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The novel neuropeptide spexin (SPX) was discovered using bioinformatics. The function of this
peptide is currently under investigation. Here, we identified SPX along with a second SPX gene
(SPX2) in vertebrate genomes. Syntenic analysis and relocating SPXs and their neighbor genes on
reconstructed vertebrate ancestral chromosomes revealed that SPXs reside in the near vicinity of
the kisspeptin (KISS) and galanin (GAL) family genes on the chromosomes. Alignment of mature
peptide sequences showed some extent of sequence similarity among the 3 peptide groups. Gene
structure analysis indicated that SPX is more closely related to GAL than KISS. These results suggest
that the SPX, GAL, and KISS genes arose through local duplications before 2 rounds (2R) of whole-
genome duplication. Receptors of KISS and GAL (GAL receptor [GALR]) are phylogenetically closest
among rhodopsin-like G protein-coupled receptors, and synteny revealed the presence of 3 distinct
receptor families KISS receptor, GALR1, and GALR2/3 before 2R. Aligand-receptor interaction study
showed that SPXs activate human, Xenopus, and zebrafish GALR2/3 family receptors but not
GALRT1, suggesting that SPXs are natural ligands for GALR2/3. Particularly, SPXs exhibited much
higher potency toward GALR3 than GAL. Together, these results identify the coevolution of SPX/
GAL/KISS ligand genes with their receptor genes. This study demonstrates the advantage of evo-
lutionary genomics to explore the evolutionary relationship of a peptide gene family that arose
before 2R by local duplications. (Endocrinology 155: 1864—1873, 2014)

novel secreted neuropeptide called spexin (SPX),
which is encoded by the C12ORF39 gene, was re-
cently identified using bioinformatics tools (1, 2). The
C120RF39 gene encodes a protein containing a signal
peptide, followed by a precursor sequence with a predicted
mature peptide (SPX) of 14 amino acids flanked by con-
served dibasic cleavage sites (1-3). This mature peptide
sequence is evolutionarily conserved across vertebrate
species (4, 5). The mRNA and/or protein expression levels
for SPX have been determined in brain regions and pe-
ripheral tissues of human, mouse, rat, and goldfish, in-
cluding the hypothalamus, cerebral cortex, hippocampus,
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optic tectum, pons, retina, esophagus, stomach, kidney,
ovary, and adrenal glands (1-8). These results suggest
multiple physiological functions of SPX. Recent analyses
using goldfish revealed the involvement of SPX in repro-
duction and appetite control (4, 5). Treatment of goldfish
with SPX decreased the secretion of LH (4) and suppressed
appetite (5). Recent work also demonstrates the central
control of SPX in cardiovascular/renal function and no-
ciception (9). Despite accumulating evidence for physio-
logical roles of SPX, the detailed mechanism of action has
not been clearly demonstrated because of a lack of infor-
mation on the SPX receptor. The peptidergic nature of
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Abbreviations: GAL, galanin; GALP, GAL-like peptide; GALR, GAL receptor; GPCR, G pro-
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SPX allows us to speculate that SPX may interact with an
orphan G protein-coupled receptor (GPCR) or one of the
peptide GPCRs.

Neuropeptide and receptor families expanded their
family members through 2 rounds (2R) of whole-genome
duplication (WGD) and local duplications before and af-
ter 2R (10-14). Phylogeny and synteny analyses are useful
to understand the evolutionary history and relationship
among paralogous genes. In addition, tracing the family
genes on reconstructed pre-2R vertebrate ancestral chro-
mosomes (VACs) is a fast and relatively accurate tool to
explore the relationships among members of a family that
contains a large number of paralogous genes (14, 15).
These analyses revealed that paralogous genes that arose
through local duplications reside in the near vicinity on the
same chromosomes or on reconstructed ancestral chro-
mosomes (14). While searching for the evolutionary mech-
anism that generated the SPX gene, we detected the pres-
ence of a SPX paralog (SPX2) in vertebrate chromosomes.
SPX (hereafter SPX1) and SPX2 are closely located to
galanin (GAL) and kisspeptin (KISS) family genes on the
same reconstructed VAC. The sequence alignment of ma-
ture peptides for SPX, GAL, and KISS revealed sequence
identity to some extent. We proposed a possible scenario
that the 3 ancestral genes are likely to have emerged
through local tandem duplications before 2R. The GAL
receptor (GALR) and KISS receptor (KISSR) are phyloge-
netically closest to each other among other peptide GPCR
families (16). Phylogeny and synteny analyses also re-
vealed the presence of 3 ancestors for GALR1, GALR2/3,
and KISSR before 2R, which raises the possibility that SPX
may interact with one of these receptor subfamilies. We
found that SPX exhibited substantial potency in activation
of human GALR2 and GALR3, indicating that SPX is
another ligand for the GALR2/3 subfamily.

