

against rat, cattle, and goat NK3R was evaluated (Table 3). Peptide 10a showed potency 

similar to senktide toward rat NK3R [EC50(senktide) = 0.013 ± 0.004 nM; EC50(10a) = 

0.019 ± 0.004 nM], cattle NK3R [EC50(senktide) = 0.34 ± 0.12 nM; EC50(10a) = 0.36 ± 

Table 2. Biological activities of senktide derivatives for NK3R. 

succinyl-Asp-Phe-MePhe-GlyLeu-Met-NH2 

Peptide GlyLeu 
IC50 (M)

a
 EC50 (nM)

b
 IC50 (M)

a
 

NK3R NK3R NK1R NK2R 

senktide 
H
N

N
H

O

i-BuO  
0.056 ± 0.003 0.011 ± 0.004 >30 >30 

10a N
H

O

i-Bu  
0.056 ± 0.012 0.016 ± 0.002 >30 >30 

10b N
H

O

i-Bu  
19 ± 0.88 0.92 ± 0.13 >30 >30 

10c N
H

O

i-Bu  
13 ± 3.9 1.9 ± 0.86 >30 >30 

10d 
H
N

N
H

O

i-BuN
HO  

1.1 ± 0.082 0.37 ± 0.13 >30 >30 

10e 
H
N

N
H

O

i-BuNH  
0.36 ± 0.091 0.10 ± 0.027 >30 >30 

a
 IC50 values indicate the concentration needed for 50% inhibition of receptor binding 

of [
125

I]-BH-SP to human NK1R, [
125

I]-NKA to human NK2R, and ([
125

I]His
3
, 

MePhe
7
)-NKB to human NK3R, respectively. 

b
 EC50 values indicate the concentration 

needed for 50% of the full agonistic activity for human NK3R induced by 100 nM 

senktide 
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0.031 nM] and goat NK3R [EC50(senktide) = 0.012 ± 0.004 nM; EC50(10a) = 0.011 ± 

0.004 nM]. 

The enzymatic stability of potent peptides 10a and 10e against NEP 

24.11-mediated digestion was also evaluated (Figure 3). No significant cleavage of the 

Gly-Leu pseudopeptide bond in 10a was observed, while peptide 10e was degraded. 

Table 3. Biological activities of senktide and peptide 10a. 

  senktide 10a 

NK3R activation: EC50 (nM)
a
 

 human 0.011 ± 0.004 0.016 ± 0.002 

 rat 0.013 ± 0.004 0.019 ± 0.004 

 cattle 0.34 ± 0.12 0.36 ± 0.031 

 goat 0.012 ± 0.004 0.011 ± 0.004 

MUA volley
b
   

 Duration of the effect (R) 60.6 ± 9.9 92.1 ± 18.7
c
 

 The number of ligand-induced MUA volley 3.4 ± 1.3 5.6 ± 2.3
c
 

a
 EC50 values indicate the concentration needed for 50% of the full agonistic activity 

for human, rat, bovine and goat NK3R induced by 100 nM senktide. 
b
 MUA volley 

induction in OVX goats by intravenous injection of NK3R ligands (200 nmol, n = 5). 

Values are represented as the mean ± SEM. 
c
 P < 0.05 (paired t-test). 

 

Figure 3. (A) Degradation profile of senktide and the derivative 10a in animal-derived 

serum and pig hypothalamic extracts: senktide (closed bar), 10a (opened bar). Data 

represent the means ± SD (n = 3). (B) NEP 24.11-mediated degradation of senktide 

and derivatives: senktide (closed circles), 10a (opened circles), 10e (closed triangles). 

Senktide and 10a were incubated in animal sera, pig hypothalamus extracts, or NEP 

24.11 solution at 37 °C and analyzed by HPLC (detection at 220 nm). Data represent 

the mean ± SD (n = 3). 
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Interestingly, peptide 10a was partially degraded in rat serum to provide a product (t1/2 

>24 h), in which the C-terminal amide was hydrolyzed. These indicate that introduction 

of (E)-alkene dipeptide isostere increased the stability of senktide against proteolytic 

cleavage. As such, the senktide derivative 10a with favorable enzyme stability may be a 

promising NK3R agonist for regulating reproduction systems. 

