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Characterization of a cDNA encoding a novel avian hypothalamic
neuropeptide exerting an inhibitory effect on gonadotropin release
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We previously isolated a novel dodecapeptide containing a
C-terminal -Arg-Phe-NH, sequence, SIKPSAYLPLRF-NH,
(RFamide peptide), from the quail brain. This quail RFamide
peptide was shown to decrease gonadotropin release from the
cultured anterior pituitary and to be located at least in the quail
hypothalamo-hypophysial system. We therefore designated this
RFamide peptide gonadotropin inhibitory hormone (GnlH). In
the present study we characterized the GnlH ¢cDNA from the
quail brain by a combination of 3" and 5’ rapid amplification of
c¢DNA ends (‘RACE’). The deduced GnIH precursor consisted
of 173 amino acid residues, encoding one GnlH and two putative
gene-related peptide (GnlH-RP-1 and GnIH-RP-2) sequences
that included -LPXRF (X = L or Q) at their C-termini. All these
peptide sequences were flanked by a glycine C-terminal amidation
signal and a single basic amino acid on each end as an

endoproteolytic site. Southern blotting analysis of reverse-
transcriptase-mediated PCR products demonstrated a specific
expression of the gene encoding GnlH in the diencephalon
including the hypothalamus. Furthermore, mass spectrometric
analyses detected the mass numbers for matured GnIH and
GnIH-RP-2, revealing that both peptides are produced from the
precursor in the diencephalon as an endogenous ligand. Taken
together, these results lead to the conclusion that GnlH is a
hypothalamic factor responsible for the negative regulation of
gonadotropin secretion. Furthermore, the presence of a novel
RFamide peptide family containing a C-terminal -LPXRF-NH,
sequence has been revealed.

Key words: gonadotropin inhibitory hormone, mass spec-
trometry, quail.

INTRODUCTION

The anterior pituitary hormone gonadotropins, namely luteiniz-
ing hormone (LH) and follicle-stimulating hormone (FSH),
have a major role in the control of vertebrate reproduction
(reviewed in [1,2]). A hypothalamic decapeptide hormone,
gonadotropin-releasing hormone (GnRH), is known to regulate
and modulate the biosynthesis and release of gonadotropin from
the anterior pituitary gland [3-8]. Furthermore, GnRH’s gene
structure [9-12] and expression [13—-16], and also its physiological
functions, have well been documented. However, the endogenous
peptidic factors that suppress gonadotropin secretion have
remained to be identified.

We have previously characterized SIKPSAYLPLRF-NH,
(single-letter amino acid code), a novel 12-residue peptide con-
taining a C-terminal Arg-Phe-NH, sequence (RFamide peptide)
from the brain of the Japanese quail (Coturnix Japonica) [17].
The striking feature of the quail RFamide peptide is that it exerts
a specific inhibitory effect on the release of gonadotropin from
the cultured quail anterior pituitary in a dose-dependent manner
with a threshold of 1-10nM [17]. Furthermore, immuno-
reactivities for this RFamide peptide were observed in the para-
ventricular nucleus and median eminence [17]. On the basis of

these findings, we proposed that this quail RFamide peptide acts
as a novel inhibitory factor of gonadotropin release in the
hypothalamo-hypophysial system in birds and named this
RFamide peptide gonadotropin inhibitory hormone (GnlIH)
[17]. However, the detailed physiological roles and biological
significance of GnlH remained to be elucidated.

Studies on the localization of the GnlH transcript and the
presence of structurally and/or functionally related peptides are
expected to provide important clues to a clarification of the
endogenous function of GnIH. To examine further the physio-
logical roles and biochemical characteristics of GnlH, which
possibly contributes to the establishment of a novel regulation
system of gonadotropin release, a cDNA encoding the GnIH pre-
cursor polypeptide was identified. Here we describe the GnlH
cDNA sequence, the localization of the mRNA in the di-
encephalon including the hypothalamus by Southern blotting
analysis of reverse-transcriptase-mediated PCR (RT-PCR)
products, and the detection of the GnIH gene-related peptide
(GnIH-RP) containing the homologous C-terminal LPQRF-
NH, sequence by matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) and quadrupole time-of-flight (Q-
TOF) mass spectrometric analyses. These results indicated that
GnlH has an essential role as a hypothalamic factor in the
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inhibitory regulation of gonadotropin release and that GnlH
and GnlH-RP belong to a novel RFamide peptide family carrying
a C-terminal LPXRF-NH, sequence, where X = L or Q. To the
best of our knowledge, this is the first identification of a cDNA
encoding a neuropeptide that exerts an inhibitory effect on
gonadotropin release and also of an avian RFamide-family
peptide cDNA.