Materials and Methods

Data acquisition and phylogenetic analysis of
peptides and receptors

The amino acid sequences of peptides and receptors were
retrieved from the genome database of human, anole lizard,
chicken, Xenopus tropicalis, coelacanth, zebrafish, medaka,
stickleback, Tetraodon, lamprey, amphioxus, Ciona, Caeno-
rhabditis elegans, and Drosophila with the TBLASTN algorithm
provided by the Ensembl Genome Browser (http://www.ensem-
bl.org), the GenBank database (http://blast.ncbi.nlm.nih.gov/
Blast.cgi), or the amphioxus genome database (http:/genome.
jgi-psf.org/Brafl1/Brafl1.home.html). Orthology or paralogy of
the genes was investigated using synteny and search tools from
the Ensembl Genome Browser. The exons and splicing junctions
of novel genes were defined manually or using the HMMgene
(v.1.1) program (http://www.cbs.dtu.dk/servicessHMMgene/)
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provided by CBS Prediction Service. Putative signal peptides
were predicted using SignalP 3.0 (http://www.cbs.dtu.dk/servic-
es/SignalP/). Gene names used for data analysis are shown in
Supplemental Tables 1 and 2, published on The Endocrine So-
ciety’s Journals Online web site at http://endo.endojournals.org.
The amino acid sequences of the mature peptides and receptors
were aligned using MUSCLE as implemented in MEGA 5.1. The
default alignment parameters were applied. Alignments were
bootstrapped 100 times, and a maximum likelihood phyloge-
netic tree was constructed using the Jones-Taylor-Thornton
model. Trees were plotted using MEGA 5.1.

Synteny analysis and tracing the evolutionary
history of the gene families

The synteny analysis was performed by comparing the
Contig Views that display genomic regions containing genes
surrounding the peptide and receptor loci. The information
for chromosome localization of orthologs/paralogs of neigh-
boring genes was provided from the Ensembl Genome
Browser. Chromosome fragments with reliable synteny were
matched with the reconstructed VAC model by Nakatani et al
(17) as previously described (14, 15). The Nakatani model
suggests the presence of 10-13 pre-2R VACs, defined as the
A-J linkage groups. These VACs then underwent 2R to gen-
erate approximately 40 post-2R gnathostome ancestor chro-
mosomes (GACs A0-]1), resulting in up to 4 copies of paralo-
gous genes. Because chromosomal segments of medaka,
chicken, mouse, and human have been matched to these re-
constructed linkage groups, the location of a current gene can
be traced back to the linkage groups.

Chemicals and peptides

All chemicals were obtained from Sigma-Aldrich unless oth-
erwise stated. Restriction enzymes were obtained from New Eng-
land BioLabs. Human GAL, SPX1, and zebrafish SPX2 peptides
were synthesized by AnyGen. The purity of the synthesized pep-
tides was greater than 98 % as determined by HPLC analysis. All
peptides were dissolved in dimethyl sulfoxide and then diluted in
media to the desired working concentrations.

Plasmid constructs

The pcDNA3.1 expression vector was purchased from Invit-
rogen Corp. The serum-response element (SRE)-driven lu-
ciferase activity (SRE-luc) vector was purchased from Strat-
agene. The cDNAs for human GALR1, GALR2, GALR3, and
KISSR were from BRN SCIENCE, Inc. The cDNA genes were
inserted into the EcoRIand Xholsites of pcDNA3.1. The cDNAs
for Xenopus GALR1a, GALR2a, GALR2b, GALR3, and ze-
brafish GALR1a, GALR1b, GALR2a, and GALR2b were ob-
tained by RT-PCR. All genes were constructed at the EcoRI and
Xholsites of pcDNA3.1 by PCR using appropriate primers from
CosmogenTech, Inc. The identity of each gene was verified by
sequencing.

