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Among the RFamide peptide groups, PQRFamide peptides, such as neuropeptide FF (NPFF) and neuropeptide AF (NPAF), share a common C-terminal Pro-Gln-Arg-Phe-NH2 motif. LPXRFamide (X ¼ L or Q) peptides,
such as gonadotropin-inhibitory hormone (GnIH), frog growth hormonereleasing peptide (fGRP), goldﬁsh LPXRFamide peptide and mammalian
RFamide-related peptides (RFRPs), also share a C-terminal Leu-ProLeu ⁄ Gln-Arg-Phe-NH2 motif. Such a similar C-terminal structure suggests
that these two groups may have diverged from a common ancestral gene.
In this study, we sought to clarify the evolutionary origin and divergence
of these two groups, by identifying novel RFamide peptides from the brain
of sea lamprey, one of only two extant groups of the oldest lineage of vertebrates, Agnatha. A novel lamprey RFamide peptide was identiﬁed by
immunoafﬁnity puriﬁcation using the antiserum against LPXRFamide peptide. The lamprey RFamide peptide did not contain a C-terminal LPXRFamide motif, but had the sequence SWGAPAEKFWMRAMPQRFamide
(lamprey PQRFa). A cDNA of the precursor encoded one lamprey
PQRFa and two related peptides. These related peptides, which also had
the C-terminal PQRFamide motif, were further identiﬁed as mature
endogenous ligands. Phylogenetic analysis revealed that lamprey PQRFamide peptide precursor belongs to the PQRFamide peptide group. In situ
hybridization demonstrated that lamprey PQRFamide peptide mRNA is
expressed in the regions predicted to be involved in neuroendocrine and
behavioral functions. This is the ﬁrst demonstration of the presence of
RFamide peptides in the agnathan brain. Lamprey PQRFamide peptides
are considered to have retained the most ancestral features of PQRFamide
peptides.

Since the molluscan cardioexcitatory neuropeptide
Phe-Met-Arg-Phe-NH2 (FMRFamide) was found in
the ganglia of the Venus clam [1], neuropeptides that

possess the RFamide motif at their C-termini (i.e.
RFamide peptides) have been characterized in various
invertebrate phyla, including cnidarians, nematodes,
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annelids, molluscs, and arthropods. Invertebrate RFamide peptides produced within the nervous system
can act as neurotransmitters and neuromodulators.
These neuropeptides may also act viscerally via the
endocrine system to control a variety of behavioral
and physiological processes. By contrast, immunohistochemical studies using the antiserum against FMRFamide suggested that vertebrate nervous systems also
possess some unknown neuropeptides similar to
FMRFamide [2,3]. In fact, over the past decade neuropeptides that have the RFamide motif at their C-termini have been identiﬁed in the brains of several
vertebrates. Based on the structures of vertebrate
RFamide peptides, to date, at least ﬁve groups of
the RFamide peptide family have been documented
as follows: (a) PQRFamide peptide group, e.g.
neuropeptide FF (NPFF), neuropeptide AF (NPAF)
and neuropeptide SF (NPSF) [4–8]; (b) LPXRFamide
(X ¼ L or Q) peptide group, e.g. gonadotropin-inhibitory hormone (GnIH), mammalian RFamide-related
peptides (RFRPs), frog growth hormone-releasing
peptide (fGRP) and goldﬁsh LPXRFamide peptide
(gfLPXRFa) [9–20]; (c) prolactin-releasing peptide
(PrRP) group, e.g. PrRP31, PrRP20, crucian carp
RFamide (C-RFa), salmon RFa and tilapia PrRP [21–
24]; (d) metastin group, e.g. metastin and kisspeptin
[25,26]; and (e) pyroglutamylated RFamide peptide
(QRFP) group, e.g. QRFP and 26RFa [27,28].
Among these groups of the RFamide peptide family,
pain-modulatory peptides, such as NPFF, NPAF and
NPSF [4–8] have been puriﬁed from the central
nervous system of several mammals. These pain-modulatory peptides share a common C-terminal Pro-GlnArg-Phe-NH2 motif (i.e. PQRFamide peptide group).
To date, however, there is no report showing the presence of PQRFamide peptides in other vertebrates. On
the other hand, we recently identiﬁed a new member of
the RFamide peptide family that has either a C-terminal Leu-Pro-Leu-Arg-Phe-NH2 motif or Leu-ProGln-Arg-Phe-NH2 motif (i.e. LPXRFamide peptides
[X ¼ L or Q]) in the brain of various vertebrates. We
ﬁrst identiﬁed a novel neuropeptide with a C-terminal
LPLRFamide motif in quail brain [9]. This avian neuropeptide was shown to be located in the hypothalamohypophysial system [9,11,12] and to decrease gonadotropin release in vitro [9] and in vivo [13]. We therefore
designated this neuropeptide as gonadotropin-inhibitory hormone (GnIH) [9]. Subsequently, neuropeptides
closely related to GnIH were identiﬁed in the brains of
other vertebrates, such as mammals (RFRPs) [14–16],
amphibians (fGRP, R-RFa) [17–19] and ﬁsh
(gfLPXRFa) [20]. Because these neuropeptides possess
a C-terminal LPXRFamide motif, we grouped them
1732

together as LPXRFamide peptides. LPXRFamide peptides regulate pituitary hormone release [29,30].
As mentioned previously, the two groups of PQRFamide and LPXRFamide peptides in the RFamide
peptide family have a similar C-terminal motif. Furthermore, their receptors show high levels of identity
at the seven-transmembrane domain ( 70%) [31–35].
Although the functions of PQRFamide and LPXRFamide peptides are different, the structural similarity
seen in ligands and receptors suggests that the two
peptide groups may have diverged from a common
ancestral gene. To clarify the evolutionary origin and
divergence of PQRFamide and LPXRFamide peptides,
we sought to identify novel RFamide peptides from
the brains of sea lamprey Petromyzon marinus. Lampreys are one of the only two extant representative
species of the oldest lineage of vertebrates, the Agnatha, which diverged from the main line of vertebrate
evolution  450 million years ago, and they therefore
serve as a key animal in understanding the evolutionary history of PQRFamide and LPXRFamide peptides. Here, we show that the lamprey brain possesses
PQRFamide peptides that are the most ancestral to
the gnathostome PQRFamide peptides. This is the ﬁrst
report showing the presence of RFamide peptides in
the brain of any species of agnathans.

