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Metastin/kisspeptin, a 54-amino acid peptide, is the ligand of the G-protein-coupled receptor KISS1R
which plays a key role in pathways that regulate reproduction and cell migration in many endocrine
and gonadal tissues. The N-terminally truncated decapeptide, metastin(45–54), has 3–10 times higher
receptor affinity and intracellular calcium ion-mobilizing activity but is rapidly inactivated in serum.
In this study we designed and synthesized stable KISS1R agonistic decapeptide analogs with selected sub-
stitutions at positions 47, 50, and 51. Replacement of glycine with azaglycine (azaGly) in which the a-car-
bon is replaced with a nitrogen atom at position 51 improved the stability of amide bonds between
Phe50-Gly51 and Gly51-Leu52 as determined by in vitro mouse serum stability studies. Substitution for
tryptophan at position 47 with other amino acids such as serine, threonine, b-(3-pyridyl)alanine, and
D-tryptophan (D-Trp), produced analogs that were highly stable in mouse serum. D-Trp47 analog 13
showed not only high metabolic stability but also excellent KISS1R agonistic activity. Other labile pep-
tides may have increased serum stability using amino acid substitution.

� 2012 Elsevier Ltd. All rights reserved.
Metastin/kisspeptin is the endogenous ligand of an orphan
G-protein-coupled receptor GPR54, also known as AXOR12 or
OT7T175, and has recently been renamed the KiSS1 receptor
(KISS1R).1–3 Recent studies have suggested that metastin acts as
a critical potentiator of gonadotropin-releasing hormone secretion
following acute administration in several mammalian species
including rats,4 mice,5 and human males,6 but lowers testosterone
levels as a consequence of continuous administration.7 These re-
sults strongly suggest that appropriate KISS1R agonists can modu-
late the hypothalamic-pituitary-gonadal axis and may have the
potential to be useful for the prevention or treatment of a number
of sex hormone-dependent diseases.

N-terminally truncated human metastin(45–54), Tyr-Asn-Trp-
Asn-Ser-Phe-Gly-Leu-Arg-Phe-NH2, is 3–10 times more active than
metastin in vitro.1 However, both metastin and metastin(45–54)
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are susceptible to enzyme-catalyzed hydrolysis.8 In our laboratory,
Nx-methylarginine [Arg(Me)] substitution has been shown to be
highly effective in preventing the cleavage between amino acids
Arg53 and Phe54.9 Consequently, an analog possessing Arg(Me)
was synthesized and found to be metabolically resistant to tryp-
sin-like proteases.9 There remains a great demand for more stable
analogs with other amino acid replacements at fragile sites to im-
prove their pharmacological properties by maintaining or improv-
ing agonistic activity and serum stability. In this report, we provide
a rational strategy for the design of decapaptide analogs of KISS1R
agonists to improve their stability in murine serum.

All peptides were synthesized by standard N-(9-fluorenylmeth-
oxycarbonyl;Fmoc)-based solid phase synthetic methodology ex-
cept where specifically described. The [Ca2+]i-mobilizing activities
of all peptides are shown as the concentration at 50% of the max-
imum response (EC50 values) calculated using sigmoidal dose re-
sponse curves in Tables 1 and 2. The receptor binding affinities of
the synthesized peptides were determined as IC50 values.

The ability of selected peptides to prevent enzymatic hydrolysis
was evaluated by incubation in mouse serum at 37 �C. The residual
ratio, defined as the percent of compound remaining after a 1 h
incubation at initial concentrations of 0.1 mM, is given in Tables
1 and 2.

Metastin(45–54) was rapidly metabolized in mouse plasma
(Fig. 1). More than 50% of the peptide was metabolized after a
1-min incubation at 37 �C (data not shown). The metabolites
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Table 2
Biological activities of decapeptide metastin analogs substituted at position 47

H-AA45-Asn-AA47-Asn-Ser-Phe-AA51-Leu-AA53-Phe-NH2

Compound-no. AA45 AA47 AA51 AA53 Agonist activitya EC50 (nM) Binding affinityc IC50 (nM) Stability in mouse serum