 

Effect of peripheral administration of peptide 10a on MUA volley in goats 

In vivo biological activity was evaluated by single intravenous administration of 

senktide and peptide 10a in ovariectomized (OVX) goats, using induction of the MUA 

volley as the index of GnRH pulse generator activation.
11,12

 The injection of NK3R 

analogs immediately induced several MUA volleys with shorter intervolley intervals 

than the pre-determined average value, which were followed by MUA volleys with the 

regular interval (Figure 4). It is thought that those MUA volleys with an interval less 

than 80% of the average spontaneous intervolley intervals (T) are ligand-induced, 

whereas ones with an interval not less than 80% of T were spontaneous. The duration of 

the analog effect (R) was obtained during a period from injection till the onset of the 

following spontaneous MUA volley, where the number of MUA volleys occurring 

during this period was counted. Statistical analysis revealed that the duration is 

significantly longer (p <0.05) and the number of ligand-induced MUA volleys is 

significantly larger (p <0.05) in peptide 10a than with senktide injections (Table 3). 

This result demonstrates that the novel NK3R agonist 10a, with an (E)-alkene dipeptide 

 

Figure 4. The effect of senktide and peptide 10a on MUA volley in OVX goats. 

Representative profiles of MUA in OVX goats that received intravenous 

administration of senktide (200 nmol, A) and peptide 10a (200 nmol, B) are shown. 

The arrow indicates timing of injection of NK3R agonist. The open and closed 

triangles indicate spontaneous and ligand-induced MUA volleys, respectively. 
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isostere, exhibits biological action with longer duration and more potent activity than 

senktide via peripheral administration in goats. 

 

In summary, the author investigated the proteolytic degradation of 

NK3R-selective agonists, [MePhe
7
]-NKB and senktide. [MePhe

7
]-NKB was degraded 

in serum and hypothalamic extracts, whereas senktide was stable under the same 

conditions. Senktide was digested at the Gly-Leu peptide bond by NEP 24.11, an 

inactivating enzyme of NKB. Based on the proteolytic degradation profiles, the author 

designed Gly-Leu dipeptide isostere-containing peptides. Among these, peptide 10a, an 

(E)-alkene dipeptide isostere-containing derivative, maintained the highly potent 

bioactivity and selectivity of senktide for NK3R. Peptide 10a showed prolonged effects 

on the GnRH pulse generator by single intravenous administration into OVX goats. As 

such, modification at the Gly-Leu substructure of senktide resulted in the improved 

metabolic stability accompanied with potent NK3R-selective activity. 
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Experimental 

General. 
1
H NMR spectra were recorded using a JEOL AL-400 or a JEOL ECA-500 

spectrometer. Chemical shifts are reported in  (ppm) relative to Me4Si (in DMSO-d6) 

as the internal standard. Exact mass (HRMS) spectra were recorded on a JMS-HX/HX 

110A mass spectrometer. Optical rotations were measured with a JASCO P-1020 

polarimeter. For analytical HPLC, a Cosmosil 5C18-ARII column (4.6  250 mm, 

Nacalai Tesque, Inc.) was employed with a linear gradient of CH3CN containing 0.1% 

(v/v) TFA aq. at a flow rate of 1 mL/min on a Shimadzu LC-10ADvp, and eluting 

products were detected by UV at 220 nm. Preparative HPLC was performed using a 

Cosmosil 5C18-ARII column (20  250 mm, Nacalai Tesque) on a Shimadzu LC-6AD 

in a linear gradient of CH3CN containing 0.1% (v/v) TFA aq. at a flow rate of 8 mL/min. 

All animal experiments were conducted in accordance with the guidelines of the 

Committee on the Care and Use of Experimental Animals at the National Institute of 

Agrobiological Sciences or the Graduate School of Bioagricultural Sciences, Nagoya 

University. 