Cell transfection and luciferase assay

HEK293 cells stably expressing Ga,; that can mediate Goy-
coupled receptor activation by stimulating Ga,-dependent sig-
naling pathways (18) were maintained in DMEM supplemented
with 10% fetal bovine serum, 100 U/mL penicillin G, and 100
pg/mL streptomycin (Invitrogen). Cells were seeded in 48-well
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Binding assay
GAL and SPX1 was radioiodinated

Peptide s Peptide
st [ H—

by the chloramine-T method and then
purified by chromatography on Sepha-

e dex G-25 (for '*’I-GAL) and G-10 (for
GAL 125]-labled SPX1) columns (Sigma-Al-
drich) in 0.01M acetic acid and 0.1%
GALP BSA (19). HEK293T cells were trans-
KISS1 fected with human GALR1, GALR2, or
GALR3 (300 ng of DNA/well in 12-well
KISs2 plates) with Effectene (QIAGEN). Cells
were washed after 48 hours and incu-
KISS3 bated for 1 additional hour with binding
buffer (serum-free DMEM with 0.1%
BSA; pH 7.4) containing 100 000 cpm of
An_SPX2 125]-labeled ligand in the absence or pres-
Coel_SPX2 ence of various concentrations of unla-
SPX2 Ch_SPX2 beled peptides. Cells were washed twice
Zf_SPX2 with ice-cold Dulbecco’s PBS and dis-
;:—:::: solved in 1% sodium dodecyl sulfate and
= - 0.2M NaOH. Radioactivity was mea-
£ SEX sured with a Wallac 1489 Wizard 3
To SPX! y-counter (PerkinElmer Life Science).
An_SPX1
Ch_SPX1
i Hu_SPX1 Data analysis
Coel_SPX1 Data analysis was performed by non-
Md_SPX1 linear regression with a sigmoidal dose
- SLSEX) response. The agonist concentrations
GAL Hu_GAL KRG SAGY L LGP HAVGNHRSFSDKNGLTSKR that induced half-maximal stimulation
LS conl Sk KRE SARTEERR (ECsp) or half-maximal inhibition of
GALP Hu_GALP APAHRGG SAGY LLGP VLHLPQMGDQDGKR.... binding (IC 0) were calculated with
Coel_GALP PKEKRG SAGY LLGPHAHTLSDKRGLSGKR.... GraphPad PﬁISM“- software (GraphPad
iiai i:—::::: Software, Inc). All data are Presented as
Coel_KISS1 mean + SE of at least 3 independent
Yo KiSS2 experiments.
KISS2 | coel_kiss2
Xe_Kiss3
KISS3 | coel_kiss3 Results

Figure 1. The general structure of exon and amino acid sequence alignment of KISS, GAL, and

SPX family peptides. The mature peptide flanked by cleavage sites and signal peptide region is

Presence of SPX2 in vertebrate

represented within the coding exon structure. Because the presence of noncoding exons in SPX2,

KISS2, and KISS3 is uncertain, the dashed boxes were used. The mature peptide sequences along
with monobasic or dibasic sites were aligned, and conserved residues among the peptides are
indicated by different colors as proposed by ClustalX-2.1. Variable regions of GAL and GALP
were not aligned. The predicted mature peptide sequences were retrieved from human (Hu),
anole lizard (An), chicken (Ch), Xenopus (Xe), coelacanth (Coel), zebrafish (Zf), medaka (Md),

stickleback (St), and Tetraodon (To) genomes.

