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Pharmacology recommends that the y6 receptor is
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The neuropeptide Y family of G-protein-coupled re-
eptors consists of five cloned members in mammals.
our genes give rise to functional receptors in all
ammals investigated. The y6 gene is a pseudogene in
uman and pig and is absent in rat, but generates a

unctional receptor in rabbit and mouse and probably
n the collared peccary (Pecari tajacu), a distant rela-
ive of the pig family. We report here that the guinea
ig y6 gene has a highly distorted nucleotide sequence
ith multiple frame-shift mutations. One evolutionary

cenario may suggest that y6 was inactivated before
he divergence of the mammalian orders and subse-
uently resurrected in some lineages. However, the
seudogene mutations seem to be distinct in human,
ig, and guinea pig, arguing for separate inactivation
vents. In either case, the y6 gene has a quite unusual
volutionary history with multiple independent
eaths or resurrections. © 2000 Academic Press

Key Words: evolution; pseudogene; G-protein-
oupled receptor; neuropeptide Y; peptide YY; pancre-
tic polypeptide; guinea pig; peccary.

Neuropeptide Y (NPY) is an abundant neuropeptide
hat mediates a wide range of biological actions includ-
ng stimulation of appetite and vasoconstriction. NPY
onsists of 36 amino acids and has remained highly
onserved throughout vertebrate evolution (1). In
ammals NPY has two related peptides called PYY

peptide YY) and PP (pancreatic polypeptide) that are
xpressed in the gastro-intestinal tract. The NPY re-
eptors belong to the family of rhodopsin-like
-protein-coupled receptors. Several receptor subtypes
ave been classified on the basis of their pharmacology,
nd five distinct receptors have been cloned and char-
cterized in mammals: Y1, Y2, Y4, Y5, and y6; for
eview see (2). Due to absence of a physiological corre-
ate of the y6 receptor, the International Union of

1 To whom correspondence should be addressed. Fax: 46-18-
11540. E-mail: Dan.Larhammar@neuro.uu.se.
264006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
ritten by a lower-case y (2).
The y6 receptor gene was first cloned in mouse (3, 4)

nd rabbit (5), then in human (5, 6) along with three
ther primates (5). The y6 gene has also recently been
loned in pig (7) and collared peccary (Pecari tajacu)
hich belongs to the sister group of pigs (8). The sub-

ypes Y1, Y4 and y6 form a subfamily which share
pproximately 50% overall amino acid identity. This
ubfamily shares approximately 30% identity with the
2 and Y5 receptors (7).
The y6 receptor seems to be functional in mouse and

abbit, but it has a frame-shift mutation (a single-base
eletion) in human and the other primates studied
aking the receptor non-functional. The pig y6 gene is

lso a pseudogene, but due to two 2-bp deletions in
ifferent positions than human (7). The collared pec-
ary y6 receptor gene does not have any of these mu-
ations, indicating that the receptor is most likely func-
ional. In rat the y6 receptor gene seems to be absent
ased on both Northern and Southern blot analysis (9).
The y6 receptor shows only 79–83% amino acid se-

uence identity between orders of mammals and dis-
lays a widely different pharmacological profile in
ouse and rabbit where the receptor is functional. In
ouse the pharmacological characterization of 125I-PP

inding shows the following rank order of potency for
6: PP @ PYY $ NPY, which is similar to that of the
ouse Y4 receptor (3). However, studies of mouse y6 in

n other laboratory (4) resulted in a quite different
harmacological profile, NPY 5 PYY $ NPY2-36 $
Leu31,Pro34]NPY 5 NPY13-36 . PP, resembling an atyp-
cal Y1 receptor. The rabbit y6 receptor was reported to
ave a distinct rank order: PYY $ NPY2-36 $ NPY13-36 .
PY . [Leu31,Pro34]NPY @ PP (5). The higher affinity

f NPY13-36 than [Leu31,Pro34]NPY for rabbit y6 sug-
ested a more Y2-like profile, despite the higher se-
uence identity with Y1 than with Y2. More recent
tudies (10) have shown that the mouse y6 receptor
harmacology is even more distinct from that of the
ther known receptor subtypes: NPY 5 PYY 5
PY2-36 . [Leu31,Pro34]NPY . NPY13-36. This suggests