EXPERIMENTAL
Oligonucleotides

All nucleotides were obtained from Sawady Technology (Tokyo,
Japan).

RNA preparation

Adult males of Japanese quail (Coturnix japonica) were housed in
a temperature-controlled room at approx. 25 °C. Frozen brains
(500 mg) were pulverized by grinding under liquid nitrogen; total
RNA was extracted with Sepazol RNA II reagent (Nacalai
Tesque, Kyoto, Japan) followed by the isolation of poly(A)*
RNA with Oligotex-(dT) 30 (Daiichikagaku, Tokyo, Japan) in
accordance with the manufacturer’s instructions.

Amplification of the partial GnlH ¢cDNA fragments

All PCR amplifications were performed in a reaction mixture
containing Tag polymerase [EX Taq polymerase (Takara Shuzo,
Kyoto, Japan) or rTaqg DNA polymerase (Toyobo, Osaka,
Japan)] and 0.2 mM dNTP on a thermal cycler (model GeneAmp
PCR System 2400; PE-Biosystems, Foster City, CA, U.S.A.).
First-strand cDNA was synthesized with the oligo(dT)-anchor
primer supplied in the 5’/3” rapid amplification of cDNA ends
(RACE) kit (Roche Diagnostics, Basal, Switzerland) and ampli-
fied with the anchor primer (Roche Diagnostics) and the first
degenerate primers 5-AT(A/T/C)AA(A/G)CCIAG(T/C)GCI-
TA(T/C)T/C)TICC-3’, corresponding to the sequence Ile*-
Pro®. First-round PCR products were reamplified with the anchor
primer and the second degenerate primers 5-GCITA(T/C)
(T/O)TICCIKT/C)TI(A/C)GITT(T/C)GG-3’, corresponding to
the sequence Ala®-Gly'. Both first-round and second-round
PCRs consisted of 30 cycles of 30 s at 94 °C, 30 s at 51 °C and
2.5 min at 72 °C (5 min for last cycle). The second-round PCR
products were subcloned into a TA-cloning vector in accordance
with the manufacturer’s instructions (Invitrogen, San Diego,
CA, U.S.A)). The DNA inserts of the positive clones were
amplified by PCR with universal M13 primers.

Determination of the 5'-end sequence of GnlH ¢cDNA

Template cDNA was synthesized with an oligonucleotide primer
complementary to nt 684-703 (5-ATAACATGACACAGGTT-
TGC-3'), followed by dA-tailing of the cDNA with dATP and
terminal transferase (Roche Diagnostics). The tailed cDNA was
amplified with the oligo(dT)-anchor primer (Roche Diagnostics)
and gene-specific primer 1 (5-CACGGTGCATCTTTTCTGG-
G-3’, complementary to nt 615-634); this was followed by
further amplification of the first-round PCR products with the
anchor primer (Roche Molecular Biochemicals) and gene-specific
primer 2 (5-TTCTGGGTCTTTCGGTTTCC-3’, complemen-
tary to nt 602—621). Both first-round and second-round PCRs
were performed for 30 cycles of 30 s at 94 °C, 30 s at 55 °C and
1.5min at 72 °C. The second-round PCR products were sub-
cloned and the inserts were amplified as described above.
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DNA sequencing

All nucleotide sequences were determined with Big-Dye
sequencing kits (PE-Biosystems) and a model 373A auto-
mated DNA sequencer (PE-Biosystems), then analysed with
GENETYX-MAC software (Software Development, Tokyo,
Japan). Universal M13 primers or gene-specific primers were
used to sequence both strands.