Results
Isolation and characterization of a novel lamprey
RFamide peptide
We ﬁrst employed immunoafﬁnity puriﬁcation using
the speciﬁc antiserum against LPXRFamide peptide.
As shown in Fig. 1A, fractions corresponding to an
elution time of 64–66 min showed intense immunoreactivity. These immunoreactive fractions were rechromatographed using reverse-phase HPLC puriﬁcation
under an isocratic condition of 30% acetonitrile. As
shown in Fig. 1B, a puriﬁed substance appeared to be
eluted as a single peak. Amino acid sequence analysis
of the isolated substance revealed the following
sequence: SWGAPAEKFWMRAMPQRF (Table 1).
MALDI-TOF MS was used to elucidate the C-terminal structure of the isolated peptide. A molecular
ion peak in the spectrum of this peptide was
2195.08 m ⁄ z ([M + H]+) (Table 2). This value was
close to the mass number of 2194.23 m ⁄ z ([M + H]+)
calculated for the deduced amidated peptide (Table 2).
Both native and synthetic peptides showed a similar
retention time on the reverse-phase HPLC and a similar molecular mass (Table 2). These analyses indicated
that the isolated peptide was an amidated form at the
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Fig. 1. (A) HPLC profile of the retained material on a reverse-phase HPLC column (ODS-80TM). The retained material loaded onto the column was eluted with a linear gradient of 10–50% acetonitrile in 0.1% trifluoroacetic acid at a flow rate of 0.5 mLÆmin)1 for 100 min and collected in 50 fractions of 1 mL each. Aliquots (1 ⁄ 100 vol.) of each fraction were evaporated to dryness, dissolved in distilled water, and
spotted onto a nitrocellulose membrane. Immunoreactive fractions were eluted with 32–34% acetonitrile and are indicated by the horizontal
bar. (B) HPLC profile of immunoreactive fractions in (A) on a reverse-phase HPLC column (ODS-80TM). Elution was performed under an isocratic condition of 30% acetonitrile in 0.1% trifluoroacetic acid at a flow rate of 0.5 mLÆmin)1 for 30 min. The immunoreactive substance
eluted at 13 min is indicated by an arrow.
Table 1. Amino acid sequence and yield of each amino acid of the purified substances. X, not identifiable.
Name

Yield (pmol)

Lamprey PQRFa
Lamprey PQRFa-RP-1
Lamprey PQRFa-RP-2

S(10)-W(28)-G(31)-A(31)-P(19)-A(27)-E(15)-K(12)-F(14)-W(5)-M(9)-R(6)-A(9)-M(10)-P(5)-Q(6)-R(4)-F(4)
A(45)-F(41)-M(31)-H(21)-F(20)-P(15)-Q(13)-R(11)-X
A(37)-G(26)-P(21)-S(4)-S(2)-L(5)-F(6)-Q(7)-P(3)-Q(5)-R(1)-X

Table 2. Behavior of native and synthetic lamprey PQRFamide peptides on MS.
Observed mass m ⁄ z ([M + H]+)

Calculated mass m ⁄ z ([M + H]+)

Name

Native

Synthetic

Synthetic

Lamprey PQRFa
Lamprey PQRFa-RP-1
Lamprey PQRFa-RP-2

2195.08
1179.88
1333.88

2194.78
1179.68
1333.80

2194.23
1179.59
1333.70

C-terminus. The isolated native peptide was therefore
conﬁrmed as an 18-amino acid sequence with RFamide
at its C-terminus (lamprey PQRFa).
Characterization of a cDNA encoding lamprey
PQRFa precursor polypeptide
To determine the entire lamprey PQRFa precursor
sequence, we performed 3¢ RACE and 5¢ RACE with
speciﬁc primers for the clone. A single product of
 0.4 kb for 3¢ RACE or 0.65 kb for 5¢ RACE was
obtained and sequenced. Figure 2 shows that the

deduced lamprey PQRFa precursor polypeptide
encoded one lamprey PQRFa and two related peptides (lamprey PQRFa-RP-1 and PQRFa-RP-2) that
included PQRF sequence at their C-termini. The lamprey PQRFa precursor cDNA was composed of 770
nucleotides containing a short 5¢ untranslated region
(UTR) of 33 bp, a single open reading frame (ORF)
of 441 bp, and a 3¢ UTR of 296 bp with a poly(A)
tail. The ORF region began with a start codon at
position 34 and terminated with a TGA stop codon
at position 472. We predicted that the lamprey
PQRFa transcript would be translated with Met1,
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Fig. 2. Nucleotide sequence and deduced
amino acid sequence of the lamprey PQRFamide peptide precursor cDNA. The
sequences of lamprey PQRFa and two
related PQRFamide peptides (lamprey
PQRFa-RP-1 and PQRFa-RP-2) are boxed.
The signal peptide (22aa) is underlined. The
poly(A) adenylation signal AATAAA is shown
in bold.

because a hydropathy plot analysis of the precursor
showed that the most hydrophobic moiety, which is
typical in a signal peptide region, followed Met1. The
cleavage site of the predicted signal peptide was the
Ala22–Ala23 bond which is supported by the )3, )1
rule [36].