that y6 is not involved in appetite regulation in mouse.
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he receptor was found to couple by inhibiting cAMP
ccumulation like the other NPY receptors (5, 10).
We have recently cloned and functionally expressed

he four receptors Y1, Y2, Y4, and Y5 in guinea pig
11–14) and also cloned the five known mammalian
PY receptor genes including y6 in domestic pig (7). To

race the extraordinary evolutionary history and pos-
ible functional role of the y6 gene in mammals, we
resent in this paper the cloning of the y6 receptor
ene in the guinea pig and discuss it in relation to the
reviously cloned mammalian y6 genes as well as our
ecently cloned y6 gene in the collared peccary, a dis-
ant relative of the pig.

ATERIALS AND METHODS

Approximately 600,000 clones from a library in the vector EMBL3
Clontech) were screened with a probe containing the coding region
f the mouse Y5 receptor gene. The clone was kindly provided by
wayne Johnson (Lilly Research Laboratories, Eli Lilly and Com-
any, Indianapolis, IN). Hybridization was done at 50° in 25% for-
amide, 63 SSC, 10% dextran sulfate, 53 Denhardt’s solution and

.1% SDS. Filters were washed twice at room temperature and twice
or 30 min at 65° in 0.53 SSC/0.1% SDS. Four individual phage
lones hybridized to the probe and the two most strongly hybridizing
lones were selected for further characterization.
The two clones were enzymatically digested with HindIII (Amer-

ham Life Science), which gave two hybridizing fragments, large
nough to contain the receptor gene. The fragments were ligated into

pUC18-HindIII vector (Amersham Pharmacia Biotech) and se-
uenced with vector primers. Based on the sequence produced from
he primers, guinea pig-specific sequencing primers were designed to
equence the rest of the fragment. Sequence determinations were
one with the ABI PRISM Big Dye terminator cycle sequencing
eady reaction kit (Perkin Elmer). The sequence reactions were run
n an ABI PRISM 310 Genetic Analyzer (Perkin Elmer).
The phylogenetic tree was constructed with the neighbor-joining
ethod (15) of the DNASTAR Megalign software. The full coding

egions were manually aligned and the pig, human and guinea pig
equences were restored with respect to the mouse and rabbit se-
uences. Pairwise sequence analysis was performed using Phyloge-
etic Analysis by Maximum Likelihood (PAML) (Yang, Z., 2000,
ersion 3.0, University College London, London, England). Specifi-
ally, a pairwise analysis using the codon-based substitution model
as implemented (16) where gaps are removed (thus insertions and
eletions are not considered) and multiple substitutions corrected
or. Parameters included the transition/transversion rate ratio, base
requencies at the three codon positions (F3 3 4) and equal distances
mong amino acids.

ESULTS

The guinea pig y6 receptor gene was isolated by
creening a genomic library with a mouse y6 probe.
wo hybridizing phage clones were identified, one of
hich was subcloned into a plasmid vector and se-
uenced. Alignment with the mouse and rabbit y6
enes showed that the coding region is intronless
ike in other mammals and has a length of 1120 base
airs. The guinea pig y6 nucleotide sequence dis-
lays 75–79% identity to the five known full-length
265
eccary). However, the guinea pig y6 gene has nu-
erous disruptions of the open reading frame. There

re no less than eleven frame-shift mutations. In the
lignment shown in Fig. 1, the frame-shift mutations
ave been compensated to regenerate the continuous
pen reading frame corresponding to mouse and rab-
it y6. Also the human and pig sequences have been
djusted to allow amino acid sequence comparison.
fter compensation, the guinea pig y6 sequence has

hree premature termination codons. In addition,
here is one in-frame insertion of 3 codons and two
n-frame deletions of 1 and 5 codons, respectively. A
ew dramatic amino acid replacements can also be
dentified, most conspicuously two prolines in trans-

embrane region (TM) 2 and one arginine each in
M5 and TM6. Thus, the guinea pig y6 gene cannot
ncode a functional receptor protein.
At the amino acid level, the conceptual guinea pig y6

rotein displays 65–73% identity to the other mamma-
ian sequences (Table 1). These are 79–83% identical
o each other, except that pig and peccary which belong
o the same order of mammals (Artiodactyla) display
0% identity. In the transmembrane regions, the
uinea pig sequence is 73–76% identical to the other
equences, which are 82–89% identical among each
ther (not shown). The amino acid alignment in Fig. 1
as used to calculate the distance tree shown in Fig. 2
ith the neighbor-joining method. The tree confirms

hat the guinea pig sequence is the most divergent of
he known mammalian sequences.