Human Rat Residual ratio (%)e

Metastin(45-54) Tyr Trp Gly Arg 0.049b 0.082d 0.11d NDf

6 D-Tyr Ser azaGly Arg(Me) 0.73 0.49 0.43 50.0

7 D-Tyr Thr azaGly Arg(Me) 0.24 0.86 0.83 62.5

8 D-Tyr Ile azaGly Arg(Me) 0.13 0.43 0.46 NDf

9 D-Tyr Cha azaGly Arg(Me) 0.10 0.19 0.24 32.0

10 D-Tyr Pya(3) azaGly Arg(Me) 0.24 0.70 0.89 50.6

11 D-Tyr Pya(4) azaGly Arg(Me) 0.11 0.30 0.28 30.7

12 D-Tyr Nal(2) azaGly Arg(Me) 0.098 0.13 0.20 43.6

13 D-Tyr D-Trp azaGly Arg(Me) 0.072 0.19 0.22 56.4

14 D-Tyr D-Pya(4) azaGly Arg(Me) 0.59 0.28 0.28 NDf

a Agonist activities of all peptide analogs were evaluated in a functional assay of human OT7T175, an intracellular calcium mobilization assay using fluorometric imaging
plate reader technology. EC50 values of all peptide analogs were calculated using sigmoidal dose response curves.

b EC50 values of metastin(45–54) were calculated as the average value of 13 independent experiments.
c Receptor binding affinities of the synthesized peptides were determined as IC50 values.
d IC50 value of metastin(45–54) was calculated as the average value of three independent experiments.
e Residual ratio after incubation in mouse serum 1 h at 37 �C.
f Not determined.

Table 1
Biological activities of metastin analogs substituted between positions 50 and 51

H-AA45-Asn-Trp-Asn-Ser-AA50-51-Leu-AA53-Phe-NH2

Compound-no. AA45 AA50–51 AA53 Agonist activitya EC50 (nM) Binding affinityc IC50 (nM) Stability in mouse serum

Human Rat Residual ratio (%)e

Metastin(45–54) Tyr Phe-Gly Arg 0.049b 0.082d 0.11d NDf

1 D-Tyr Phe-Gly Arg(Me) 0.065 0.11 0.26 18.1

2 D-Tyr Phe-w(CSNH)-Gly Arg(Me) 0.041 2.8 3.3 35.3

3 D-Tyr Phe-w(CH2NH)-Gly Arg(Me) 0.62 0.61 1.4 12.1

4 D-Tyr Phe-w(NHCO)-Gly Arg(Me) 0.95 0.51 2.9 46.8

5 D-Tyr Phe-azaGly Arg(Me) 0.050 0.16 0.17 39.5

a Agonist activities of all peptide analogs were evaluated in a functional assay of human OT7T175, an intracellular calcium mobilization assay using fluorometric imaging
plate reader technology. EC50 values of all peptide analogs were calculated using sigmoidal dose response curves.

b EC50 values of metastin(45–54) were calculated as the average value of 13 independent experiments.
c Receptor binding affinities of the synthesized peptides were determined as IC50 values.
d IC50 value of metastin(45–54) was calculated as the average value of three independent experiments.
e Residual ratio after incubation in mouse serum 1 h at 37 �C.
f Not determined.

Figure 1. HPLC chromatogram of metastin(45–54) after incubation in mouse plasma.
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formed during incubation were identified by HPLC electrospray
ionization mass spectrometry (HPLC-ESI-MS) coupling experi-
ments. ESI mass spectra obtained from metastin(45–54) incubated
with mouse plasma revealed the presence of more than ten plausi-
ble metabolites as shown in Figure 2. Two major peptide frag-
ments, metastin(46–54) and (46–53), were released primarily as



Figure 2. Total ion chromatogram of metastin(45–54) after incubation in mouse plasma.
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a result of Tyr45-Asn46 and Arg53-Phe54 protease cleavage due to
aminopeptidase activity and trypsin-like degradation. We deter-
mined that Arg(Me) substitution at the 53 position was an optimal
approach to improve serum stability by avoiding cleavage between
Arg53 and Phe54.9

Incorporation of D-amino acids has been widely recognized to
improve biological potencies of peptides by altering conforma-
tional properties10 and increasing resistance to enzymatic degrada-
tion.11 Peptide 1 with D-Tyr45 showed acceptable activity and
avoided N-terminal degradation. Mouse plasma stability experi-
ments showed that peptide 1 was apparently resistant to proteol-
ysis after a 1 h incubation in mouse serum and showed a treated/
control (T/C) ratio of 18.1%, even though several metabolites were
observed in the ESI-MS spectra including metastin(45–47), (45–
50), (45–51), and (48–54), possibly due to cleavage by chymotryp-
sin-like proteases, neutral endopeptidases (NEP), and matrix
metalloproteinase-9 (MMP-9), as shown in Figure 3. Peak X in
the figure was observed as an unknown substance derived from
serum protein.