A

Isolation and characterization of related peptides
In this study, immunoafﬁnity puriﬁcation using antiserum against lamprey PQRFa was further conducted
to determine whether the two putative peptides, lamprey PQRFa-RP-1 and PQRFa-RP-2, exist as mature
endogenous ligands in lamprey brain. As shown in
Fig. 3A, immunoreactive fractions were subjected to
reverse-phase HPLC puriﬁcation. Fractions corresponding to an elution time of 52–54 min showed
intense immunoreactivities (Fig. 3A). These immunoreactive fractions were rechromatographed using
reverse-phase HPLC puriﬁcation under a linear gradient of 23–35% acetonitrile (Fig. 3B). Two puriﬁed
substances appeared to be eluted as a single peak
(Fig. 3B). Amino acid sequence analysis of the isolated substances revealed the following sequences:
AGPSSLFQPQRX (X: not identiﬁable) from peak a
in Fig. 3B and AFMHFPQRX (X: not identiﬁable)
from peak b in Fig. 3B (Table 1). Each puriﬁed substance was further examined by MS. A molecular ion
peak in the spectrum of each substance was observed
at 1333.88 m ⁄ z ([M + H]+) from peak a or
1179.88 m ⁄ z ([M + H]+) from peak b on the
MALDI-TOF MS (Table 2). These values were close
to the synthetic peptide mass numbers of 1179.59 m ⁄ z
1734

B

Fig. 3. (A) HPLC profile of the retained material on a reverse-phase
HPLC column (ODS-80 TM). The retained material loaded onto the
column was eluted as in Fig. 1A. The immunoreactive fractions
were eluted with 24–28% acetonitrile and are indicated by the horizontal bar. (B) HPLC profile of immunoreactive fractions in (A) on a
reverse-phase HPLC column (Fine pak SIL C8-5). Elution was performed with a linear gradient of 23–35% acetonitrile in 0.1% trifluoroacetic acid at a flow rate of 0.5 mLÆmin)1 for 60 min. The
immunoreactive substances eluted at 33 and 41 min are indicated
by arrows (a) (lamprey PQRFa-RP-2) and (b) (lamprey PQRFa-RP-1),
respectively.

([M + H]+) (lamprey PQRFa-RP-1) and 1333.70 m ⁄ z
([M + H]+) (lamprey PQRFa-RP-2) calculated for
the deduced amidated peptide sequences, respectively
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Fig. 4. Unrooted phylogenetic tree of the
precursors of the identified lamprey PQRFamide peptides, and the identified and putative RFamide peptides in other vertebrates.
The neighbour-joining method was used to
construct this phylogenetic tree. Data were
re-sampled by 1000 bootstrap replicates to
determine the confidence indices within the
phylogenetic tree. Scale bar refers to a phylogenetic distance of 0.1 amino acid substitutions per site. The position of lamprey
PQRFa is boxed.

(Table 2). Both native and synthetic peptides of lamprey PQRFa-RP-1 and PQRFa-RP-2 showed a similar retention time on the reverse-phase HPLC and a
similar molecular mass, respectively (Table 2). These
analyses indicated that the peptides were amidated
form at their C-termini. The isolated native peptides
were therefore conﬁrmed as a 9-amino acid sequence
(lamprey PQRFa-RP-1) and 12-amino acid sequence
(lamprey PQRFa-RP-2) with RFamide at their C-termini.
Phylogenetic analysis of the precursors
of lamprey PQRFamide peptides and other
RFamide peptides
Based on the structures of vertebrate RFamide peptides, ﬁve groups of the RFamide peptide family, i.e.
PQRFamide peptide group [4–8], LPXRFamide peptide group [9–20], PrRP group [21–24], metastin group
[25,26], and QRFP group [27,28] have been documented. In this study a phylogenetic tree was constructed
based on amino acid sequences of the precursors of
lamprey PQRFamide peptides and other RFamide
peptides using the neighbor joining method (Fig. 4).
As shown in Fig. 4, phylogenetic analysis revealed that
lamprey PQRFamide peptide precursor belongs to the
PQRFamide peptide group.

Amino acid sequence comparison of lamprey
PQRFamide peptides with other RFamide
peptides
Amino acid sequences of lamprey PQRFa, PQRFaRP-1 and PQRFa-RP-2 were compared with the
sequences of other RFamide peptides in Table 3.
Lamprey PQRFamide peptides showed the highest
sequence similarity to PQRFamide peptides. Although
the C-terminal region of lamprey PQRFamide peptides
also showed high similarity to LPXRFamide peptides,
the N-terminal region of lamprey PQRFamide peptides
showed no signiﬁcant similarity to any LPXRFamide
peptides. Lamprey PQRFamide peptides were distinctly different from other RFamide peptide groups,
such as PrRP group, QRFP group and metastin group.
Lamprey PQRFa showed 39% identity with human
NPAF and zebraﬁsh PQRFa-2. Lamprey PQRFa-RP-1
showed 67% identity with human SQA-NPFF. Lamprey PQRFa-RP-2 showed 75% identity with zebraﬁsh
PQRFa-1 and 58% identity with bovine ⁄ rat NPFF.
Figure 5 shows a multiple amino acid sequence alignment of the precursors of PQRFamide peptides. In
boxes B and C, all the precursors encoded PQRFamide peptides and showed a high sequence homology.
However, only the lamprey precursor encoded a
PQRFamide peptide in box A.
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Table 3. Comparison of the identified lamprey PQRFamide peptides with the identified and putative RFamide peptides in other vertebrates.
The identical C-terminal sequences are printed white on black. <E indicates pyroglutamic acid.