The nonsynonymous and synonymous rates were
alculated using the codon-based maximum likelihood
ethod of (16) using a pairwise analysis. The

onsynonymous/synonymous rate ratio is an indicator
f selective pressures or constraints. Thus, where the
ate ratio is very low (about 0) the gene is under puri-
ying selection, while at values greater than 1 there is
ositive selection for amino acid replacements. For val-
es around 1 there is neutral or very relaxed selection.
or the y6 comparisons (Table 2), all nonsynonymous
ates were lower than synonymous for all the y6 pair-
ise comparisons (ratios in the range 0.178–0.513),

ndicating that the sequences are or have been sub-
ected to some purifying selection. The rabbit and

ouse sequences consistently give lower ratios than
he human, pig and guinea pig sequences, suggesting
hat the former are still under stronger purifying se-
ection. The lowest ratio is for the rabbit-mouse com-
arison, the two genes that have been shown to give
ise to functional receptor proteins. The two highest
atios in the table are for the comparisons between
uinea pig with human and pig, all three of which are
seudogenes, in agreement with lower or lost purifying
election in these lineages.
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ISCUSSION

The guinea pig y6 receptor gene is in a clear state of
olecular decay with multiple inactivating mutations.

t displays numerous frame-shift mutations and three
remature stop codons as well as several drastic amino
cid replacements in some of the transmembrane re-
ions. Thus, the gene cannot give rise to a functional
ull-length receptor protein. The high nucleotide se-
uence identity of 75–79% to y6 in other mammals
onfirms that this gene is an orthologue of y6. This is
lso supported by Southern hybridization to guinea pig
enomic DNA with a probe from mouse (not shown).
fter adjustment of the reading frame, the hypotheti-

al guinea pig y6 protein displays 65–73% overall iden-
ity to the other mammals which are 79–83% identical
o each other (Table 1).

The y6 receptor gene displays a quite odd behaviour
uring mammalian evolution. It is a pseudogene in
pecies from at least three mammalian orders, namely
uman, pig and guinea pig, all of which have frame-
hift mutations. In rabbit and mouse, the gene has a
ontinuous coding sequence giving rise to a functional
ene, although the receptor protein displays quite dif-
erent pharmacological properties in these two species
nd the physiological role of the receptor has yet to be
stablished. The gene appears to maintain an open
eading frame in the collared peccary despite its close

FIG. 2. Distance tree of NPY receptor y6 sequences and the hu
ethod of the DNASTAR Megalign software. The human Y4 sequen

Percentage Amino Acid Sequence Identity of NP

y6 rabbit y6 mouse y6 peccary

6 guinea pig 73 70 69
6 rabbit — 83 81
6 mouse — 79
6 peccary —
6 pig
6 human
1 human
4 human

Note. The guinea pig, human and pig sequences have been adjust
riginal open reading frame.
267
istance of only approximately 30 Myr to the pig (8).
he rat gene has gone undetected despite the availabil-

ty of a mouse probe, suggesting that y6 has been lost
rom the rat genome (9). In this context it is important
o note that the guinea pig is no longer regarded a
odent as it displays quite divergent sequences both for
itochondrial (17, 18) and nuclear genes (19). The

uinea pig should at least be considered a very early
ranch in the rodent tree, possibly even a distinct
rder.
The most obvious inactivating mutations, the frame-

hifts, are distinct in human, pig and guinea pig. In the
rimates studied, the y6 gene is inactivated by a
rame-shift mutation in TM6 leading to a stop codon
even amino acids after TM6 (5, 6). Pig y6 has the first
rame-shift somewhat earlier in the region encoding
he second extracellular loop (7). The guinea pig y6
equence presented here has its first frame-shift mu-
ation already in the second intracellular loop (between
M3 and TM4). The fact that none of the frame-shifts

s shared between primates, pig and guinea pig, to-
ether with the loss of y6 in rat, suggest that the y6
ene has been inactivated independently in these four
ineages of mammals.

