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Conformational Change in the Ligand-Binding
Pocket via a KISS1R Mutation (P147L)
Leads to Isolated Gonadotropin-
Releasing Hormone Deficiency
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Context: Kisspeptin receptor (KISS1R) is expressed in hypothalamic gonadotropin-releasing hormone
neurons and responsible for pubertal onset and reproductive functions. KISSIR mutations remain a
rare cause of congenital hypogonadotropic hypogonadism (CHH).

Objective: The aim of this study was to identify the genetic cause of CHH in a patient and to functionally
characterize a KISSIR mutation.

Design: The patient was a 47-year-old Japanese man whose parents were first cousins. He lacked
secondary sexual characteristics owing to normosmic CHH. Exon segments for the KISSIR gene in this
patient were screened for mutations. Functional analyses were performed using HEK293 cells
expressing KISS1R mutants. Molecular dynamics simulations were performed to compare the ligand-
KISS1R mutant complex with those of wild-type KISS1R variants.

Results: A homozygous mutation (c.440C>T, p.P147L) in KISSIR was identified. The P147L mutation
did not affect either receptor expression level or subcellular localization in the recombinant expression
system. Intracellular calcium measurements and cellular dielectric spectroscopy demonstrated that the
P147L mutation impaired receptor function to an extent more severe than that of a previously reported
L148S mutation. A receptor-ligand binding assay showed the P147L mutation causes a substantial loss
of ligand-binding affinity. Molecular dynamics simulations revealed the P147L mutation decreases the
contact surface area of the ligand-receptor complex in an expanded ligand-binding pocket.

Conclusion: We identified a loss-of-function mutation in KISS1R associated with CHH. Our results
demonstrated that the P147L mutation causes a severe phenotype and functional impairment resulting
from the loss of ligand-binding affinity due to an expanded ligand-binding pocket.

Copyright © 2017 Endocrine Society

This article has been published under the terms of the Creative Commons Attribution Non-
Commercial, No-Derivatives License (CC BY-NC-ND; https://creativecommons.org/licenses/by-nc-
nd/4.0/).

Freeform/Key Words: congenital hypogonadotropic hypogonadism, KISS1R, kisspeptin
receptor, ligand binding, missense mutation

Congenital hypogonadotropic hypogonadism (CHH) is characterized by deficient or absent
pubertal development caused by hyposecretion of gonadotropin. The prevalence of CHH is

Abbreviations: CHH, congenital hypogonadotropic hypogonadism; FSH, follicle-stimulating hormone; GnRH, gonadotropin-releasing
hormone; GPCR, G-protein—coupled receptor; HEK, human embryonic kidney; KISS1R, kisspeptin receptor; KP, kisspeptin; LH,
luteinizing hormone; RRID, Research Resource Identifier.
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approximately one case in 8000 individuals [1]. CHH is divided primarily in two clinical
categories: CHH with anosmia or hyposmia (Kallmann syndrome) and CHH with normal
smell (normosmic CHH). Normosmic CHH has diverse genetic causes, including mutations of
KISS1/KISSIR, TAC3/TACR3, GNRH1/GNRHR, LEP/LEPR, HESXI1, FSHB, and LHB
[2]. KISS1R mutations are found in 2% of patients with normosmic CHH [1].

A 54-amino acid peptide kisspeptin (KP; encoded by KISSI) and its receptor, KISS1R, in
the hypothalamus regulate the secretion of gonadotropin-releasing hormone (GnRH) and are
responsible for pubertal onset and reproductive functions [3]. The human KISSIR gene is
located on chromosome 19, consists of five exons, and encodes 398 amino acids that form a
seven-transmembrane G-protein—coupled receptor (GPCR) [4]. In 2003, two research groups
independently identified different KISSIR mutations in patients with CHH [5, 6]. These
reports showed that loss-of-function mutations in KISSIR cause CHH in mice and humans.

The frequency of mutations in KISS1R-associated CHH is relatively low. At least 24
KISSI1R mutations have been reported, including heterozygous mutations [1, 7]. Moreover,
few studies have been conducted to evaluate the functions of these mutations. Therefore, the
structure-function relationship between wild-type and mutant receptors remains unknown.
Here, we identified a loss-of-function mutation in KISS1R found in a Japanese patient with
normosmic CHH, elucidating the role of this KISS1R mutation in the pathogenesis of CHH by
functional analysis in vitro.