We hypothesized that more potent and long-acting analogs of
compound 1 could be developed if other degradative pathways
were successfully inhibited by specific replacement at positions
47, 48, 50, and 51. To examine this hypothesis, we first synthesized
a series of analogs with substitution of residues at positions 50 and
51. Preliminary data (not shown) suggested that amino acid substi-
tutions at Phe50 and Gly51 preserved receptor recognition. D-amino
acid replacement improved metabolic stability but reduced in vitro
activity. Therefore, we designed and synthesized amide bond isos-
teres and aza amino acid additions between positions 50 and 51
without altering their side chain moieties. This was expected to
improve agonistic activity and avoid enzymatic degradation by
changing the overall conformation of compound 1.

Pseudopeptides have become important for medicinal chemis-
try.12 A previous study demonstrated that Gly-Leu dipeptide isos-
teres, such as (E)-alkene- and hydroxyethylene-type isosteres,
helped to maintain the agonist activity against MMP-9-mediated
cleavage.12 Metastin analogs with five amino acid residues con-
taining (E)-alkene and hydroxyethylene isosteres showed high sta-
bility in murine serum.8

In this study, we designed and synthesized other simple
pseudopeptides including thio peptides, reduced amide peptides,
retro-inverso peptides and aza peptides.
Modification of peptides by reduction or thiolation of amide
carbonyl oxygen has received attention recently for several rea-
sons. For example, thiolated analogs of biologically active peptides
have been reported to show increased enzymatic stability, potency,
and selectivity.13,14

The reduced amide bond (CH2NH) in compound 3 was formed
by reductive alkylation of a preformed Fmoc-Phe-H with H-Leu-
Orn(Mtt)-Phe-Rink MBHA resin in the presence of an excess
NaBH3CN and 1% acetic acid in N,N-dimethylformamide
(DMF).15–17 Pseudopeptide 4 was synthesized by solid phase syn-
thesis of retro-inverso peptides.18 The amide functional group of
Z-Phe-NH2 was converted into an amine with bis(trifluoroacet-
oxy)iodobenzene, followed by condensation with mono-tert-butyl-
malonate and subsequent conversion of the Z group into an Fmoc
group. Deprotection of tert-butyl ester by TFA treatment for 3 min
afforded the desired pseudodipeptide, Fmoc-Phe-w(NHCO)-Gly-
OH, which was used for the solid phase peptide synthesis.

Aza peptides have an aza amino acid residue in which the a-
carbon is replaced with a nitrogen atom. This nitrogen substitution
is believed to have little effect on the overall physicochemical pro-
files of these peptides; however, electronic repulsion between the
adjacent nitrogen atoms has been suggested to induce type I and II
b-turn conformations.19–31 This b-turn geometry of aza amino
acid-containing peptides may contribute to improve binding affin-
ity of metastin analogs for KISS1R. NMR analysis of the meta-
stin(45–54) analog in dodecylphosphocholine micelles showed
that it contained several tight turn structures such as miscella-
neous type IV b-turns (residues Asn48–Gly51 and Gly51–Phe54).32

In addition, this manipulation is expected to increase the stability
of the aza peptide against proteases that recognize amino acid res-
idues Phe50–Gly51 or Gly51–Leu52 due to the planar configuration of
a-nitrogen between D- and L-amino acids.

We designed an aza peptide and synthesized it using solid
phase methodology. All of these analogs including thio peptide 2,
reduced amide peptide 3, retro-inverso peptide 4, and aza peptide
5, retained acceptable [Ca2+]i mobilizing activities and receptor
binding activities (Table 1). Stability against enzymatic hydrolysis
was evaluated in mouse serum and the amount of peptide remain-
ing in serum extracts was determined from the area under HPLC
peaks. The stability index defined as the percent of a given meta-
stin analog recovered from serum after incubation at 37 �C for
1 h, was calculated relative to the amount of peptide at time 0



Figure 3. Total ion chromatogram of 1 after incubation in mouse serum.
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(Table 1). Thio peptide 2, retro-inverso peptide 4, and aza peptide 5
displayed increased stability in mouse serum; however, reduced
amide peptide 3 exhibited a lower residual ratio compared with
peptide 1. It was assumed that retro-inverso peptide and aza pep-
tide analogs could avoid cleavage of amide bonds between the res-
idues 50 and 51 and 51 and 52. The azaGly analog was selected for
further optimization studies because of its superior water solubil-
ity and synthetic characteristics.