plates at a density of 2 X 10* cells per well, 1 day before trans-
fection. A mixture containing 75 ng of the SRE-luc reporter con-
struct, 75 ng of expression plasmid, and 2 uL of Effectene reagent
(QIAGEN) was prepared and added to each well according to the
manufacturer’s instructions. Cells were then maintained in se-
rum-free DMEM for 16-18 hours before treatment with the
ligands. Approximately 48 hours after transfection, cells were
treated with the respective ligands for 6 hours. Cells were lysed
by adding 100 uL lysis buffer. The luciferase activity in 50 uL of
cell extract was determined by a luciferase assay system accord-
ing to the standard protocol for the Synergy 2 Multi-Mode Mi-
croplate Reader (BioTek).

genomes

Using genome BLAST search in-
formation, we cloned partial cDNAs
encoding SPX2 from the brain of X.
tropicalis and zebrafish (Supplemen-
tal Figure 1). We also identified pu-
tative SPX2 genes from chicken,
coelacanth, anole lizard, and medaka (Supplemental Fig-
ure 2). Mammals may not have SPX2. The coding exon
structure of SPX2 is quite similar to that of SPX1. The first
and second exons encode the signal peptide, and the third
and fourth exons encode the mature peptide sequences
flanked by conserved monobasic and dibasic cleavage sites
(Figure 1). Like SPX1, SPX2 encodes a mature peptide
containing 14 amino acids that are amidated at the C ter-
minus. The amino acid sequence of SPX2 differs from that
of SPX1 at positions 3 (Gly vs Thr), 6 (Ser vs Ala), 13 (Arg
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vs Thr or Ala), and 14 (Tyr or His vs Gln) (Figure 1).
Sequence alignment of mature peptides for SPX, GAL, and
KISS revealed conservation of several residues. For exam-
ple, Trp?, Thr?, Tyr’®, Leu'®, and Gly'? of SPX1 are iden-
tical to those at the corresponding positions of GAL. It is
of noteworthy that Trp?, Thr?, and Tyr® of GAL are crit-
ical determinants for receptor binding and activation (20).
Although SPX and KISS do not share a high degree of
sequence identity, GAL and KISS do share sequence sim-
ilarity. For example, Asn*, Ser®, and Gly” of KISS are com-
monly observed in positions 3, 6, and 8, respectively, of
GAL (Figure 1).

SPX, GAL, and KISS genes on the same VAC
linkage group

The evolutionary relationship among SPX, GAL, and
KISS genes was examined by synteny of vertebrate chro-
mosomes containing these peptide genes (Supplemental
Figure 3 and Supplemental Table 1). SPX1 localizes
closely with KISS2 on the same chromosomes of coela-
canth, anole lizard, zebrafish, and Tetraodon, although
the corresponding human chromosome lacks KISS2.
SPX2 and GAL are on the same chromosome of coela-
canth, anoles, chicken, Xenopus, zebrafish, and medaka.
GAL-like peptide (GALP) and KISS3 reside in the near
vicinity in coelacanth and Xenopus chromosomes. To de-
termine the mechanism of gene/genome duplication, we
traced the locations of the peptide genes along with their
neighbor genes on the ancient vertebrate gene linkage
groups reconstructed by Nakatani et al (17). According to
the Nakatani model, approximately 40 post-2R recon-
structed gnathostome ancestor chromosomes (GACs, A0
-J1) are derived from the pre-2R VACs, which are denoted
as the A-] linkage groups (17). Tracing the genome frag-
ment on the ancestral genome revealed that all the SPX,
KISS, and GAL genes are closely located in the VAC D
(GACs DO, D1, D2, and D3) linkage group that com-
monly contains the SYT, PLEKHA, and TEAD gene fam-
ilies (Figure 2A). These results suggest that the ancestral
form of SPX, GAL, and KISS arose by tandem local du-
plications before 2R.