1. Case Report

The subject was a 47-year-old, single Japanese man whose parents were first cousins. His lack of
secondary sexual characteristics was noted by a dermatologist when he was admitted to our
hospital for treatment of a refractory left leg ulcer. His height, body weight, and arm span were
163.4 cm, 47 kg, and 172.0 cm, respectively. Testicular atrophy, micropenis, and lack of pubic hair
(Tanner stage I) were observed, but no hyposmia was detected from an olfaction test using
thiamine propyldisulfide. Endocrine test results are shown in Table 1. Luteinizing hormone (LH)
and free testosterone were below detectable levels, and follicle-stimulating hormone (FSH) levels
were below normal range, whereas levels of other anterior pituitary hormones were normal. A
continuous-loading test for GnRH indicated normal gonadotropin response, and magnetic res-
onance imaging showed no abnormal morphology of the hypothalamus, the pituitary, or the
olfactory bulbs. Therefore, we diagnosed CHH. Additionally, we diagnosed osteoporosis owing to
decreased bone density of the lumbar vertebrae (.2—4) to 51% of the average found in young
adults. Because the patient did not desire fertility, he was continuously given testosterone by
intramuscular injection. The leg ulcer was cured after testosterone supplementation; however, it
recurred due to the patient self-terminating the treatment. His stretched penile length was
2.5 cm, even after testosterone supplementation for a decade. Written informed consent for DNA-
sequencing analysis and permission for publication were obtained from the patient and his
brothers. This study was approved by the ethics committee of the University of Miyazaki.

2. Material and Methods
A. DNA-Sequencing Analysis

Genomic DNA was extracted from peripheral blood leukocytes using a QIAamp DNA Mini Kit
(Qiagen, Hilden, Germany) and amplified by polymerase chain reaction (PCR) using KOD FX
polymerase (Toyobo, Osaka, Japan). The primers for KISSIR and TACRS3 are shown in
Supplemental Table 1. The PCR products were sequenced using a 3130 Genetic Analyzer
(Applied Biosystems, Foster City, CA).

B. Construction of Expression Vectors

Mutations were introduced by PCR into the wild-type KISSIR sequence cloned in the
pcDNAB3.1(—) expression vector. To study cell surface expression of the mutant receptors,
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Table 1. Endocrinological Characteristics of the Patient

Variable Laboratory Value Normal Range
ACTH, pg/mL 16.3 7.4-55.7
Cortisol, pg/dL 11.9 4.5-21.1
DHEA-S, pg/dL 133 70495
TSH, wIU/mL 1.32 0.35-4.94
Free T4, ng/dL 1.14 0.70-1.48
Free T3, pg/mL 2.58 1.71-3.71
GH, ng/mL 1.14 <2.47
IGF-1, ng/mL 122 90-250
LH, IU/L <0.1 1.2-7.1
FSH, TU/L 0.8 2.0-8.3
Total testosterone, ng/mL 0.33 2.07-7.61
Free testosterone, pg/mL <0.6 4.7-21.6
17B-estradiol, pg/mL <10 10—40
PRL, ng/mL 7.4 3.5-19.4
GnRH loading test, IU/L*

Basal LH <0.1

Peak LH (90 minutes) 0.6

Basal FSH 0.8

Peak FSH (120 minutes) 3.7
GnRH continuous loading test, TU/L?

Basal LH 0.3

Peak LH (30 minutes) 5.4

Basal FSH 2.1

Peak FSH (120 minutes) 5.6
hCG loading test, day 4 free testosterone, pg/mL¢® <0.6
75-g oral glucose tolerance test

Fasting plasma glucose, mg/dL 91 70-110

Peak plasma glucose, mg/dL (15 minutes) 131

30-minute plasma glucose, mg/dL 113

Fasting plasma insulin, pU/mL 5.6 1.7-10.4

Peak plasma insulin, wU/mL (15 minutes) 46.4

30-minute plasma insulin, pU/mL 28.1

Abbreviations: ACTH, adrenocorticotropic hormone; DHEA-S, dehydroepiandrosterone sulfate; FSH, follicle-
stimulating hormone; GH, growth hormone; hCG, human chorionic gonadotropin; IGF-1, insulin-like growth
factor-1; LH, luteinizing hormone; PRL, prolactin; TSH, thyroid-stimulating hormone.