Cellular localization of lamprey PQRFamide
peptide mRNA in the brain
In situ hybridization of lamprey PQRFamide peptide
mRNA was examined in the brain using RNA probe
with sequences complementary to the precursor mRNA. Expression was detected by enzyme
1736

immunohistochemistry. An intense expression of lamprey PQRFamide peptide mRNA was detected in the
nucleus commissurae postopticae (NCP) in the hypothalamus (Fig. 6A,B). Additional smaller numbers of
the cells expressing lamprey PQRFamide peptide
mRNA were found in the tegmentum of the mesencephalon (Tg) (Fig. 6D,E) and the fasciculus longitudi-

FEBS Journal 273 (2006) 1731–1743 ª 2006 The Authors Journal compilation ª 2006 FEBS

T. Osugi et al.

Novel lamprey RFamide peptides

Fig. 5. Multiple amino acid sequence alignment of the precursors of PQRFamide peptides. The conservative amino acids are printed white
on black. The regions which encode PQRFamide peptides are boxed. Gaps marked by hyphens were inserted to optimize homology.

Fig. 6. Cellular localization of lamprey PQRFamide peptide mRNA in the brain. The expression of lamprey PQRFamide peptide mRNA was
localized by in situ hybridization. Distribution of lamprey PQRFamide peptide mRNA in the nucleus commissurae postopticae (NCP) as
observed in a frontal brain section of the lamprey brain (A, B). Additional smaller numbers of the cells expressing lamprey PQRFamide peptide mRNA were found in the tegmentum of the mesencephalon (Tg) (D, E; arrows) and the fasciculus longitudinalis medialis (FLM) (G, H;
arrows). Squares in photographs (A), (D) and (G) are magnified as photographs (B), (E) and (H), respectively. Lack of hybridization of lamprey
PQRFamide peptide mRNA in each area by the sense probe (control) is evident (C), (F) or (I). Scale bars represent 100 lm.

FEBS Journal 273 (2006) 1731–1743 ª 2006 The Authors Journal compilation ª 2006 FEBS

1737

Novel lamprey RFamide peptides

T. Osugi et al.

nalis medialis (FLM) in the rostral part of the medulla
oblongata (Fig. 6G,H). A control study using sense
RNA probe resulted in a complete absence of the
expression of lamprey PQRFamide peptide mRNA in
the NCP, Tg and FLM (Fig. 6C,F,I), suggesting that
the reaction was speciﬁc for lamprey PQRFamide peptide mRNA.

Discussion
In this study, we ﬁrst identiﬁed a novel RFamide peptide as a mature endogenous ligand in lamprey brain
by immunoafﬁnity puriﬁcation using the antiserum
against LPXRFamide peptide (fGRP). On the basis of
structure determinations, such as amino acid sequence
analysis, molecular mass presumption, and comparison
of HPLC behavior, the isolated RFamide peptide was
considered to be an 18-residue peptide with the structure SWGAPAEKFWMRAMPQRFamide (lamprey
PQRFa). Subsequently, we identiﬁed a cDNA encoding lamprey PQRFa by a combination of 3¢ ⁄ 5¢
RACE. We found that the precursor polypeptide
encodes one lamprey PQRFa and two putative related
peptide sequences (lamprey PQRFa-RP-1 and PQRFaRP-2) that share a common C-terminal PQRF
sequence. Their sequences are ﬂanked on both ends by
the typical endoproteolytic sequences, i.e. RLAR or
RFGR, suggesting that mature peptides may be generated [37]. Therefore, we further identiﬁed endogenous
related peptides in the lamprey brain by immunoafﬁnity puriﬁcation using the antiserum against lamprey
PQRFa. The primary structures of the identiﬁed lamprey PQRFa-RP-1 and PQRFa-RP-2 were shown to
be: AFMHFPQRFamide (lamprey PQRFa-RP-1) and
AGPSSLFQPQRFamide (lamprey PQRFa-RP-2). This
is the ﬁrst demonstration, to our knowledge, of the
presence of RFamide peptides in the brain of any species of agnathan.
Subsequently, this study clariﬁed the relationship
between the identiﬁed lamprey PQRFamide peptides
and other RFamide peptides. Phylogenetic analysis
revealed that lamprey PQRFamide peptide precursor
belongs to the PQRFamide peptide group. The amino
acid sequences of lamprey PQRFamide peptides were
then compared with those of other RFamide peptides.
Consistent with the result of the phylogenetic analysis,
lamprey PQRFamide peptides displayed the highest
sequence similarity to the group of PQRFamide peptides, unlike other groups of RFamide peptides. In the
group of PQRFamide peptides, pain modulatory peptides, such as NPFF, NPAF and NPSF, were identiﬁed in the central nervous system of several mammals
[4–8]. In contrast to mammals, there is no report
1738