Phylogenetic analysis was performed using the mature
peptide sequences of SPX, GAL, and KISS from represen-
tative vertebrate taxa, allatostatin-4 (a GAL/KISS-like
peptide in Drosophila), and 2 KISS peptides from lamprey.
Each peptide group in the phylogenetic tree was matched
on the GAC blocks. The SPX family is phylogenetically
closer to the GAL family than to the KISS family (Figure
2B). Phylogeny showed 2 distinct groups for SPX1 and
SPX2 on GAC DO and D1, respectively. The absence of
SPX genes on GAC D2 and D3 suggests the loss of SPX on
GAC D2/3 after the first round of WGD. Thus, SPX1 and
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SPX2 are likely to have emerged through a second round
of WGD of GAC D0/D1 (Figure 2C). Two GAL groups
are matched on GAC D1 and D3, indicating a loss of the
third and fourth GAL genes (on GAC D0 and GAC D2,
respectively) after the second round of WGD. Three
branches of the KISS groups are mapped on GAC DO
(KISS2), D2 (KISS1), and D3 (KISS3). Thus, KISST and
KISS3 emerged through a second round of WGD of GAC
D2/D3, and the fourth KISS on GAC D1 was lost after
duplication of GAC D0/D1 (Figure 2C).

Presence of GALR1, GALR2/3, and KISSR ancestors
before WGD

Amino acid sequences of GALR and KISSR from ver-
tebrates, lamprey, Ciona, amphioxus, Drosophila, and C.
elegans were retrieved by the ENSEMBL and NCBI ge-
nome browsers (Supplemental Tables 1 and 2). Synteny of
vertebrate chromosomes containing GALR and KISSR
were carried out, and these chromosomal fragments were
matched on the ancestral chromosomes (Supplemental
Figure 4). The phylogenetic tree shows 3 distinct lineages
for GALR1, GALR2/3, and KISSR that are on the 3 in-
dependent linkage groups VAC B, I, and A, respectively
(Figure 3). Thus, the human GALRT1 is from a different
lineage than that of GALR2 and GALR3. The GALR1
subfamily splits into 2 branches (GALR1a and GALR1b)
that locate on GAC B0 and B4, respectively, indicating
that the third and fourth GALR1s were lost after 2R. The
GALR2/3 family is divided into the 3 members GALR2a,
GALR2b,and GALR3, which are on GACI1,10,and 12,
respectively. According to the Nakatani model, there are
only 3 paralogons for the GAC I linkage group (17). Thus,
the complete set of GALR2/3 exists after 2R and before
the divergence of the teleost and tetrapod lineages.
GALR2a and GALR2b are phylogenetically closer to
each other than to GALR3; thus, they are likely to have
emerged through a second round of WGD. Teleosts lack
GALR3. The KISSR family has 4 members that are on
GAC AO0 to A3. KISSR1 and KISSR3 are closer to each
other than to KISSR2 and KISSR4, and vice versa, which
is consistent with the Nakatani model for VAC A chro-
mosome duplication. Some genes have been lost during
evolution. For example, whole KISS/KISSR pairs are com-
pletely absent in chicken (21). However, coelacanth,
which is considered as an ancestor of tetrapods, has all
isoforms of KISSRs (22) and GALRs. The basal lamprey
contains 1 KISSR, 2 GALR1s,and 1 GALR2/3. In inver-
tebrate species, Ciona has only 1 form of GALR but lacks
KISSR, and the early deuterostome amphioxus possesses
6 forms of KISSR and 6 forms of GALR2/3 (23). In pro-
tostomes, Drosophila contains 2 forms of allatostatin re-
ceptor, and C. elegans has 1 form of NPR-9 (24,25). The
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Figure 2. Evolutionary relationships among KISS, GAL, and SPX. A, Synteny for chromosomal regions containing the peptide genes. The peptides
and their neighboring genes on human, coelacanth, and medaka genome fragments are matched on the GAC DO ~ D3 linkage groups.
Paralogous genes are aligned on the same column with the same color. For humans, chromosome numbers are indicated above the gene, and
gene locations (megabase) are indicated below the gene. The broken boxes indicate the absence of these genes on the human chromosomes. For
coelacanth and medaka, only chromosome or scaffold numbers of orthologs for the human gene are presented in the horizontal bars. For
coelacanth scaffold numbers, only the last 4 digits are shown (eg, JH127043 is indicated as 7043). For medaka, genes duplicated by teleost-
specific 3R are indicated in 2 different lines. Ancestral genes are aligned on the pre-2R VAC D linkage group. The clustered location of KISS, GAL,
and SPX is indicated by a vertical dashed box. B, Maximum likelihood phylogenetic tree for mature KISS, GAL, and SPX from vertebrates is
constructed by MEGAS5.1. The lamprey (Lam) GAL and KISS peptides are included. allatostatin-4, a GAL/KISS-like peptide in Drosophila (DM_Ast), is
used for the out-group. Bootstrap values represent 100 replicates; the locations of the genes on the GAC linkage group are represented next to
colored boxes. C, Proposed duplication scheme for KISS, GAL, and SPX during the first (firstR) and second (secondR) round of WGD. VAC D
containing the ancestors for KISS, GAL, and SPX is duplicated to produce GAC DO ~ D3. Gene loss occurs during each step of WGD.