The sequence containing tryptophan at position 47 was prone
to enzymatic degradation by chymotrypsin-like proteases which
are known to exhibit high affinity for aromatic amino acid sub-
strates such as phenylalanine, tyrosine, and tryptophan.33,34 On
the other hand, it was expected that these chymotrypsin-like
proteases would exert a relatively low activity against substrates
that had unnatural or hydrophilic amino acids. Based on this, the
following modifications were carried out to increase the stability
Figure 4. Total ion chromatogram of 6
of the bond between residues 47 and 48. Replacement of Trp47

with serine (Ser) yielded analog 6 with relatively low bioactivity
but superior metabolic stability compared with compound 5 (Table
2). The residual ratio of compound 6 after a 1 h incubation was
50.0%. Several metabolites were identified by HPLC-ESI-MS cou-
pling experiments following a 1 h incubation of compound 6 which
was a prototype model peptide with an azaGly residue (Fig. 4).
Peak X in the figure was also observed as an unknown substance
derived from serum protein. Compound 6 was not cleaved between
positions 50 and 52, and resisted proteolytic degradation in a
15 min human serum incubation in which metastin(45–54)
showed rapid decomposition (Table 3).

KISS1R recognition has been reported to be relatively unaf-
fected by the structure of the N-terminal region of metastin(45–
54). D-amino acid substitutions at positions 45, 46, and 47 in
metastin(45–54) retained potent biological activity comparable
after incubation in mouse serum.



Table 3
Stabilities of metastin analogs in human serum

Compound Residual ratioa t1/2
b (min)

0 min 5 min 10 min 15 min

Metastin(45–54) 66 0.9 <0.5 <0.5 <1
1 93.4 90.7 85.8 82.7 75
6 86.5 86.5 85.3 86.4 Stable

a Residual ratio was determined after incubation in human serum 1 h at 37 �C
(n = 2).

b The half-lives of studied analogs were calculated according to pseudo-first-
order kinetic models and optimized using monoexponential regressions.
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to metastin(45–54),35,36 suggesting that optimization at residue 47
with L- or D-amino acids would result in novel analogs with both
high [Ca2+]i mobilizing activities and serum stability.

AzaGly51 derivatives substituted with unnatural amino acids for
Trp47, b-cyclohexylalanine (Cha) 9, b-(4-pyridyl)alanine [Pya(4)]
11, and b-(2-naphthyl)alanine [Nal(2)] 12 analogs demonstrated
comparable [Ca2+]i-mobilizing activities compared with Trp analog
5 (Table 2). Of these analogs, Nal(2) analog 12 showed the highest
activity and was nearly equivalent to that of metastin(45–54).
However, the residual ratios of these compounds was less than
50%. Other L-amino acid substitutions such as threonine (Thr) 7,
isoleucine (Ile) 8, and b-(3-pyridyl)alanine [Pya(3)] 10, showed de-
creased agonistic activities compared to metastin(45–54),
although the residual ratios of peptides 7 and 10 were above 50%
in serum stability studies.

As for D-amino acid substitutions, D-Trp47 13 and D-Pya(4)47 14
analogs exhibited good receptor binding affinity, which were com-
parable to the corresponding L-form amino acid derivatives 5 and
11. This result suggested that the stereochemistry of the a-carbon
at position 47 does not play a critical role in KISS1R recognition, as
expected. In addition, D-Trp analog 13 showed excellent serum sta-
bility with a residual ratio of 56.4%, compared to 39.5% for Trp ana-
log 5.

In summary, we designed and synthesized metabolically stable
KISS1R decapeptides with selected substitutions at positions 47,
50, and 51. Replacement of Gly with an azaGly residue, which in-
volved a simple nitrogen atom replacement of an a-carbon at
Gly, resulted in good agonistic activity for KISS1R. This indicated
that some b-turn conformations, which are reported to be observed
in aza peptides, may contribute to interactions with KISS1R. Addi-
tionally, incorporation of the azaGly51 residue improved metabolic
stability of the Phe50-Gly51 and Gly51-Leu52 bonds, which were
resistant to serum proteases such as chymotrypsin, NEP, and
MMP-9. Although a variety of aza amino acid analogs of biologi-
cally active peptides has been reported with improved biological
potency,37–49 this study is the first report that aza amino acid
replacement is a simple way to protect both fragile amide bonds
at the N-terminal and C-terminal of the aza amino acid residue.

Substitution of Trp at position 47 with other amino acids, exem-
plified in this series of analogs with azaGly51, produced several
analogs that were stable to metabolic degradation. Our study dem-
onstrated that the key amino acid replacement with azaGly51 re-
sulted in metabolically stable analogs that could be easily
synthesized using solid-phase methodology without preparing
dipeptide isostere units. Further optimization studies on novel aza-
Gly short length metastin agonists with high potency and meta-
bolic stability are ongoing in prostate cancer drug development.
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