showing the presence of mature PQRFamide peptides
in other vertebrates. However, a cDNA encoding
PQRFamide peptides was reported in the zebraﬁsh
[38]. Lamprey PQRFamide peptides showed high
sequence identity with mammalian and putative ﬁsh
PQRFamide peptides. A multiple amino acid sequence
alignment of the precursors of PQRFamide peptides
showed that the regions encoding PQRFamide peptides showed a high sequence homology (Fig. 5, boxes
A–C). Interestingly, only the lamprey precursor encoded three PQRFamide peptides (Fig. 2), whereas other
precursors encoded two PQRFamide peptides [38–40].
In box B, the position of lamprey PQRFa-RP-2 corresponded to NPFF and zfPQRF-1 and in box C, the
position of lamprey PQRFa corresponded to NPAF,
NPSF and zfPQRF-2. By contrast, in box A, the lamprey precursor encoded lamprey PQRFa-RP-1,
whereas other precursors did not encode a PQRFamide peptide. However, the C-terminal amino acid
sequences, such as ERPGR in the human precursor or
QRPGR in the bovine precursor are similar to the
sequence of lamprey PQRFa-RP-1. The precursors of
other vertebrates also contained some amino acids of
lamprey PQRFa-RP-1. These results suggest that the
PQRFamide peptide precursor of the ancient vertebrates would have three PQRFamide peptides like
lamprey. Nucleotide substitutions resulting in amino
acid replacements may cause loss of the PQRFamide
motif in box A of other vertebrates through the evolutionary process. The precursor of lamprey PQRFamide
peptides may have retained the most ancestral features
of PQRFamide amide peptides.
In an attempt to identify a novel RFamide peptide
in the lamprey brain, we initially performed immunoafﬁnity puriﬁcation using antiserum directed against
LPXRFamide peptide (fGRP; SLKPAANLPLRFamide). This antiserum recognizes both the C-terminal
LPLRFamide and LPQRFamide structure [17,19,20].
However, the C-terminal structure of lamprey PQRFa
is MPQRFamide. Because Leu and Met are similar
hydrophobic amino acids, the antiserum was presumably still able to recognize the MPQRFamide motif
of the lamprey PQRFa. The negative result from
afﬁnity puriﬁcation using antiserum directed against
LPXRFamide peptide (fGRP) suggests that LPXRFamide peptides may not exist in the lamprey brain.
However, a BLAST search against GenBankTM using
goldﬁsh LPXRFamide peptide precursor protein as
the query sequence revealed a fugu LPXRFamide
peptide-like DNA fragment (fugu LPXRFamide peptide) (GenBank Accession no. AL175295). Interestingly, a putative fugu LPXRFamide peptide had a
C-terminal MPQRF sequence that was identical to
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the C-terminal motif of lamprey PQRFa. Thus, the
sequence of fugu LPXRFamide peptide suggests that
LPXRFamide peptides may have diverged from a
common ancestral gene via the evolutionary process
between agnathans and gnathostome ﬁsh. However,
more taxa and more information, such as corresponding receptors, conserved chromosomal synteny and
anatomical distribution must be accumulated to sort
out the evolutionary relationships of RFamide peptides.
Identiﬁcation of cells expressing lamprey PQRFamide peptide mRNA in the brain must be taken into
account when studying the neuropeptide action. We
therefore characterized the regions in the brain showing the expression of lamprey PQRFamide peptide
mRNA using in situ hybridization. The expression was
localized mainly in the NCP in the hypothalamus.
Additional smaller numbers of cells expressing lamprey
PQRFamide peptide mRNA were observed in the Tg
in the mesencephalon and the FLM in the rostral part
of the medulla oblongata. Because lamprey PQRFamide peptide mRNA was expressed in the hypothalamus, lamprey PQRFamide peptides may take part in
neuroendocrine regulation via the hypothalamo-hypophyseal system. On the other hand, expression of lamprey PQRFamide peptide mRNA was also detected in
the Tg and FLM. These two regions are considered to
be involved in locomotor activity in vertebrates including the lamprey [41–45]. Therefore, lamprey PQRFamide peptides may also act in the regulation of
locomotor activity. In mammals, in situ hybridization
reveals that the nucleus of the solitary tract and dorsal
horn of the spinal cord express the highest levels of the
mRNA of NPFF, a mammalian PQRFamide peptide
[40]. NPFF immunoreactivity is also found at these
sites [46–48]. The moderate expression of NPFF
mRNA in the hypothalamic supraoptic and paraventricular nuclei shows that this precursor is expressed in
the hypothalamo-hypophyseal system [40]. These mammalian results indicate that NPFF may be involved in
sensory transmission in the spinal cord, including pain
systems, autonomic regulation in the medulla, and
neuroendocrine regulation via the hypothalamo-hypophyseal system. Although there is no report that demonstrates the presence of PQRFamide peptides in the
brains of amphibians and gnathostome ﬁsh, recent
studies have revealed PQRFamide peptide expression
by immunohistochemistry [49] and in situ hybridization
[38]. The distribution pattern of PQRFamide peptidelike immunoreactive cells and ﬁbers in amphibians is
generally consistent with that in mammals [49]. In contrast, zebraﬁsh PQRFa mRNA is expressed in the
olfactory bulb and the nucleus olfactoretinalis in the

Novel lamprey RFamide peptides

telencephalon, but is absent in more caudal regions,
including the hypothalamus, brainstem and spinal cord
[38]. Thus, there are likely marked species differences
in the distribution and function of PQRFamide peptides in vertebrates.
In conclusion, we identiﬁed novel PQRFamide peptides from the brain of the sea lamprey. This is the
ﬁrst demonstration of the presence of RFamide peptides in the brain of any species of agnathans. On the
basis of the results of phylogenetic analysis and
amino acid sequence comparison, the identiﬁed lamprey PQRFamide peptides are considered to have
retained the most ancestral features of PQRFamide
peptides. Expression of lamprey PQRFamide peptide
mRNA in the hypothalamus, mesencephalon and
medulla oblongata indicates multiple functions of the
peptides.

Experimental procedures
Animals
Adult sea-run sea lampreys (Petromyzon marinus) were collected in a trap located at the top of the salmon ladder at
the Cocheco River in Dover, New Hampshire in May and
June during their upstream spawning migration from the
ocean. Lampreys were transported to the freshwater ﬁsh
hatchery at the University of New Hampshire and maintained in an artiﬁcial spawning channel supplied with ﬂowthrough water from a nearby stream-fed reservoir at an
ambient temperature range of 13–20 C, under a natural
photoperiod. Experimental protocols were approved in
accordance with UNH IACUC animal care guidelines.

Peptide extraction and affinity purification
The brains of 500 adult sea lampreys were dissected from
the decapitated heads of the lamprey and immediately frozen on dry ice and stored at )80 C until use. Brains were
boiled and homogenized in 5% acetic acid as described previously [9,17,19]. The homogenate was centrifuged at
10 000 g for 30 min at 4 C, and the resulting precipitate
was again homogenized and centrifuged. The two supernatants were pooled and concentrated by using a rotary evaporator at 40 C. After precipitation with 75% acetone, the
supernatant was passed through a disposable C18 cartridge
column (Mega Bond-Elut; Varian, Harbor City, CA), and
the retained material eluted with 60% methanol was loaded
onto an immunoafﬁnity column. Afﬁnity chromatography
was performed as described previously [15,19,20]. Antiserum against LPXRFamide peptide (fGRP) [17] was conjugated to cyanogen bromide-activated Sepharose 4B
(Amersham Pharmacia Biotech, Uppsala, Sweden) as an
afﬁnity ligand. The brain extract was applied to the column
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at 4 C, and the adsorbed materials were eluted with 0.3 m
acetic acid containing 0.1% 2-mercaptoethanol. An aliquot
of each fraction (1 mL) was analyzed by a dot immunoblot
assay with the antiserum against LPXRFamide peptide
(fGRP; SLKPAANLPLRFamide) according to our previous methods [17,19].