receptors in these protostomes are phylogenetically more
related to KISSR than GALR (Figure 3).

SPX specifically activates GALR2 and GALR3
The amino acid similarity between SPX and GAL sug-
gests the possibility that SPX can activate GALR. Because

each GALR subtype is coupled to different G proteins (G;
for GALR1 and GALR3; G, for GALR2) (26), we em-
ployed the HEK293-G,; stable cell line for these experi-
ments. Treatment of HEK293-G; cells expressing each
GALR with GAL increased a SRE-luc in a concentration-
dependent manner. GAL exhibited the strongest induction
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Figure 3. Maximum likelihood phylogenetic tree for KISSR, GALR, ALSTR, and NPR-9. The receptor amino acid sequences of human (Hu), anole
lizard (An), chicken (Ch), Xenopus (Xe), zebrafish (Zf), medaka (Md), Tetraodon (To), stickleback (St), coelacanth (Coel), lamprey (Lam), amphioxus
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Receptors are grouped in areas with different colors. Bootstrap values represent 100 replicates. Melanocortin receptors are used as the out-group.
The proposed duplication scheme for KISSR on VAC A, GALR1 on VAC B, and GALR2/3 on VAC | during the first (firstR) and second (secondR)
round of WGD is shown. According to the Nakatani model, GAC A4/5 and GAC B2/3 are generated through chromosome fission after the first
round of WGD. Because these linkage groups do not contain KISSR or GALR1, these groups are excluded from the genome duplication scheme.
The Nakatani model also proposes the absence of genome duplication of GAC /2 during the second round of WGD. Gene loss occurs during each

step of WGD.

of human GALR1 activity and moderate induction of hu-
man GALR2 activity. High concentrations of GAL were
required to activate human GALR3. Human SPX1 and
zebrafish SPX2 elevated SRE-luc activity in cells express-
ing human GALR2 and GALR3 but not in cells expressing
human GALRT1 (Figure 4, A—C). The potencies of SPXs
toward human GALR2 were slightly less than that of GAL
(for SPX1,EC;, = 161nM; for SPX2,EC;, = 317nM;and
for GAL, EC;, = 88nM). The potencies of SPXs toward
human GALR3 was greater than that of GAL (for SPX1,
EC., = 626nM; for SPX2, ECs, = 724nM; and for GAL,
EC;, = 1383nM). SPX1 was not able to activate KISSR
(data not shown).

The binding affinity of SPXs to human GALRs was
determined using a competitive displacement binding as-
say. '*’I-labled GAL was used for human GALR1 and
GALR2, and '*’I-labled SPX1 was used for human
GALR3. SPXs displaced '*’I-labled ligands in cells ex-
pressing human GALR2 and GALR3 but not in cells ex-
pressing human GALR1, in a manner similar to that
shown in the receptor activation study (Figure 4, D-F).
Together, these results indicate that SPXs are a functional
agonist for human GALR2 and GALR3 but not for human
GALRT.

To further corroborate the interaction between SPXs
and GALR2/3, cells expressing nonmammalian GALRs

(from Xenopus and zebrafish) were treated with GAL or
SPXs. Like human GALR1, Xenopus GALR1 and ze-
brafish GALR1a and GALR1b did not respond to SPX but
were activated by GAL (Figure 5, A, E, and F). Xenopus
GALR2a showed a highest response to GAL but poor re-
sponse to SPXs (Figure 5B). In cells expressing Xenopus
GALR2b and GALR3, SPX1 and SPX2 exhibited higher
potency than GAL in inducing SRE-luc activity (Figure 5,
Cand D). In zebrafish, GALR2a responded to all 3 ligands
with similar potency (Figure 5G). SPXs have higher po-
tencies toward zebrafish GALR2b than GAL (Figure SH).
These results indicate that SPXs can activate GALR2/3 in
the nonmammalian system.