Northern blot hybridization

A digoxigenin-labelled GnIH precursor full-length cDNA was
synthesized with a DNA-labelling kit (Roche Diagnostics) and
used as a probe for Northern blot analysis. mRNA (1 ug) was
separated on a denaturing 19, (w/v) agarose/formaldehyde gel
and fixed on a Hybond N* membrane (Amersham Pharmacia
Life Science, Uppsala, Sweden) by UV irradiation. Hybridization
and detection were performed in accordance with the manu-
facturer’s standard procedure (Roche Diagnostics). RNA size
was estimated with the use of digoxigenin-labelled RNA mol-
ecular markers (Roche Diagnostics).

Southern blot hybridization of RT-PCR products

The first-strand cDNA was synthesized from total RNA (1 xg)
prepared from each brain region with Superscript II reverse
transcriptase and an oligo(dT) primer in accordance with the
manufacturer’s instruction (Life Technologies, Gaithersburg,
MD, U.S.A.). The oligonucleotide primer set used for the
amplification of GnIH ¢cDNA fragments was 5-GAGCTTCC-
TAACTGAGCTTC-3’ (identical with nt 10-29) and 5’-CACG-
GTGCATCTTTTCTGGG-3’ (complementary to nt 615-634);
primers for the amplification of f-actin cDNA fragments were
5-TATGTGCAAGGCCGGTTTCG-3’ (identical with nt 1587—
1606 in the chicken p-actin gene [18]) and 5-ACCTCTCAT-
TGCCAATGGTG-3" (complementary to nt 3129-3148 in the
chicken f-actin gene). PCR was performed for 30 cycles (30 s at
94 °C, 30 s at 55 °C and 1.5 min at 72 °C) in the PCR reaction as
described above. PCR products were resolved on a 1.59%, (w/v)
agarose gel followed by transfer to a Hybond N* membrane
(Amersham Pharmacia Life Science). Hybridization and de-
tection were performed in accordance with the DIG system
protocol (Roche Diagnostics).

MS

The quail diencephalon extract was prepared as described
previously [17]. After evaporation of the extract, the residue was
dissolved in 1 ul of matrix solution [10 mg/ml of a-cyano-4-
hydrocinnamic acid (Aldrich Chemical, Milwaukee, WI, U.S.A.)
in 509, (v/v) acetonitrile containing 0.1 9, (v/v) trifluoroacetic
acid] and was analysed by using MALDI-TOF-MS on a Voyager
Elite mass spectrometer equipped with a delayed-extraction
system and a 337nm pulsed laser (PE-Biosystems). The
accelerating voltage was 20 kV. To acquire an MS/MS spectrum,
the extract was purified with a C,; reverse-phase column (L-
column ODS; Chemicals Evolution and Research Institute,
Tokyo, Japan), followed by evaporation of the resultant peptide
fractions and dissolution of the residue in 50 %, (v/v) methanol
containing 0.19%, (v/v) formic acid. MS/MS analysis of the
peptide solution was then performed with a Q-TOF tandem mass
spectrometer equipped with a Z-spray nano-electrospray inter-
face (Micromass, Manchester, U.K.). The needle voltage was
optimized at 1000 V; the cone voltage was set at 50 V. Argon
was used as the collision gas; the collision gas energy was set at
28 V.



Identification of gonadotropin inhibitory hormone cDNA 381

RESULTS
Characterization of cDNA encoding a GnlH precursor polypeptide

In an attempt to obtain GnIH precursor polypeptide cDNA
fragments, we initially performed an RT-PCR experiment with
degenerate primers corresponding to the partial GnIH sequence
Ile?>-Pro® and the anchor primer, followed by reamplification of
the first-round PCR products with degenerate primers cor-
responding to the partial GnIH sequence Ala®-~Gly!® and the
same anchor primer. Here the C-terminal amide group was
thought to be derived from a C-terminal Gly residue, which is
known to be a typical amidation signal. Electrophoresis of the
nested PCR mixture revealed a major product of approx. 0.7 kb
(results not shown). Sequencing of the subcloned inserts showed
that all clones had essentially identical nucleotide sequences
apart from minor differences in the 3’-terminal sequence, at-
tributable to various lengths of the poly(A) tract. The predicted
amino acid sequence included a potential RFamide peptide
sequence SSIQSLLNLPQRFG 26 residues downstream of the
partial GnIH sequence derived from the second-round PCR
primer, implying that this cDNA clone encoded an RFamide
peptide including a C-terminal sequence similar to that of GnlH
(LPLRF-NH,). To determine whether the cDNA clones included
a GnIH sequence, we performed 5" RACE with specific primers
for the clone. A single product of approx. 0.6 kb (results not
shown) was obtained and sequenced, revealing that these cDNA
clones contained several putative ATG initiation codons and a
single nucleotide sequence encoding the complete GnlH se-
quence. PCR products amplified with different polymerases had
identical nucleotide sequences. This result confirmed that these
cDNA clones were not generated by artifacts. The entire GnIH
precursor ¢cDNA was identified by combining nucleotide
sequences determined by these RACE experiments. Figure 1
shows that the GnlH precursor cDNA was composed of 947 nt