“Blood sampling with intravenous administration of GnRH (0.1 mg).

®Blood sampling with intravenous administration of GnRH (0.1 mg) at day 4 after 3 days of intravenous
administration of GnRH (0.5 mg).

“Blood sampling at day 4 the morning after 3 days of intramuscular administration of hCG (5000 U).

FLAG tags were added at the N-terminal end of KISS1R. The details are provided in the
Supplemental Materials and Methods.

C. Cell Culture and Transfection

Human embryonic kidney (HEK) 293 cells were cultured in Dulbecco’s modified Eagle medium
with 10% fetal bovine serum, 50 IU/mL penicillin, and 50 pg/mL streptomycin at 37°C and 5%
CO,. Cells were transiently transfected with expression vectors using ViaFect (Promega,
Madison, WI) or FuGENEG6 (Promega) according to the manufacturer’s instructions.

D. Intracellular Calcium Measurements

At 5-hours posttransfection, cells were plated on 96-well black plates (Corning, Corning,
NY) at 3 X 10* cells/well. At 24-hours posttransfection, the changes in intracellular
calcium caused by agonist stimulation were detected using a FLIPR Tetra fluorescence-
imaging plate reader (Molecular Devices, Sunnyvale, CA) as described previously [8]. We
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used human kisspeptin-10 (KP-10) and kisspeptin-54 (KP-54; Peptide Institute, Osaka,
Japan) as KISS1R agonists.

E. Cellular Dielectric Spectroscopy

At 5-hours posttransfection, KISS1R-HEK293 cells were reseeded at 4.5 X 10* cells/well on
CellKey Standard 96-well plates (Molecular Devices). At 24-hours posttransfection, the
medium was replaced with 20 mM HEPES-buffered Hanks balanced salt solution (pH 7.4)
containing 0.1% bovine serum albumin (BSA). Changes in cellular impedance induced by
agonist stimulation were measured by cellular dielectric spectroscopy using a CellKey System

(Molecular Devices) [9].
F. Quantitative Real-Time PCR

Total RNA was extracted from KISS1R-HEK293 cells by using an RNeasy Mini Kit (Qiagen)
and reverse transcribed into complementary DNA (cDNA) using a High-Capacity RNA-to-
c¢DNA Kit (Applied Biosystems). Quantitative real-time PCR reactions were conducted with a
Thermal Cycler Dice Real Time System II (TaKaRa, Otsu, Japan) using a TagMan gene
expression assay containing primers for human KISS1R (assay ID: Hs00261399_m1; Applied
Biosystems) or a housekeeping gene (human GAPDH; assay ID: Hs02758991_g1), TagMan
Fast Advanced Master Mix (Applied Biosystems), and 1 g of cDNA.

G. Immunocytochemistry

FLAG-tagged-KISS1R-expressing HEK293 (FLAG-KISS1R-HEK293) cells cultured in Nunc
Laboratory-Tek IT CC2 Chamber Slide System four-well chambers (Thermo Fisher Scientific,
Waltham, MA) were fixed with 4% paraformaldehyde, blocked, and permeabilized with 5%
normal goat serum, 0.1% BSA, and 0.3% Triton X-100. Cells were incubated with the anti-
FLAG M2 antibody [Research Resource Identifier (RRID): AB_262044; 1:500 dilution; Sigma-
Aldrich, St. Louis, MO] for 2 hours at 37°C, followed by incubation with Alexa Fluor 488 goat
anti-mouse immunoglobulin G (RRID: AB_2534069; 1:1000 dilution; Life Technologies) for
1 hour at room temperature. Nuclear staining was performed using Cellstain 4',6-diamidino-
2-phenylindole solution (1:1000 dilution; Dojindo, Kumamoto, Japan). Cells were imaged
using a C2 confocal laser-scanning microscope system (Nikon, Tokyo, Japan).