Independent inactivation is further supported in the
rtiodactyl lineage as the peccary lacks the frame-shift
utations seen in the pig. The reasonably low

Y1 sequence. The tree was constructed with the neighbor-joining
was used as outgroup. The scale shows percentage divergence.

Receptors Based upon the Alignment in Fig. 1

y6 pig y6 human Y1 human Y4 human

65 71 43 38
79 82 50 44
79 82 50 44
90 83 51 41
— 82 49 44

— 50 42
— 43

—

to compensate for frame-shift mutations to allow alignment of the
man
ce
Y

ed
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onsynonymous/synonymous rates suggest that the y6
enes in human and pig have only recently undergone
loss of function and thereby a loss of purifying selec-

ion. Possibly these genes may have found an alternate
unction to the “typical NPY receptor,” for example as a
runcated receptor that may form a dimer with a full
ength receptor subtype enabling second messenger
ignaling in pig and human.
Alternatively, the y6 gene may have been inacti-

ated before the mammalian orders diverged from each
ther 80–100 Myr ago. This may have resulted from a
utation in the promoter region or other regulatory

egions. Subsequently, secondary frame-shift muta-
ions may have followed independently in primates, pig
nd guinea pig. Other lineages could have regained
xpression, i.e., rabbit, mouse, and collared peccary
albeit functional studies have not been performed in
he peccary). This scenario would presumably involve a
airly long period of altered expression or non-
xpression, particularly in the artiodactyl lineage,
hich would seem unlikely.
We favour the alternative hypothesis with four inde-

endent inactivation events in primates, guinea pig,
ig, and rat. This is supported by the alignment in Fig.
and the distance tree in Fig. 2 which show that the

uinea pig y6 gene has accumulated many more inac-
ivating mutations than either human or pig, suggest-
ng that the guinea pig gene was inactivated much
arlier than the other two. The high ratio of
onsynonymous/synonymous substitutions (Table 2)
lso suggests that the guinea pig sequence has a longer
istory as a pseudogene. The time point for inactiva-
ion of primate y6 is difficult to estimate, but the pig
ene was presumably inactivated less than 30 Myr ago
fter the pig and peccary lineages diverged from each
ther. The rat gene was lost after it diverged from
ouse probably less than 12–15 Myr ago.
To our knowledge, multiple independent inactiva-

ions of the same gene in different lineages is uncom-
on. The best known case is probably the deficiency of
-gulono-gamma-lactone oxidase, the enzyme cata-

yzing the terminal step in L-ascorbic acid (vitamin C)
iosynthesis, which was inactivated independently in
ominoids and the lineage leading to the guinea pig

Pairwise Estimates of the Nonsynonymous/Synonm
of PAML (Phylogenetic Ana

Pig Rab

Human 0.360 6 0.056 0.316 6
Pig 0.298 6
Rabbit
Guinea pig
Mouse

Note. Values are ratios 6 standard errors.
268
20, 21). Another possible example is the enzyme urate
xidase which may have been independently silenced
n gibbons and the lineage leading to the other homi-
oids (22). However, the latter case could also be due to
still unidentified inactivating mutation in the pro-
oter or in regulatory elements.
Even if the y6 gene was silenced independently in

our lineages of mammals, this would only seem to be
ossible if the gene was already of rather modest im-
ortance in the mammalian ancestor. Its present phys-
ological role in mouse and rabbit remains to be deter-

ined. Nevertheless, y6 most likely arose at a very
arly stage in vertebrate evolution prior to the origin of
nathostomes (jawed vertebrates), presumably as a re-
ult of chromosome duplications (or genome doublings)
s indicated by its presence in a large chromosomal
egment with extensive similarities to the regions har-
ouring the Y1 and Y4 genes (7). Thus, the y6 gene has
een present in the lineage leading to mammals since
efore 400 Myr ago. We are presently attempting to
lone the y6 gene in non-placentals including a marsu-
ial and a bird (chicken) as well as even more distantly
elated species to further investigate the role y6 plays
n these lineages.
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