AGAGATCCTGAGCTTCCTAACTGAGCTTCATTTGAGAGAA 40
ATGGAARATCATTTCAACCCAGAAGTTTATTCTTCTTACTTTGGCTACAGTGGCGTTTCTA 100
M E I I 8 T Q K F I L L T L ATV ATFL 20

ACACCGCATGGTGCGTGCCTAGATGAACTAATGAAATCCAGCCTGGARAGCAGAGAAGAT 160
T P H G A CULDETLMMIKS S8 L E 8 R E D 40

GATGATGATAAATATTATGAGACTAARGACAGTATCTTGGAGGAAAAGCAGAGGAGTCTG 220
D DDK Y Y E T XD S I LETEIZKTGQHR RS L 60

AATTTTGAAGAAATGAAAGACTGGGGATCARAAAATTTCATGAAAGTGAACACCCCTACA 280
N F E EMEK D WG § KNFMI KV NTU?PT 80

GTAAACAAAGTGCCAARATTCAGTTGCTAATTTGCCTCTTAGATTTGGAAGAAGCAATCCA 340
V N K[V P N S VA NLPTLTR RTF Gl R s N P 100

GAAGAAAGAAGCATTAAGCCAAGTGCTTATTTGCCTCTGAGATTTGGAAGAGCTTTTGGA 400
E E R[S I K P S A Y L PLRTF G|RATF G 120

GAGAGCCTCTCTAGGCGTGCTCCAAATCTATCARACAGGTCTGGGAGATCTCCACTTGCT 460
E S L S R R AP NUL S NR S G R S P L A 140

AGAAGTTCTATTCAGTCCCTTCTAAATCTGCCACAGAGATTTGGGAAGTCAGTGCCCATC 520
R|S 8§ I 9 8§ L L N L P O R F G|K 8 V P I 160

AGTCTATCTCAAGGTGTCCAGGAATCTGAACCAGGGATGTGAATTCTARCAATTACATTC 580
S L 8 Q GV Q E S E P G M * 173

AAGTTATCAAGTTATGAAGATGGAAACCGAAAGACCCAGAAAAGATGCACCGTGTATTCA 640
AAACTAAAGATCTTGAGAAGGGAATGTATATGAGAACTGARATGCAAACCTGTGTCATGT 700
TATTATTATAATGTGTGTATTCTGCACAAACAATTGATGCATAAGGCAATGATAACTGTA 760
GTGAATGTCCAGTTTACTTCAGTGGTGGGTGTAGCACAAACTCTATTTACTTTTGTGTGA 820
CTTCCTGTCGACTGATATC TTGTTGGATGTAAARACTAATTTAAAAACAATAGCTGTAGA 880
AATGAGAGCATTTTAAGCAAATTTAAATGAAACATCCGTAGTACAAATAAAGAAGCATGA 940
TACAAAC-poly(A) 947

Figure 1 Nucleotide sequence and deduced amino acid sequence of GnlH
precursor polypeptide cDNA

The GnlH sequence is boxed and indicated in bold. GnIH-RP sequences are also boxed. Single
basic amino acid cleavage sites are shown in bold. The poly(A) adenylation signal AATAAA is
underlined.
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Figure 2 Size of the GnlH transcript and structural organization of the
GnlIH precursor polypeptide