H. Western Blot

FLAG-KISS1R-HEK293 cells were scraped into HEPES buffer (25 mM HEPES, pH 7.4, 10 mM
MgCls, and 0.25 M sucrose) and homogenized on ice. The homogenate was centrifuged at 800g at
4°C for 20 minutes and the supernatant was centrifuged twice at 100,000g at 4°C for 1 hour. The cell
pellet was solubilized with Cell-LyEX MP (TOYO B-Net, Tokyo, Japan). A 1-ng aliquot of
this fraction with urea (final concentration, 5 M) was subjected to sodium dodecyl sulfate—
polyacrylamide gel electrophoresis [10] and transferred to a polyvinylidene fluoride membrane. The
transfer membrane was incubated with anti-FLAG M2 antibody (1:1000 dilution) overnight at 4°C,
followed by incubation with anti-mouse immunoglobulin G horseradish-peroxidase-linked antibody
(RRID: AB_330924; 1:10,000 dilution; Cell Signaling Technology, Danvers, MA) for 1 hour at room
temperature. The immunoreactive band was visualized with ImmunoStar LD (Wako Pure
Chemicals, Osaka, Japan) and analyzed using a Fusion FX7 Chemiluminescence Imaging System
(Vilber-Lourmat, Eberhardzell, Germany). To calculate relative KISS1R expression, Na,K-ATPase
(RRID: AB_2060983; 1:1000 dilution; Cell Signaling Technology) was used as a loading control.

1. Receptor-Ligand Binding Assay

The cell membrane fraction was extracted as described, except for pellet resuspension in
HEPES buffer. The cell membrane fraction (2 g of protein) was incubated with 0.1 to 1.6 nM
1257 Jabeled KP-10 (*2°I-KP-10; PerkinElmer, Yokohama, Japan) in the presence (nonspecific
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binding) or absence (total binding) of 1 pM unlabeled KP-10 in a total of 200 pL of HEPES
buffer containing 0.05% BSA for 2 hours at 25°C. After incubation, bound '*’I-KP-10 was
isolated by vacuum filtration through glass-fiber filter paper (GF/B; Whatman, Maidstone,
United Kingdom), placed on a 1225 Sampling Manifold (Millipore, Billerica, MA), and the
filter was thoroughly washed with HEPES buffer and dried for 1 hour at 80°C. The radio-
activity was measured using a Tri-Carb 2810TR liquid-scintillation analyzer (PerkinElmer)
after adding 5 mL of Ultima Gold F scintillation cocktail (PerkinElmer). Specific binding was
calculated by subtracting nonspecific binding from total binding.

J. Protein Modeling and Molecular Dynamics Simulations

Protein structure modeling and molecular dynamics simulations were performed using the
Molecular Operating Environment (version 2015.1001; Chemical Computing Group, Mon-
treal, PQ, Canada). Homology models of wild-type KISS1R were generated based on the
nociceptin receptor (Protein Data Bank code: 4EA3). The details of this method are provided
in Supplemental Materials and Methods.

K. Statistical Analysis

Data are shown as the mean = standard error of the mean. GraphPad Prism 7 software
(GraphPad Software, La Jolla, CA) was used for statistical analysis and curve fitting, and one-
way ANOVA was used for comparisons among the three groups. Two-way analysis of variance
and repeated measures combined with the Tukey multiple comparison test were applied for
experiments with two factors, genotyping, and amounts of agonist. P < 0.05 was considered
statistically significant.

2. Results
A. Identification of a KISS1R Mutation Associated With CHH

We investigated genetic defects in the KISSIR and TACRS3 [11] genes in this patient with
CHH. A homozygous mutation (c.440C>T, p.P147L) in exon 3 of the KISSIR gene was
identified in the patient by sequence analysis [Fig. 1(A)]. No mutation was found in the
TACRS3 gene. Although his older and younger brothers were heterozygous for the mutation
[Fig. 1(B)], their pubertal development (pubic hair: Tanner stage V) and gonadotropin and
testosterone levels were intact (Supplemental Table 3).

B. The P147L Mutation is an Almost Complete Loss-of-Function Mutation

To evaluate the functional properties of the KISS1R P147L mutant, we constructed HEK293
cells transiently expressing KISS1R wild-type or mutant variants (P147L, identified in this
study; L.148S, reported by Seminara et al. [6]) and measured changes in intracellular calcium
concentration induced by KISS1R agonists. KP-10 and KP-54 induced concentration-
dependent, robust increases in intracellular calcium concentration in wild-type KISS1R-
expressing cells [half maximal effective concentration, 2.54 X10'° and 1.85 x10~° M,
respectively; Fig. 2(A) and 2(B)]. In contrast, no response was observed, evenat1 X 10" *M
of KP-10 in KISS1R P147L-expressing cells. As shown by Wacker et al. [12], the potency
and efficacy of these peptides in KISS1R LL148S-expressing cells was much less than those
observed for wild-type—expressing cells.