HPLC and structure determination
Immunoreactive fractions were subjected to a HPLC column (ODS-80TM, Tosoh, Tokyo, Japan) with a linear
gradient of 10–50% acetonitrile containing 0.1% triﬂuoroacetic acid for 100 min at a ﬂow rate of 0.5 mLÆmin)1 and
the eluted fractions were collected every 2 min and assayed
by immunoblotting. Fractions corresponding to the elution
time of 64–66 min showed intense immunoreactivity. These
immunoreactive fractions were further subjected to a
reverse phase HPLC column (ODS-80TM, Tosoh) under an
isocratic condition of 30% acetonitrile containing 0.1% triﬂuoroacetic acid for 30 min at a ﬂow rate of 0.5 mLÆmin)1.
The isolated substance was subjected to amino acid
sequence analysis by automated Edman degradation with a
gas-phase sequencer (PPSQ-10, Shimadzu, Kyoto, Japan).
Molecular mass was determined by MALDI-TOF MS (AXIMA-CFR plus, Shimadzu). In this study, we ﬁrst identiﬁed
in the lamprey brain a novel RFamide peptide with a C-terminal PQRFamide motif (lamprey PQRFa).

5¢-CCIGCIGA(A ⁄ G)AA(A ⁄ G)TT(C ⁄ T)TGATG-3¢, corresponding to the lamprey PQRFa sequence Phe9-Trp10Met11-Arg12-Ala13-Met14-Pro15-Gln16. All PCRs consisted
of 30 cycles of 30 s at 94 C, 30 s at 55 C, and 1 min at
72 C (10 min for the last cycle). The third-round PCR
products were subcloned into a pGEM-T Easy vector in
accordance with the manufacturer’s instructions (Promega,
Madison, WI, USA). The DNA inserts of the positive
clones were ampliﬁed by PCR with universal M13 primers.

Determination of the cDNA 5¢-end sequence
Template cDNA was synthesized with an oligonucleotide
primer complementary to nucleotides 708–727 (5¢-TCACT
CACTCACACACTCAC-3¢); this synthesis was 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¢-CCACCACTCTCCCAAGAC-3¢,
complementary to nucleotides 559–576); this was followed
by further ampliﬁcation of the ﬁrst-round PCR products
with the anchor primer and gene-speciﬁc primer 2 (5¢-CCA
GCACTCACCAACACGAC-3¢, complementary to nucleotides 539–558). Both ﬁrst- and second-round PCRs were
performed for 30 cycles consisting of 1 min at 94 C, 1 min
at 55 C and 1 min at 72 C (10 min for the last cycle). Second-round PCR products were subcloned and the inserts
were ampliﬁed as described above.

RNA preparation
Total RNA was extracted from lamprey brains using Sepazol-RNA I Super (Nacalai Tesque, Kyoto, Japan) followed
by the isolation of poly(A)+ RNA with Oligotex-(dT) 30
Super (Daiichikagaku, Tokyo, Japan) in accordance with
the manufacturer’s instructions.

Determination of the cDNA 3¢-end sequence
All PCR ampliﬁcations were performed in a reaction mixture containing Taq DNA polymerase [Ex Taq polymerase,
(Takara Shuzo, Kyoto, Japan) or gene Taq DNA polymerase (Nippon Gene, Tokyo, Japan)] and 0.2 mm dNTP
on a thermal cycler (Program Temp Control System PC700; ASTEC, Fukuoka, Japan). First-strand cDNA was
synthesized with the oligo(dT)-anchor primer supplied in
the 5¢ ⁄ 3¢ RACE kit (Roche Diagnostics, Basel, Switzerland)
and ampliﬁed with the anchor primer (Roche Diagnostics)
and the ﬁrst degenerate primers 5¢-TGGGGIGCICCIGC
IGA(A ⁄ G)AA(A ⁄ G)TT-3¢ (I represents inosine), corresponding to the lamprey PQRFa sequence Trp2-Gly3-Ala4Pro5-Ala6-Glu7-Lys8-Phe9. First-round PCR products
were reampliﬁed with the anchor primer and the ﬁrst
degenerate primers again. Second-round PCR products
were further reampliﬁed with the second degenerate primers
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DNA sequencing
All nucleotide sequences were determined with a Thermo
Sequenase cycle sequencing kit (Amersham Pharmacia Biotech, Aylesbury, UK), IRDye 800 termination mixes version 2 (NEN Life Science Products, Boston, MA, USA),
and a model 4200-1G DNA sequencing system and analysis
system (LI-COR, Lincoln, NE, USA), then analyzed with
dnasis-mac software (Hitachi Software Engineering, Kanagawa, Japan). Universal M13 primers or gene-speciﬁc primers were used to sequence both strands.