Upper panel: Northern blot analysis of mRNA prepared from the quail brain. mRNA was
extracted from the brain of the quail and approx. 1 xg of RNA was subjected to Northern blot
hybridization with a digoxigenin-labelled GnlH cDNA probe. The single positive band is
indicated by an arrow. The positions of RNA molecular mass markers are shown on the left.
Lower panel: schematic representation of the GnIH precursor. The hydrophobic leader sequence
is labelled S. The predicted endoproteolytic single Arg or Lys residue is indicated in black.

containing a short 5" untranslated sequence of 40 bp, a single
open reading frame of 519 bp, and a 3" untranslated sequence of
388 bp with the addition of various lengths of poly(A) tail. The
open reading frame region began with three putative start codons
at positions 41, 131 and 233 and terminated with a TGA stop
codon at position 560. However, use of the ATG codon at
position 131 as a start codon was highly unlikely because it did
not conform to the Kozak rule [19]. A single polyadenylation
signal (AATAAA) was found in the 3" untranslated region at
position 925.

Northern blot analysis of poly(A)+ RNA detected a single
band of approx. 1.0 kb (Figure 2, upper panel), suggesting that
no alternatively spliced forms were present. Furthermore, the
apparent migration of approx. 1.0 kb was in good agreement
with the estimated length of the cDNA, 947 bp. This result
confirmed that the cDNA clone included a full-length nucleotide
sequence encoding the GnIH precursor.

Structural organization of a GnlH precursor polypeptide

The open reading frame region encoded a 173-residue poly-
peptide. We predicted that the GnlIH transcript would be
translated with Met! or Met%. However, a hydropathy plot
analysis of the GnlIH precursor demonstrated that the most
hydrophobic moiety, which is typical in a signal peptide region,
followed Met' but not Met® (results not shown). These results
suggest that Met! served as an initiation methionine. The cleavage
site of the signal peptide was the Ala'®-Phe!® bond, which is
supported by the —3, —1 rule [20]. The precursor included at
least three RFamide peptide sequences (Figure 2, lower panel):
a single copy of the GnIH sequence SIKPSAYLPLRF flanked
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Figure 3 Localized expression of GnlH mRNA

Southern blot analysis of RT-PCR products for GnlH (upper panel) and S-actin (lower panel)
transcripts isolated from the telencephalon (lane 1), mesencephalon (lane 2), cerebellum (lane
3) and diencephalon (lane 4). PCR products were resolved on 1.5% (w/v) agarose gel followed
by transfer to a nylon membrane and hybridization with a digoxigenin-labelled GnIH or S-actin
cDNA probe as appropriate.

by a glycine residue as a C-terminal amidation signal was located
at residues 104—116, and two putative RFamide peptide sequences
VPNSVANLPLRF (GnlH gene-related peptide 1, GnIH-RP-1)
and SSIQSLLNLPQRF (GnIH-RP-2), both of which were also
flanked by the amidation signal, were encoded at residues 84-95
and 142-154 respectively (Figures 1 and 2, lower panel). Of
particular interest is the fact that GnIH-RP-1 and GnIH-RP-2
contain a C-terminal LPXRF sequence (where X represents L in
GnlH-RP-1 or Q in GnIH-RP-2), which is identical with or
similar to the sequence LPLRF at the C-terminus of GnIH. In
addition, the GnIH-RP-1 and GnIH-RP-2 sequences display
respectively 50 %, and 56 9%, sequence identities to that of GnIH.
Conservation of the LPXRF motif in these peptide sequences
seems to indicate that the similar sequence is essential for the
physiological function of these peptides. Furthermore, both
the GnlH and GnIH-RPs sequences were flanked on both sides
by a single Arg or Lys residue instead of a typical endoproteolytic
dibasic amino acid sequence (Figures 1 and 2, lower panel).

Intensity
<

Taken together, these findings suggest that both GnIH-RPs and
GnlH are generated from the GnlH precursor, followed by
participation in the regulation of some physiological functions.