We then performed cellular dielectric spectroscopy, which can measure complex impedance
changes in cell morphology associated with ligand binding. KP-10 and KP-54 induced
concentration-dependent increases in impedance in wild-type KISS1R-expressing cells
[half maximal effective concentration, 4.14 X10~ % and 7.69 x 10~ 1° M, respectively; Fig. (2)C
and 2(D)]. The potency and efficacy of these peptides for KISS1R L.148S-expressing cells were
less than those for wild-type—expressing cells, whereas no response was observed, even at
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Figure 1. Family pedigree corresponding to a KISS1R mutation. (A) Electropherograms of
DNA sequences in the patient showing homozygous mutations in the KISSIR gene. (B)
Pedigree of the reported family with a homozygous KISS1R ¢.440C>T, p.P147L mutation.
The patient is indicated by an arrow. Squares represent men, circles represent women, and
slashes indicate deceased members. There was no family history of hypogonadism. KISSIR
sequencing was performed only in the patient and his brothers.

1 X10~% M KP-10 in KISS1R P147L-expressing cells. These results showed that both the
P147L and L148S mutations impaired KISS1R function, and that the P147L mutation
caused a more severe loss of function relative to that observed in the 1.148S mutation.

C. The P147L Mutation Does Not Affect KISS1R Expression or Subcellular Localization

Results from quantitative real-time PCR analysis showed no significant differences in rel-
ative mRNA expression among the KISS1R wild-type, P147L, or LL148S variants and vali-
dated similar levels of transfection efficiency by the KISS1R-expression vectors [Fig. 3(A)]. To
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Figure 2. Dose-response relationships of the changes in intracellular calcium concentration
for (A) KP-10 and (B) KP-54 in HEK293 cells transiently expressing KISS1R wild-type (filled
circle), P147L (filled triangle), LL148S (open triangle), or transfected with empty vector (Mock,
open circle). Dose-response relationships of changes in cellular impedance for (C) KP-10 and
(D) KP-54 in HEK293 cells transiently expressing wild-type KISS1R and variants (n = 3 for
each genotype).

observe the effect of the P147L mutation on transport of the receptor to the cell surface
membrane, we constructed HEK293 cells transiently expressing KISS1R wild-type or mutant
variants with N-terminal FLAG tags. Western blot analysis revealed no significant differences
in relative FLAG-KISS1R expression in the cell membrane fraction among the wild-type,
P147L, and L.148S variants [Fig. 3(B) and 3(C)]. We then performed immunocytochemistry to
analyze the effect of the P147L mutation on KISS1R translation and subcellular localization.
Immunocytochemistry results showed no differences in subcellular localization patterns of
FLAG-KISS1R among the wild-type, P147L, and L148S variants [Fig. 3(D)]. These findings
indicated that neither the P147L nor the L148S mutation affected KISS1R transcription,
translation efficiency, or its transport to the cell surface membrane.

D. The P147L Mutation Causes a Significant Loss of Ligand-Binding Affinity

We performed a receptor-ligand binding assay to analyze the effect of the P147L mutation on
the ligand-binding affinity of the receptor. The assay revealed that the ligand-binding af-
finities of the KISS1R P147L and L.148S mutants were significantly lower than that observed
in the wild-type variant (Fig. 4). Specifically, the P147L mutant showed no significant binding
at from 0.1 to 1.6 nM '2°I-KP-10. These results indicated that the reduction in ligand-binding
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Figure 3. The KISS1R P147L mutation does not affect the expression or subcellular localization
of KISS1R. (A) Quantitative real-time PCR analysis of KISS1R mRNA expression in HEK293
cells transfected with KISSIR wild-type, P147L, or 1.148S variants (n = 4 for each genotype).
(B, C) Western blot analysis of FLAG-tagged-KISS1R protein in the cell membrane fraction of
HEK293 cells expressing FLAG-tagged-KISS1R wild-type, P147L, L.148S, or transfected with
empty vector (Mock) (n = 4 for each genotype). (D) Reproducible subcellular localization of
FLAG-tagged-KISS1R in HEK293 cells expressing FLAG-tagged-KISS1R wild-type, P147L, or
L148S variants. FLAG is green; nuclei are blue. NS, not significant.
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Figure 4. The KISS1R P147L mutation causes a significant loss of ligand-binding affinity.
Radioactivity of bound *2°I-KP-10 in the cell membrane fraction of HEK293 cells expressing
KISS1R wild-type (filled circle), P147L (filled triangle), or L.148S (open triangle) variants