Identification of mature related peptides
Precursor cDNA encoded not only a novel RFamide peptide (lamprey PQRFa) identiﬁed by the immunoafﬁnity
puriﬁcation but also two putative related peptides (lamprey
PQRFa-RP-1 and PQRFa-RP-2). To identify endogenous
related peptides (lamprey PQRFa-RP-1 and PQRFa-RP-2)
in the lamprey brain, we further employed immunoafﬁnity
puriﬁcation using the speciﬁc antiserum against lamprey
PQRFa. Antisera were raised according to our previous
method [9,17] using the synthetic lamprey PQRFa linked to
keyhole limpet hemocyanin with m-maleimidobenzoylN-hydrosuccinimide ester as the antigen. In brief, antigen
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solution (1 mgÆmL)1) was mixed with Freund’s complete
adjuvant (Difco, Detroit, MI, USA) and injected subcutaneously into rabbits. After the booster injection (1 mg),
blood was collected from each rabbit, and the optimum
dilution of antisera was measured by the competitive
ELISA described previously [9,17]. The successful antiserum
raised against lamprey PQRFa was conﬁrmed to recognize
speciﬁcally two putative related peptides (lamprey PQRFaRP-1 and PQRFa-RP-2), as well as lamprey PQRFa, by a
competitive ELISA. The IC50 values (concentrations yielding 50% displacement) in the competitive ELISA were estimated as follows; 0.82 pmol for lamprey PQRFa,
< 0.01 pmol for lamprey PQRFa-RP-1, 0.84 pmol for lamprey PQRFa-RP-2, and 73.27 pmol for other RFamide
peptide, e.g. C-RFa (SPEIDPFWYVGRGVRPIGRFamide). Antiserum against lamprey PQRFa was conjugated
to Protein A Sepharose 4B (Amersham Pharmacia Biotech)
as an afﬁnity ligand. The brain extract was applied to the
column and puriﬁed as described above. Immunoreactive
fractions were subjected to a reverse-phase HPLC column
(ODS-80TM, Tosoh) with a linear gradient of 10–50%
acetonitrile containing 0.1% triﬂuoroacetic acid for
100 min at a ﬂow rate of 0.5 mLÆmin)1, and the fractions
were collected every 2 min and assayed by immunoblotting.
Fractions corresponding to the elution time of 52–54 min
showed intense immunoreactivities. These immunoreactive
fractions were then loaded onto another reverse-phase column (Finepak SIL C8-5; JASCO Corp., Tokyo, Japan)
with a linear gradient of 23–35% acetonitrile for 60 min at
a ﬂow rate of 0.5 mLÆmin)1. Isolated immunoreactive substances were then subjected to amino acid sequence analysis
and MALDI-TOF MS analysis as described above.

Phylogenetic analysis
Multiple sequence alignment and phylogenetic analysis of
the precursors of lamprey PQRFamide peptides and other
RFamide peptides were performed with clustal w, v. 1.83
(European Molecular Biology Laboratory, EMBL); the
phylogenetic tree was calculated with the neighbor-joining
method. The data were re-sampled by 1000 bootstrap replicates to determine the conﬁdence indices within the phylogenetic tree.

In situ hybridization of lamprey PQRFamide
peptide mRNA
Lamprey PQRFamide peptide mRNA expression in the
brain was localized by in situ hybridization. In brief, male
lampreys were killed by decapitation after being anesthetized by immersion in ethyl m-aminobenzoate methanesulfonate (MS222). After rapid removal of the dorsal
ﬁbrocranium and exposure of the dorsal surface of the
brain, the dissected brain and attached pituitary were
immersed in refrigerated 4% paraformaldehyde in 0.1 m
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phosphate buffer for about 24 h. Subsequently, the brain
and attached pituitary were soaked in a refrigerated sucrose
solution (30% sucrose in NaCl ⁄ Pi) until they sank. They
were embedded in OCT compound (Miles Inc., Elkhart,
IN, USA) and freeze-sectioned frontally at a 10 lm thickness with a cryostat at )20 C. The sections were placed
onto 3-aminopropyltriethoxysilane-coated slides. In situ
hybridization was carried out according to our previous
method [11,20,50,51] using the digoxigenin (DIG)-labeled
antisense RNA probe. The DIG-labeled antisense RNA
probe was produced with RNA labeling kit (Roche Diagnostics) from a part of the peptide precursor cDNA (complementary to nucleotides 430–730). Control for speciﬁcity
of the in situ hybridization of lamprey PQRFamide peptide
mRNA was performed by using the DIG-labeled sense
RNA probe, which was complementary to a common
sequence of the antisense probe.