Expression of the GnlH gene in brain tissues

The expression pattern of the GnIH gene in four regions of the
brain was determined by Southern blotting analysis of RT-PCR
products that were prepared from the telencephalon, mesen-
cephalon, celebellum and diencephalon. Initially, we established
an internal control by detecting the expression of the gene
encoding quail fg-actin in each region. The quail f-actin cDNA
fragment was amplified with the primer set based on the chicken
f-actin gene sequence [18]. A sequence analysis showed that this
RT-PCR product encoded an amino acid sequence that was
96 9%, similar to chicken f-actin, confirming the specific ampli-
fication of the quail g-actin cDNA fragment (results not shown).
Southern blotting hybridization showed that the f-actin tran-
script was present in all tissues at a similar level (Figure 3, lower
panel).

In contrast, a single hybridized band for the 625 bp GnIH
RT-PCR product between nt 10 and 634 was detected exclusively
in lane 4 (Figure 3, upper panel), clearly demonstrating the
specific expression of the gene encoding GnlH in the dien-
cephalon. We therefore conclude that GnIH was biosynthesized
exclusively in the diencephalon, which includes the hypothala-
mus.

Detection of both GnlH-RP-2 and GnlH in the diencephalon by
MS

As mentioned above, the presence of the predicted Gly C-
terminal amidation signal and a mono-Arg or Lys processing site
at the N-terminus and C-terminus of the GnIH-RP sequences
(very similar to the GnIH sequence) in the precursor implied
that GnIH-RPs could be matured in a manner similar to that of
GnlIH. To examine whether GnIH-RPs also existed as mature
peptides in the diencephalon, we performed a MALDI-TOF-MS
analysis of the quail diencephalon extract in the mass range

GnIH-RP-2
1501.81

/
/

1100 1200 1300 1400

1500 1600 1700 1800

Mass (m/z)

Figure 4 Detection of GnIH and GnlH-RP-2 in the diencephalon by MALDI-TOF-M$S

The crude peptide was analysed on a MALDI-TOF mass spectrometer. The spectrum demonstrates the mass peaks corresponding to GnlH (1390.81) and GnIH-RP-2 (1501.81), respectively.
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Table 1

All mass values are given for the monoisotropic species. Abbreviation: n.d., not detected.

Calculated and observed molecular masses of peptides

Peptide Calculated mass, [M+H]* Observed mass, [M+H]*
GnlH 1390.82 1390.81

GnlIH-RP-1 1325.53 n.d.

GnIH-RP-2 1501.84 1501.81

1100-1800. As shown in Figure 4, the mass peaks corresponding
not only to GnlH (1390.81; Table 1) but also to GnlH-RP-2
(1501.81; Table 1) were obtained, whereas the predicted mass of
GnlIH-RP-1 was not detected. These results indicated the presence
of GnIH-RP-2 as well as GnlH in the diencephalon. The Q-
TOF-MS/MS analysis of the purified fraction containing the
predicted GnIH-RP-2 revealed that the fraction with a mass
number of 1501.81 was derived from the GnIH-RP-2 amino acid
sequence. Figure 5 shows fragmentation patterns of the peptide
with the observed mass number of 1501.81, which agreed well

1004
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with those of synthetic GnIH-RP-2 (results not shown). As-
signment of the observed typical fragment ions such as b and y”’
ions confirmed that the sequence of this peptide was compatible
with the GnIH-RP-2 sequence, SSIQSLLNLPQRF-NH, (Figure
5). The predicted and observed mass values of fragment ions are
summarized in Table 2. These results revealed that GnIH-RP-2
is undoubtedly produced in the quail diencephalon in a mature
form. Furthermore, the presence of both GnIH and GnIH-RP-
2 strongly suggests that these peptides constitute a novel RFamide
peptide family with a LPXRF-NH, (X = L or Q) sequence at the
C-terminus.

DISCUSSION

Since the purification of FMRFamide as a cardioexcitatory
molecule from the central nervous system of the bivalve mollusc
Macrocallista nimbosa [21], numerous RFamide peptides have
been identified in various species. Several mammalian and other
vertebrate RFamide peptides, such as opioid modulator neuro-
peptide FF (NPFF) [22], prolactin-releasing peptides (PrRPs)
[23] and their fish counterpart Carassius RFamide (C-RFa)

b8

600 700

Figure 5 Sequence analysis of GnlH-RP-2 by Q-TOF-MS/MS procedures

800

s
7780

The spectrum shows typical mass values of predicted GnlH-RP-2 fragment ions (also see Table 2). Only the observed b and y”” ions are labelled.