 

General procedure for the preparation of peptides by Fmoc-based solid-phase 

peptide synthesis. Protected linear peptides were constructed by Fmoc-based 

solid-phase synthesis on Rink-Amide resin (0.66 mmol/g, 50.0 mg, 0.03 mmol). 

Fmoc-protected amino acids (0.09 mmol) were coupled by using 

N,N'-diisopropylcarbodiimide (DIC, 13.9 μL, 0.09 mmol) and HOBt·H2O (13.8 mg, 

0.09 mmol) in DMF. Coupling of dipeptide isostere (Fmoc-GlyLeu-OH) 11a-c
8
 for 

peptides 10a–c was carried out with N-hydroxy-7-azabenzotriazole (HOAt, 12.2 mg, 

0.09 mmol) and N,N’-diisopropylcarbodiimide (DIC, 13.9 L, 0.09 mmol). Coupling of 

Phe onto MePhe was carried out with HATU (34.2 mg, 0.09 mmol) and (i-Pr)2NEt 

(15.7 μL, 0.09 mmol). On-resin modification of N-termini with succinyl groups was 

carried out with succinic anhydride (15.0 mg, 0.15 mmol) and (i-Pr)2NEt (26.2 L, 0.15 

mmol) in DMF. The Fmoc-protecting group was removed with 20% piperidine in DMF. 

The resulting protected peptide resin was treated with TFA/H2O/triisopropylsilane 

(TIS)/1,2-ethanedithiol (80:10:5:5, 300 L; for Met-containing peptide) or 

TFA/H2O/TIS (80:15:5, 300 L; for non-Met-containing peptide) at room temperature 

for 2 h. After removal of the resin by filtration, filtrate was poured into ice-cold dry 

Et2O (15 mL). The resulting powder was collected by centrifugation and then washed 

three times with ice-cold dry Et2O (3  15 mL). Crude product was purified by HPLC 

on a Cosmosil 5C18-ARII preparative column (Nacalai Tesque, 20  250 mm). All 

peptides were characterized by ESI-MS and the purity was verified as >98% by HPLC. 
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Table 4. Analytical data of fragment peptides. 

Peptide formula 
ESI-MS [MH

+
] 

calcd found 

1 C56H76N12O11S2 1157.53 1158.28 

2 C51H67N11O10S 1026.49 1026.64 

3 C45H60N8O9S   889.43   889.58 

4 C41H55N7O6S   774.40   774.56 

5 C32H46N6O5S   627.33   627.47 

6 C21H25N3O4   384.19   384.56 

7 C32H45N5O6S   628.32   628.49 

8 C29H34N4O10   599.24   599.47 

9 C11H23N3O2S   262.16   262.30 

 

 

 

Peptide 10a. Peptide 10a was obtained as a TFA salt by the general procedure for 

peptide synthesis using 11a (1.7 mg, 6.9% yield from Rink-amide resin): colorless 

powder; []
26

D –88.2 (c 0.03, CH3OH); 
1
H-NMR (500 MHz, DMSO-d6) 0.80 (d, J = 

6.4 Hz, 3H), 0.85 (d, J = 6.3 Hz, 3H), 1.14–1.28 (m, 1H), 1.37–1.54 (m, 2H), 1.68–1.81 

(m, 1H), 1.82–1.93 (m, 1H), 1.96–2.04 (m, 3H), 2.25–2.55 (m, 8H), 2.59–2.86 (m, 5H), 

2.86–3.00 (m, 1H), 3.00–3.09 (m, 1H), 3.10–3.19 (m, 1H), 3.31–3.96 (br, 2H), 

4.26–4.30 (m, 1H), 4.41–4.58 (m, 1H), 4.72–4.90 (m, 1H), 5.13 (t, J = 7.6 Hz, 1H), 5.45 

(d, J = 4.0 Hz, 1H), 5.50 (d, J = 4.2 Hz, 1H), 6.88–7.05 (m, 2H), 7.08–7.32 (m, 10H), 

7.75–7.83 (m, 2H), 7.85–7.97 (m, 1H), 8.00–8.12 (m, 1H); HRMS (FAB) calcd 

C41H56N6O10S: (M–H)
–
, 823.3706; found 823.3715. 