Discussion

The evolutionary relationship and history of a gene family
can be explored by the analysis of phylogeny and synteny
of chromosomal fragments containing the gene family
members (11-13). Recent work showed that relocating
the family genes on the reconstructed vertebrate ancestral
linkage groups is an additional analytical tool (14, 15).
This method is particularly useful for a gene family with a
large number of paralogs that arose before WGD. Because
this method provides a WGD scheme for each linkage
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Figure 4. SPX activates human GALR2/3. Plasmids containing human cDNAs for GALR1 (A), GALR2 (B), and GALR3 (C) were cotransfected with
the SRE-luc reporter vector into HEK293-G,; cells. Forty-eight hours after transfection, cells were incubated with increasing concentrations of the
human peptides GAL (O), SPX1 (@), and SPX2 (M). Luciferase activity was then determined. For the displacement binding assay, cDNAs for GALR1
(D), GALR2 (E), and GALR3 (F) were transfected into HEK293T cells. Cells were then incubated with "2°I-GAL (D and E) or "2°I-SPX1 (F) in the
presence of various concentrations of unlabeled GAL (O), SPX1 (e), and SPX2 (M) ligands. All experiments were performed in triplicate and

repeated at least 3 times.

group, gene duplication and/or loss of a gene during each
step of genome duplication can be traced (15). However,
some ancestral linkage groups are inaccurately recon-
structed because of massive chromosome rearrangements
in these regions, or because of single gene translocation
that caused it to move from its authentic chromosomal
fragments after 2R. Thus, the combination with phylo-
genic and syntenic analyses provides a better understand-
ing of the evolutionary relationship and history of a gene
family (14, 15).

Tracing the evolutionary history of a peptide gene fam-
ily is particularly difficult due to several reasons. Evolu-
tionary pressure acts only on functional mature peptide
sequences; the precursor sequences, including the signal
peptide sequence, are highly variable even among verte-
brate orthologs (12, 14). The mature peptide sequences
are also highly variable among the paralogs that arose
before WGD (14, 27). For instance, the peptide families
for class B GPCRs evolved to preserve the 3-dimensional
structure of the mature peptide, rather than to conserve the
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Figure 5. SPX activates nonmammalian GALR2/3. Plasmids containing Xenopus cDNAs for GALR1a (A), GALR2a (B), GALR2b (C), and GALR3 (D)
and zebrafish cDNAs for GALR1a (E), GALR1b (F), GALR2a (G), and GALR2b (H) were cotransfected with the SRE-luc reporter vector into HEK293-
G, cells. Forty-eight hours after transfection, cells were incubated with increasing concentrations of the human peptides GAL (O), SPX1 (e), and
SPX2 (M. Luciferase activity was then determined. All experiments were performed in triplicate and repeated at least 3 times.
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amino acid sequences (28). Thus, their evolutionary rela-
tionships can be postulated based on the relationships
among their corresponding receptor family members (14,
27). Alternatively, the distance in the genome among the
peptide family genes can account for their evolutionary
relationship. For example, paralogs that emerged through
local tandem duplications before WGD often remain
closely localized on the same chromosomes (13, 14).

On the reconstructed ancestral chromosome, SPX
genes are closely localized with KISS and GAL. Although
the sequence similarity among SPX, GAL, and KISS was
not noticed before our analysis, KISS1R was found to have
a considerably high degree (>44%) of amino acid se-
quence identity with GALRs (16). Our phylogenic and
syntenic analyses indicated the presence of the 3 distinct
gene groups KISSR, GALR1, and GALR2/3 that likely
correspond to the 3 peptide gene lineages KISS, GAL, and
SPX, respectively. The ligand-receptor interaction assay
revealed that SPXs can activate GALR2 and GALR3 but
did not activate GALR1 or KISSR. Thus, SPX1 may be a
GALR2/3-specific ligand in mammals, which may further
facilitate our knowledge of the physiological function of
SPX1 and GALR2/3. SPX2 is found in a variety of verte-
brate species but not in mammals. Considering the pres-
ence of the 3 GALR2/3 members GALR2a, GALR2b, and
GALR3 in vertebrates, the function of SPX2 could be me-
diated through one of these receptors in vertebrates. It is
of interesting to note that SPX2 exhibited a highest po-
tency toward Xenopus GALR3 and zebrafish GALR2b in
a heterologous expression system. These results support
the coevolution of these 3 sets of ligand-receptor pairs
during early vertebrate evolution.