Table 2 Predicted and observed MS/MS fragments for GnlH-RP-2

N-terminal fragmentation ions (a, b, ¢””) and single amino immonium acid ions (i) are listed above the peptide sequence; C-terminal fragmentation ions (x, y”’, z) are listed below. The observed

mass values are indicated in bold.

a 60.0 1471 260.2 388.2 475.3 588.3
b 88.0 175.1 288.2 416.2 503.2 616.3
[ 105.1 1921 305.2 433.2 520.3 633.4
i 60.0 60.0 86.1 1011 60.0 86.1

1 2 3 4 5 6

Ser Ser lle Gln Ser Leu

13 12 11 10 9 8
X - 14408 1353.8 1240.7 11126 1025.6
y’ - 1414.8 1327.8 1214.7 1086.6 999.6
7 - 1397.8 1310.8 1197.7 1069.6 982.6

701.4 815.5 928.5 1025.6 1153.7 1309.8 -
729.4 843.5 956.5 1053.6 1181.7 1337.8 -
746.4 860.5 973.6 1070.6 1198.7 1354.8 -
86.1 87.1 86.1 70.1 101.1 1291 120.1
7 8 9 10 11 12 13
Leu Asn Leu Pro Gln Arg Phe
7 6 5 4 3 2 1
9125 799.4 685.4 5723 4752 3472 191.1
886.5 7734 659.4 546.3 4493 321.2 165.1
869.5 756.4 642.4 529.3 4322 304.2 148.1

© 2001 Biochemical Society



384 H. Satake and others

[24,25], are believed to be involved in important central regulatory
functions. The quail RFamide dodecapeptide, GnIH, which was
isolated from the brain, is the first example of an inhibitory
peptide of gonadotropin secretion [17], in contrast with GnRH,
whose structure and functions have been well identified in
vertebrates. To understand further the physiological roles of
GnlH and subsequently to explore the unprecedented regulatory
system of gonadotropin release, we determined the GnIH cDNA
sequence, the localization of the transcript and the production of
the gene-related peptide in the present study. We found that the
GnlH precursor polypeptide encodes two putative RFamide
peptide sequences, GnIH-RP-1 and GnIH-RP-2, as well as
GnlIH. All three peptides share the C-terminal sequence LPXRF-
NH, (with X representing L in GnIH and GnIH-RP-1, and Q in
GnlIH-RP-2), and their sequences are flanked on both ends by
monobasic endoproteolytic residues Arg or Lys (Figures 1 and 2,
lower panel) instead of a typical dibasic cleavage site. Moreover,
a series of mass spectrometric analyses verified the presence of
not only GnIH but also GnIH-RP-2 as a mature endogenous
ligand (Figures 4 and 5 and Table 1), suggesting that cleavage
occurs at the single basic amino acids present at both termini of
GnlIH and GnIH-RP-2. An endoproteolytic site containing a
single basic amino acid is relatively unusual but is occasionally
found in preproneuropeptides and preprohormones [26-29].
Several precursor convertases (PCs) are believed to recognize
and cleave a precursor polypeptide at the Arg-(Xaa),,-Lys/Arg
sequence (n = 1 or 2 in many cases) rather than at basic amino
acid pairs (reviewed in [29]). The C-terminal sequences of GnIH
and GnlH-RPs followed by an amidation signal and a basic
amino acid, the Arg-Phe-Gly-Lys/Arg sequences (Figure 1) are
in complete accordance with the consensus recognition sequence.
Thus we suggest that GnIH and GnIH-RPs all undergo this PC-
catalysed endoproteolytic processing at their C-terminus. In
contrast, the N-terminal processing mechanism is unclear, given
that only a single Arg residue, instead of a common PC-
recognition site, was present immediately before the N-terminus
of each of the GnIH and GnIH-RP sequences (Figures 1 and
2, lower panel). Nevertheless, similar N-terminal cleavage was
observed in several precursors of other RFamide peptides such
as PrRP20s and C-RFa [23-25], where a single Arg residue is
located immediately before active peptide sequences and the
adjacent sequences contain no identified PC-recognition motif,
although a dibasic amino acid site follows the C-terminus. These
findings suggest that an atypical or unknown endoproteolytic
mechanism, in which the single Arg residue is recognized and
cleaved, is involved in the N-terminal processing of several
vertebrate RFamide peptides, including GnIH and GnIH-RP-2.
In addition, a related peptide, GnIH-RP-1, was not shown to be
generated. A single Lys residue is located immediately before the
GnlH-RP-1 sequence, in contrast with the GnIH and GnIH-RP-
2 sequences, which are preceded by a single Arg residue (Figures
1 and 2, lower panel). Therefore, the single Lys residue and its
surrounding sequence are unlikely to be used as a processing site
during the maturation of GnIH and GnIH-RP-2, although we
cannot entirely exclude the possibility that premature GnlH-
RP-1 is subjected to further processing and modification or that
the predicted GnIH-RP-1 is present below the detectable level
for the MS performed in this study.