 

Peptide 10b. Peptide 10b was obtained as a TFA salt by the general procedure for 

peptide synthesis using 11b (14.6 mg, 58.8% yield from Rink-amide resin): colorless 

powder; []
26

D –82.0 (c 0.38, CH3OH); 
1
H-NMR (500 MHz, DMSO-d6)  0.80 (d, J = 

6.4 Hz, 3H), 0.85 (d, J = 6.3 Hz, 3H), 0.97–1.07 (m, 1H), 1.15–1.51 (m, 6H), 1.71–1.83 

(m, 1H), 1.84–1.97 (m, 1H), 2.03 (d, J = 5.9 Hz, 3H), 2.23–2.57 (m, 10H), 2.70–2.87 (m, 

4H), 2.88–3.04 (m, 2H), 3.08–3.21 (m, 1H), 4.27–4.39 (m, 1H), 4.43–4.61 (m, 2H), 

4.75–4.89 (m, 1H), 5.09 (t, J = 7.9 Hz, 1H), 6.92–7.04 (m, 2H), 7.10–7.35 (m, 10H), 
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7.59 (t, J = 5.6 Hz, 1H), 7.74–7.86 (m, 1H), 7.93 (d, J = 8.2 Hz, 1H), 8.01–8.15 (m, 

1H); HRMS (FAB) calcd C41H58N6O10S: (M–H)
–
, 825.3862; found 825.3866. 

 

Peptide 10c. Peptide 10c was obtained as a TFA salt by the general procedure for 

peptide synthesis using 11c (8.2 mg, 33.1% yield from Rink-amide resin): colorless 

powder; []
26

D –68.9 (c 0.09, CH3OH); 
1
H-NMR (500 MHz, DMSO-d6) 0.83 (d, J = 

6.4 Hz, 6H), 1.55–1.67 (m, 1H), 1.81–1.91 (m, 1H), 1.91–1.99 (m, 1H), 2.03 (d, J = 3.4 

Hz, 3H), 2.09–2.22 (m, 3H), 2.22–2.31 (m, 2H), 2.31–2.47 (m, 9H), 2.66–2.99 (m, 5H), 

3.01–3.28 (m, 2H), 4.29–4.39 (m, 1H), 4.43–4.57 (m, 1H), 4.75–4.91 (m, 1H), 5.06 (t, J 

= 7.7 Hz, 1H), 6.08–6.19 (m, 1H), 6.92–7.09 (m, 2H), 7.11–7.32 (m, 10H), 7.66–7.76 

(m, 1H), 7.78–7.89 (m, 1H), 7.99–8.14 (m, 2H); HRMS (FAB) calcd C41H56N6O10S: 

(M–H)
–
, 823.3706; found 823.3701. 

 

Peptide 10d. Peptide 10d was prepared by the general procedure for peptide synthesis. 

Leu was acylated using the Fmoc-protected glycine nitrile oxide, which was prepared in 

situ by treatment of oxime 11d
9
 with N-chlorosuccinimide and Et3N, to provide the 

amidoxime (N-hydroxyamidine) surrogate.
9
 After the amidoxime coupling, the 

deprotection of Fmoc-protecting group was carried out by treating the resin with 20% 

piperidine/5% hydrazine in DMF. Colorless powder (64.1 mg, 24.8% yield from 

Rink-amide resin): []
25

D –111.1 (c 0.22, CH3OH); 
1
H-NMR (500 MHz, DMSO-d6) 