(n = 4 for each genotype).
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affinity was a consequence of the P147L and L.148S mutations, with increased severity of this
impairment detected in the P147L mutation.

E. The P147L Mutation Dramatically Changes the Conformation of the
Ligand-Binding Pocket

To analyze the effect of the P147L mutation on receptor conformation and receptor-ligand
interactions, we performed in silico analysis of protein-structure modeling and molecular
dynamics simulations using Molecular Operating Environment (Chemical Computing
Group). Molecular dynamics simulations revealed that the binding free energies of the KP-10-
KISS1R complexes were higher in those of the P147L mutant compared with those observed
in the wild-type variant (Table 2). Consequently, the equilibrium constants (K, = [ligand-
receptor]/[ligand][receptor]) were lower in the P147L mutant, consistent with results from the
receptor-ligand binding assay. Additionally, the contact surface areas of the KP-10-KISS1R
complexes decreased in the P147L mutant. Furthermore, comparison of the lowest energy
conformations revealed that the unoccupied cavity volume of the ligand-binding pocket was
greater in the KISS1R P147L mutant as compared with that observed in the wild-type variant
(Fig. 5). These results suggested that the loss of ligand-binding affinity observed in the P147L
mutant was caused by the expansion of the ligand-binding pocket.

3. Discussion

In this study, we identified a KISS1R mutation in a Japanese patient with CHH. This P147L
mutation appears to be rare, because it was not found in searches of the Exome Aggregation
Consortium database [14], which covers exome sequences of 60,706 European, African, Asian,
and American individuals, and was also not found in searches of the Integrative Japanese
Genome Variation database [15], which covers whole-genome sequences of 2049 Japanese
individuals. Functional analyses revealed that the P147L variant constitutes an almost
complete loss-of-function mutation, resulting in a severe phenotype corresponding to lack of
pubertal development. Moreover, we showed that the mutation in the second intracellular
loop of the KISS1R caused the loss of ligand-binding affinity, due to the expanded ligand-
binding pocket. These results emphasized that the KISS1/KISS1R system plays an important
role in GnRH neurons, which are responsible for pubertal onset and reproductive functions.

The phenotype of the patient in this study included lack of pubertal development due
to severe hypogonadism (pubic hair: Tanner stage I; LH level <0.1 IU/L; and FSH level of
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Table 2. Molecular Dynamics Simulations of the KP-10-KISS1R Complexes

Variable Wild Type P147L Mutant
Binding free energy, kcal/mol
GBVI/WSA dG —14.37 £ 0.01 —12.81 £ 0.01
London dG —22.29 * 0.01 —18.53 * 0.02
K, calculated from binding free energy
GBVI/WSA dG 3.465 x 10™° 2.486 x 10°
London dG ) 2.231 X 10" 3.898 X 10"
Contact surface area, A2 1275.2 = 0.6 1189.9 = 0.7
Unoccupied cavity volume of the ligand-binding 1069 1644
pocket, A®

GBVI/WSA dG and London dG are scoring functions in the Molecular Operating Environment (Chemical Computing
Group) to estimate the binding free energy [13].