Of particular significance is that the GnIH gene was found to
be expressed specifically in the diencephalon, including the
hypothalamus (Figure 3), revealing that the production of GnIH
is confined to this brain region. Moreover, GnlH exerted an
inhibitory effect on gonadotropin release; in our previous study
immunoreactivity for GnIH was located in the hypothalamus
[17]. Interestingly, numerous terminals of GnIH-like immuno-
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stained paraventricular nucleus neurons were observed in the
median eminence [17], implying that GnIH acts as an endogenous
ligand in the hypothalamo-hypophysial system. Taken together,
these findings provide the evidence that GnIH is a novel
hypothalamic factor involved in the negative control of
gonadotropin release. We also suggest, with regard to the
physiological role of GnlH as a hypothalamic gonadotropin-
releasing inhibitory factor, that GnIH and/or its closely related
peptides constitute a novel RFamide peptide family that is
widely distributed in vertebrate species, although no vertebrate
RFamide peptide family conserved between different species has
ever been reported, except for PrRPs and C-RFa. We are
currently attempting to characterize structurally and functionally
related peptides from other vertebrate species.

In the present study we showed that GnlH and GnIH-RP-2
are produced from the GnIH precursor. Northern hybridization
demonstrated that no alternatively spliced transcriptional
variants occur in the brain (Figure 2, upper panel). Consequently
it is most unlikely that cellularly or regionally specific differential
production of GnlH and/or GnlH-RP-2 is regulated at the
transcriptional level in the brain. Two post-translational pro-
cessing pathways for GnlH and GnIH-RP-2 can be presumed.
First, GnlH and GnIH-RP-2 are yielded simultaneously from
the precursor and are packed into the same secretory vesicle in a
neuron. Thus they are expected to exert some endogenous
activity on a common or closely related target, leading to the co-
operative or synchronous induction of physiological functions
such as an inhibitory effect on gonadotropin release.
Alternatively, the differential post-translational endoproteolysis
of the GnIH precursor might be associated with the physiological
functions of GnlH and GnIH-RP-2. Recently, some bioactive
peptides originating from one precursor polypeptide have been
shown to be differentially processed or sorted into distinct
secretory granules [30-35], which enables peptides to undergo
cell-specific or tissue-specific functional targeting. These findings
support a notion that proGnIH might undergo differential
proteolytic processing and/or that GnIH and GnIH-RP-2 are
packed into different secretory granules for subsequent release
into distinct target tissues. In this case, GnIH-RP-2 is predicted
to be indirectly involved in the endogenous functions of GnlH,
even if GnIH-RP-2 is devoid of the direct inhibitory activity on
gonadotropin release. The biological activity and the
localizations of the GnIH-RP-2 molecule are now being examined
to establish both the physiological role of GnIH-RP-2 as another
novel hypothalamic factor and also the functional correlation
between GnIH and GnIH-RP-2.

In conclusion, we have identified for the first time the cDNA
encoding the avian RFamide peptide GnIH possessing the in-
hibitory effect on gonadotropin release, the localization of the
GnlH mRNA, and the presence of the structurally related
peptide GnIH-RP-2. We believe that our findings can contribute
to the further study of both the regulatory mechanism of
gonadotropin release and the physiological roles of the RFamide
peptide family in vertebrates.
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