0.73–0.99 (m, 6H), 1.52–1.67 (m, 2H), 1.68–1.77 (m, 1H), 1.78–1.89 (m, 1H), 

1.90–2.00 (m, 1H), 2.00–2.02 (m, 1H), 2.02–2.06 (m, 3H), 2.25–2.50 (m, 10H), 

2.70–2.97 (m, 5H), 3.13–3.24 (m, 1H), 4.08–4.17 (m, 1H), 4.29–4.42 (m, 1H), 

4.45–4.60 (m, 1H), 4.63–4.82 (m, 1H), 4.88–5.09 (br, 1H), 6.81–7.10 (m, 2H), 

7.10–7.55 (m, 10H), 7.74–7.94 (m, 1H), 7.97–8.09 (m, 1H), 8.09–8.16 (m, 1H), 

8.18–8.45 (m, 1H), 10.70–11.43 (br, 1H); HRMS (FAB) calcd C40H55N8O11S: (M–H)
–
, 

855.3716; found 855.3723. 

 

Peptide 10e. Treatment of peptide 10d (17.4 mg, 20.3 mol) with Raney-Ni (47.7 mg, 

then 47.7 mg was added after 16 h) under H2 atmosphere for 40 h yielded the peptide 

10e (3.5 mg, 20.5% yield from Rink-amide resin): colorless powder; []
25

D –95.3(c 

0.060, CH3OH); 
1
H-NMR (500 MHz, DMSO-d6) 0.71–1.03 (m, 6H), 1.50–1.72 (m, 

2H), 1.72–1.88 (m, 2H), 1.91–2.00 (m, 1H), 2.00–2.11 (m, 3H), 2.24–2.47 (m, 8H), 

2.61–2.70 (m, 2H), 2.71–2.91 (m, 3H), 2.92–3.04 (m, 1H), 3.10–3.28 (m, 1H), 

3.98–4.21 (m, 2H), 4.27–4.48 (m, 2H), 4.48–4.57 (m, 1H), 4.58–4.73 (m, 1H), 

4.95–5.10 (m, 1H), 6.88–7.04 (m, 2H), 7.08–7.35 (m, 9H), 7.39–7.59 (s, 1H), 7.88–8.46 
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(m, 4H), 8.79–9.18 (m, 1H), 9.33 (d, J = 4.2 Hz, 1H), 9.68 (d, J = 4.6 Hz, 1H), 

11.93–12.60 (br, 1H); HRMS (FAB) calcd C40H55N8O10S: (M–H)
–
, 839.3767; found 

839.3768. 

 

Preparation of pig hypothalamic extracts. Pig hypothalamic tissue (5-month-old 

female hybrid pigs) was provided from a slaughterhouse in the Aichi Agricultural 

Research Center (Nagakute, Japan). The hypothalamic tissue was divided into two or 

four pieces (110–300 mg/piece). The divided tissue was soaked in saline (0.5 mL) and 

minced into small pieces on ice. After incubation for 1 h at 4 °C, samples were 

centrifuged (4 °C, 845 g, 10 min), and supernatant used for peptide stability 

experiments. 

 

Preparation of animal sera. Rat serum obtained from male Wistar rats (>5-month-old) 

was purchased from Shimizu Animal Supplies Co., Ltd. Goat serum was obtained from 

an 14-month-old castrated male Shiba goat. Pig serum was obtained from 5-month-old 

female hybrid pigs. Cattle serum was obtained from a 7-year-old female Japanese black 

cattle. After the collection, bloods were incubated overnight at 4 °C, centrifuged (4 °C, 

1,710 g, 15 min), and the supernatant were used as sera. 

 

Evaluation of peptide stability in serum and pig hypothalamic extracts. 4 L of 

peptide solution (10 mM in DMSO containing 0.1% of m-cresol as an internal standard) 

was dissolved in rat, pig, goat, and cattle serum or pig hypothalamic extracts (196 L). 

After incubation at 37 °C, a 30 L aliquot was sampled at intervals (indicated time). 

After addition of MeCN (90 L), the sample solution was centrifuged (4 °C, 13000 g, 

10 min), and then the supernatant was analyzed by HPLC with a linear gradient of 

MeCN in 0.1% TFA aq. (5–50% over 45 min or 30–50% over 20 min; detection at 220 

nm). The compound ratio was determined by the peak areas. 