0.8 IU/L). In contrast, the phenotype of the male patients who were homozygous for the
L148S mutation constituted delayed pubertal development (pubic hair: Tanner stage II-111;
LH level, 0.5 to 4.1 TU/L; and FSH level, 0.7 to 3.7 IU/L) [16, 17]. Fertility was restored in
these four patients by gonadotropin administration. The phenotype of the patients appeared
more severe in those harboring the P147L mutation as compared with the L.L148S mutation,
in accordance with the results of our functional analyses. The stretched penile length of the
patient was —2.2 standard deviations of the mean penile length of Japanese full-term
newborn infants [18]. It could thus be deduced that loss-of-function mutations of KISSIR
cause prenatal testosterone deficiency [19]. Although the brothers of the patient were het-
erozygous for the P147L mutation, their associated phenotype was normal. This disease is
considered to be inherited in an autosomal recessive manner. The roles for the KISS1/KISS1R
system in glucose-stimulated insulin secretion in pancreatic 8 cells remain a matter of con-
troversy [20, 21]. In our patient, a 75-g oral glucose-tolerance test indicated favorable
insulin secretion based on a homeostasis-model assessment of 8-cell function at 72% and an

Wild-type

Figure 5. The P147L mutation dramatically changes the conformation of the ligand-binding
pocket. Molecular dynamics simulations showing comparisons of unoccupied cavity volume in
the ligand-binding pocket of wild-type KISS1R and the P147L mutant at the lowest energy
conformations. Black triangles indicate the position of the P147L mutation, red triangles
indicate transmembrane domain 3, and blue triangles indicate transmembrane domain 4

of KISS1R. Gray bubbles represent KP-10, and orange (wild-type) and light blue (P147L)
bubbles represent the ligand-binding pockets. Red and blue parts of KP-10 represent oxygen
and nitrogen atoms, respectively.
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insulinogenic index of 1.0 (Table 1). These values are almost equivalent to the averages ob-
served in normal Japanese glucose-tolerant subjects [22]. Therefore, the KISS1/KISS1R system
was not considered crucial for glucose-stimulated insulin secretion.

KISS1R is classified as a rhodopsin-like, class A GPCR, and the Prol47 and Leul48
residues located in the second intracellular loop are highly conserved in class A GPCRs. These
two amino acids form a hydrophobic interface adjacent to the GTPase region of Gaq. A
previous study showed that the LL148S mutation inhibits ligand-induced catalytic activation
of Gaq, whereas it does not affect KISS1R expression, localization, or its ligand-binding
affinity [12]. We thus surmised that the P147L mutation also impaired G-protein coupling
with the receptor. However, our study demonstrated that the loss of ligand-binding affinity
was the most fundamental cause of impaired function in the P147L mutation, which was
distant from the ligand-binding site. There are various mechanisms by which KISSIR
mutations cause impaired function, including impaired transcription [6] and intracellular
transport to the cell membrane [1, 23, 24]. As in the case of the KISS1R A287E mutation,
which impaired transport to the cell membrane [1] despite its location in the third extra-
cellular loop, which is not a typical region associated with receptor misfolding, the re-
lationship between the site of the mutation in the GPCR with the molecular mechanism of
functional impairment is not straightforward. In general, the original amino acid at the site of
the P147L mutation, proline, acts as a structural hinge or swivel that significantly affects
protein conformation [25]. Mutation of proline residues in the transmembrane domain causes
various impairments to receptor function, including loss of ligand-binding affinity [26—31].
Moreover, mutations of several amino acids in the second intracellular loop of the class A
GPCR melanocortin-3 receptor caused not only impaired G-protein coupling with the receptor
but also a loss of or decrease in ligand-binding affinity [32]. Computer analyses in the current
study suggested that the P147L mutation increases binding free energy owing to decreased
contact surface area in the KP-10-KISS1R complex along with the significantly expanded
ligand-binding pocket. A previous study showed the size of the contact surface area associated
with the protein-protein complex was positively correlated with binding affinity [33]. Taken
together, these reports support our data that the P147L mutation causes the loss of ligand-
binding affinity, owing to an expanded ligand-binding pocket.

In conclusion, we identified a loss-of-function mutation in the KISS1R associated with CHH.
To our knowledge, this is the first KISS1R mutation found in a Japanese patient, and the severe
phenotypic features associated with hypogonadotropic hypogonadism demonstrated the del-
eterious effects of this mutation. This study confirmed the role of the KISS1/KISS1R system in
CHH pathogenesis and contributes to a better knowledge of the structure-function relationship
of GPCR. However, little is known about hypogonadotropic hypogonadism-associated symp-
toms in patients harboring KISSIR mutations. Further identification of KISSI and KISSIR
mutations are needed to define the precise genotype-phenotype relationship.
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