Because SPX, GAL, and KISS genes arose from a com-
mon ancestor, they may share similar functions. For ex-
ample, several reports suggest a functional relationship
among SPX, GAL, and KISS, particularly in reproduction
and feeding behaviors. GAL and KISS exert a stimulatory
effect on secretion of GnRH and LH in mammals (29-32).
SPX, however, suppresses LH secretion from the gonado-
trope of sexually mature female goldfish (4). KISS1R and
GALRs are commonly expressed in the hypothalamus
(33-35). Neurons that secrete GnRH express both
KISS1R (33) and GALR (36). Subsets of KISS neurons also
express GAL in the anteroventral periventricular nucleus
of the preoptic region, periventricular area of the third
ventricle, and arcuate nucleus (37). The 2 distinct neuro-
peptides KISS and GAL are directly involved in the control
of GnRH release (33, 36, 38), which suggests a functional
conservation of the KISS/KISSR and GAL/GALR systems
in GnRH regulation. The involvement of GALP and KISS
in feeding behavior has been demonstrated (30, 39-41).
Centrally administered GALP and KISS may eventually
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induce a reduction of food intake (39, 42). Both central
and peripheral injections of SPX1 into goldfish result in
the prompt inhibition of food intake and feeding behavior
(5). It is of interest to note that GALR2 and GALR3 exist
in the arcuate, dorsomedial, and ventromedial nuclei of
the hypothalamus, where regulation of appetite takes
place (43).

SPX may have additional roles in peripheral tissues and
the brain regions other than the hypothalamus. Exposure
of rat stomach explants to SPX1 induces rapid smooth
muscle contraction (1). SPX1 can increase the prolifera-
tion of rat adrenocortical cells (7). SPX1 induces an im-
mediate decrease in heart rate and urine flow rate, in-
creases mean arterial pressure and urinary sodium
excretion, and produces an antinociceptive effect in rats
(9). The function of SPX in brain tissues other than the
hypothalamus can be postulated based on observations of
GALR2 knockout (or knockdown) mice and animal mod-
els treated with GALR2/3-specific agonists and antago-
nist. For example, GALR2 knockdown in the dentate
gyrus causes serious seizures in rats (42). Activation of
dentate gyrus GALR2 by a specific agonist causes tran-
sient attenuation of long-term potentiation (44). GALR2
null-mutant mice exhibit anxiety-like behavior (45). Mi-
croinjection of a GALR2-specific agonist into the spinal
cord induces allodynic effects (46). GALR3-specific an-
tagonists increase anxiety and induce depressant-like be-
havior in rats (47). Overall, these observations suggest the
possible involvement of SPX, in conjunction with GALR2
and GALR3, in learning and memory, seizure, pain, anx-
iety, and mood disorder.

In summary, syntenic and evolutionary genomics tools
are useful to explore the evolutionary relationship of a
peptide gene family that appeared to be unrelated because
of amino acid sequence differences within short mature
peptides. When this gene family arose before 2R, varia-
tions among the mature peptide sequences were much
greater than those that occurred through 2R. Therefore,
conventional phylogenetic tools often fail to delineate the
relationships among this gene family. This study shows
that SPX, GAL, and KISS genes are closely localized on the
same ancestral chromosome, suggesting that these 3 neu-
ropeptide genes arose through local duplications before
2R. SPX was found to activate GALR2/3 receptors in a
heterologous expression system; thus, our study may fa-
cilitate the understanding of the physiological functions of
SPX in relation with GALR2/3.
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