Database Accession numbers
The GenBank Accession numbers of the sequences used in
the phylogenetic analysis are: human RFRP (AB040290),
bovine RFRP (AB040291), rat RFRP (AB040288), mouse
RFRP (AB040289), quail GnIH (AB039815), chicken GnIH
(AB120325), sparrow GnIH (AB128164), frog GRP
(AB080743), goldﬁsh LPXRFa (AB078976), human NPFF
(AF005271), bovine NPFF (AF148699), rat NPFF
(AF148700), mouse NPFF (AF148701), zebraﬁsh PQRFa
(AY092774), fugu PQRFa (AL175295), human PrRP
(BC069284), bovine PrRP (AB015417), rat PrRP (AB015418),
C-RFa (AB020024), human 26RFa ⁄ QRFP (AY438326,
AB109625), bovine QRFP (AB109626), rat 26RFa ⁄ QRFP
(AY438327, AB109627), mouse QRFP (AB109628), human
KiSS1 (AY117143), rat KiSS1 (AY196983), mouse KiSS1
(AY182231). Zebraﬁsh LPXRFa was derived from a genomic DNA sequence under GenBank Accession no. BX640464.
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R, Suarez-Huerta N, Vandeput F et al. (2001) The
metastasis suppressor gene KiSS-1 encodes kisspeptins,
the natural ligands of the orphan G-protein-coupled
receptor GPR54. J Biol Chem 276, 34631–34636.
Fukusumi S, Yoshida H, Fujii R, Maruyama M, Komatsu H, Habata Y, Shintani Y, Hinuma S & Fujino M
(2003) A new peptidic ligand and its receptor regulating
adrenal function in rats. J Biol Chem 278, 46387–46395.
Chartrel N, Dujardin C, Anouar Y, Leprince J, Beauvillain JC & Vaudry H (2003) Identiﬁcation of 26RFa, a
hypothalamic neuropeptide of the RFamide peptide
family with orexigenic activity. Proc Natl Acad Sci USA
100, 15247–15252.
Ukena T & Tsutsui K (2005) A new member of the
hypothalamic RF-amide peptide family, LPXRF-amide
peptides: Structure, localization, and function. Mass
Spectrom Rev 24, 469–486.
Tsutsui K & Ukena K (2005) Hypothalamic LPXRFamide peptides in vertebrates: identiﬁcation, localization
and hypophysiotropic activity. Peptides in press.
Bonini JA, Jones KA, Adham N, Forray C, Artymyshyn R, Durkin MM, Smith KE, Tamm JA, Boteju
LW, Lakhlani PP et al. (2000) Identiﬁcation and characterization of two G protein-coupled receptors for neuropeptide FF. J Biol Chem 275, 39324–39331.
Elshourbagy NA, Ames RS, Fitzgerald LR, Foleyi JJ,
Chambers JK, Szekeres PG, Evans NA, Schmidti DB,
Buckleyi PT, Dytko GM et al. (2000) Receptor for the
pain modulatory neuropeptides FF and AF is an
orphan G protein-coupled receptor. J Biol Chem 275,
25965–25971.
Hinuma S, Shintani Y, Fukusumi S, Iijima N, Matsumoto Y, Hosoya M, Fujii R, Watanabe T, Kikuchi K,
Terao Y et al. (2000) New neuropeptides containing
carboxy-terminal RFamide and their receptor in mammals. Nat Cell Biol 2, 703–708.
Yin H, Ukena K, Ubuka T & Tsutsui K (2005) A novel
G protein-coupled receptor for gonadotropin-inhibitory
hormone in the Japanese quail (Coturnix japonica): identiﬁcation, expression and binding activity. J Endocrinol
184, 257–266.
Ikemoto T & Park MK (2005) Chicken RFamiderelated peptide (GnIH) and two distinct receptor subtypes: identiﬁcation, molecular characterization, and
evolutionary considerations. J Reprod Dev 51, 359–377.
von Heijne G (1986) A new method for predicting signal sequence cleavage sites. Nucleic Acids Res 14, 4683–
4690.
Seidah NG & Chrétien M (1999) Proprotein and prohormone convertases: a family of subtilases generating
diverse bioactive polypeptides. Brain Res 848, 45–62.

Novel lamprey RFamide peptides

38 Oehlmann VD, Korte H, Sterner C & Korsching SI
(2002) A neuropeptide FF-related gene is expressed
selectively in neurons of the terminal nerve in Danio
rerio. Mech Dev 117, 357–361.
39 Perry SJ, Huang EY, Cronk D, Bagust J, Sharma R,
Walker RJ, Wilson S & Burke JF (1997) A human gene
encoding morphine modulating peptides related to
NPFF and FMRFamide. FEBS Lett 409, 426–430.
40 Vilim FS, Aarnisalo AA, Nieminen ML, Lintunen M,
Karlstedt K, Kontinen VK, Kalso E, States B, Panula P
& Ziff E (1999) Gene for pain modulatory neuropeptide
NPFF: induction in spinal cord by noxious stimuli. Mol
Pharmacol 55, 804–811.
41 Shik ML & Orlovsky GN (1976) Neurophysiology of
locomotor automatism. Physiol Rev 56, 465–501.
42 McClellan AD & Grillner S (1984) Activation of ‘ﬁctive
swimming’ by electrical microstimulation of brainstem
locomotor regions in an in vitro preparation of the lamprey central nervous system. Brain Res 300, 357–361.
43 Uematsu K & Todo T (1997) Identiﬁcation of the midbrain locomotor nuclei and their descending pathways
in the teleost carp, Cyprinus carpio. Brain Res 773, 1–7.
44 El Manira A, Pombal MA & Grillner S (1997) Diencephalic projection to reticulospinal neurons involved in
the initiation of locomotion in adult lampreys Lampetra
ﬂuviatilis. J Comp Neurol 389, 603–616.
45 Sirota MG, Di Prisco GV & Dubuc R (2000) Stimulation of the mesencephalic locomotor region elicits controlled swimming in semi-intact lampreys. Eur J
Neurosci 12, 4081–4092.
46 Kivipelto L, Majane EA, Yang H-YT & Panula P
(1989) Immunohistochemical distribution and partial
characterization of FLFQPQRFamide like peptides in
the central nervous system of rats. J Comp Neurol 286,
269–287.
47 Aarnisalo AA & Panula P (1995) Neuropeptide FF-containing efferent projections from the medial hypothalamus of rat: a Phaseolus vulgaris leucoagglutinin study.
Neuroscience 65, 175–192.
48 Panula P, Aarnisalo AA & Wasowicz K (1996) Neuropeptide FF, a mammalian neuropeptide with multiple
functions. Prog Neurobiol 48, 461–487.
49 Crespo M, Moreno N, Lopez JM & Gonzalez A (2003)
Comparative analysis of neuropeptide FF-like immunoreactivity in the brain of anuran (Rana perezi, Xenopus
laevis) and urodele (Pleurodeles waltl) amphibians.
J Chem Neuroanat 25, 53–71.
50 Ukena K, Kohchi C & Tsutsui K (1999) Expression
and activity of 3beta-hydroxysteroid dehydrogenase ⁄
D5-D4-isomerase in the rat Purkinje neuron during neonatal life. Endocrinology 40, 805–813.
51 Sawada K, Ukena K, Kikuyama S & Tsutsui K (2002)
Identiﬁcation of a cDNA encoding a novel amphibian
growth hormone-releasing peptide and localization of its
transcript. J Endocrinol 174, 395–402.

FEBS Journal 273 (2006) 1731–1743 ª 2006 The Authors Journal compilation ª 2006 FEBS

1743