 

Evaluation of Effect of NK3R agonists on MUA volley in OVX goats. All goat 

experiments were approved by the Committee on the Care and Use of Experimental 

Animals at the National Institute of Agrobiological Sciences (H23-002). Adult female 

Shiba goats (Capra hircus, 4–8 years old, weighting 23.0–32.0 kg, n = 5) were 

bilaterally ovariectomized under inhalation anesthesia. With an interval of more than 

one month, they were implanted with an array of bilateral recording electrodes 

consisting of six Teflon-insulated platinum-iridium wires at the posterior region of the 

ARC as described previously.
11,12

 After recovery, the goats were kept in a 
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condition-controlled room (12L/12D, 23 °C, and 50% relative humidity) and loosely 

held in an individual stanchion. Animals were maintained with a standard pellet diet and 

dry hay, and had free access to water and supplemental minerals. MUA was monitored 

in conscious goats. Signals were passed through a buffer amplifier and integrated circuit 

directly plugged into an electrode assembly. After additional amplification and 

amplitude discrimination, MUA signal was stored as counts per 20 s on a personal 

computer. In OVX goats, the intervolley interval of spontaneously occurring MUA 

volleys differed slightly among individuals ranging from 20 to 35 min but was relatively 

constant within an individual, in which the interval variation was usually ± 2 min, 

allowing for a timed treatment between experiments. On each experimental day, the 

average value of 3 successive intervolley intervals (T) was calculated for each OVX 

goat and sample injections made at 1/2 T, after the preceding MUA volley. NK3R 

agonists were initially dissolved in DMSO at 10 mM and further diluted with saline to 

make a working concentration of 100 M. All five goats received a bolus injection of 

senktide and peptide 10a once through a jugular catheter. MUA was recorded 

throughout the experimental period. Analog treatments were separated by at least one 

day. 
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Chapter 3. Conclusions 

1. Investigation GPR54 ligand selectivity profiles for neuropeptide receptors 

demonstrated that Kp-10 with minimal bioactive sequence exhibited potent 

binding affinity and agonistic activity towards two neuropeptide FF receptors 

(NPFFRs), whereas short GPR54 ligands, FTM080 and FTM145, showed lower 

binding affinity to these receptors. These profiles and the ex vivo experiments 

suggest that GnRH secretion from median eminence may be regulated by several 

neuropeptide receptors including GPR54 and NFPPRs.  

2. Fluorescent and photoaffinity probes for GPR54 were designed and synthesized. 

These probes were applicable for direct detection of GPR54 protein in living 

cells using fluorescence microscopy and flow cytometry analysis, and 

crosslinking experiments. 

3. The structure-activity relationship study of naturally occurring tachykinin 

peptides and [MePhe
7
]-NKB demonstrated the structural requirement for NK3R 

selective agonists. Optimization of senktide, with modification of the N-terminal 

region, led to identification of novel potent NK3R selective agonists. The 

stereochemistry of the N-terminal amino acid contributed to the biological 

stability of the peptide. 

4. Based on the degradation profiles of the NK3R selective agonists 

[MePhe
7
]-NKB and senktide in animal sera, pig hypothalamus extracts and NEP 

24.11 solution, a series of peptides were designed and synthesized for 

structure-activity relationship studies. Substitution of a Gly-Leu moiety in 

senktide with (E)-alkene dipeptide isostere produced a novel biostable NK3R 

agonist with more potent and prolonged in vivo bioactivity compared with 

senktide. 

Taken together, the author investigated GPR54 ligands for functional 

characterization of kisspeptins and their receptors. The selectivity profile of GPR54 

ligands for neuropeptide receptors as well as the developed chemical probes for GPR54 

will be useful for further studies on the mechanism underlying the regulation of GnRH 

secretion. The author also developed novel, potent and biologically stable NK3R 

agonist peptides, which can modulate GnRH secretion in the control of reproductive 

systems. 
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