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INTRODUCTION

How does our brain deal with the sensory information we obtain every mo-
ment of our lives? How does it carry out vital and complex functions like 
memory formation and maintenance of energy homeostasis? These are in-
triguing but difficult questions to answer and therefore intense areas of re-
search. Critical, however, for the basic function of the brain is the ability of 
neurons to interact with each other, to transfer and modulate the information 
contained in the neuronal connections. Neuropeptides are neurotransmitters 
important for cell communication. They are released from the axon terminals 
into and nearby the synaptic cleft where they bind to cell surface receptors. 
Several psychiatric and neurological disorders involve disturbances in neuro-
transmission, which can sometimes be reversed by drugs influencing trans-
mittor signaling. For this reason, it is important to unravel the molecular 
properties of ligand-receptor interactions, as well as to understand how bio-
logical processes are governed by cell signaling. The receptors that belong to 
the G-protein coupled receptor (GPCR) superfamily are involved in a large 
number of diseases and are therefore important drug targets. Family A (the 
rhodopsin family) of GPCRs includes the neuropeptide Y family of recep-
tors.

The NPY family of peptides 
Neuropeptide Y (NPY) belongs to a family of structurally related peptides 
(Cerda-Reverter and Larhammar, 2000; Larhammar, 1996a), previously 
called PP-fold family of peptides, now usually described as the NPY family. 
In addition to NPY, this group consists in mammals and other tetrapods of 
peptide YY (PYY) and pancreatic polypeptide (PP). The peptides are 36 
amino acids long and contain an amide group at the carboxy terminus. How-
ever, chicken PYY has 37 (Conlon and O'Harte, 1992) and Burmese python 
PP has 35  amino acids (Larhammar, 2004). X-ray crystallography of 
chicken PP (Allen et al., 1987) and nuclear magnetic resonance (NMR) of 
bovine PP (Li et al., 1992), NPY (Darbon et al., 1992) and PYY (Keire et al., 
2000) have shown that these peptides have a hairpin-like three-dimensional 
structure called the PP-fold (Fig. 1). However, NPY in solution at low con-
centrations may have a more flexible structure (Bettio et al., 2002; Lerch et 
al., 2004). Amino acid residues 1-8 form a type II proline helix, followed by 
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a -turn. The next 15-30 residues form an -helix followed by a flexible tail 
shaped by the six carboxy-terminal residues.  

Aminoterminally truncated fragments of the NPY-family peptides exist 
endogenously, such as NPY2-36, NPY3-36 (Grandt et al., 1996) and PYY3-36
(Grandt et al., 1994). These are intermediate degradation products from pep-
tidergic breakdown of NPY or PYY (Grandt et al., 1996). There may be a 
physiological role for these peptide fragments because they still possess af-
finity for the Y2 and Y5 NPY receptors. In fact, PYY3-36 has been shown to 
inhibit feeding by binding to Y2 receptors in the hypothalamus (Batterham et 
al., 2002). 

Figure 1: Schematic structure of NPY 
family of peptides, illustrated by human 
NPY. Residues 1-8 form a proline helix 
followed by a -turn and an  -helix com-
prised of residues 15-30. The six last C-
terminal residues form a flexible tail. White 
circles show conserved positions in all 
known NPY sequences, gray circles show 
those that are conserved among mammals 
and black circles refer to variable positions 
(Larhammar, 1996). 

Evolution of the NPY family of peptides 
The NPY gene is located on human chromosome 7 (Hsa7), while the PYY 
gene together with the PP gene is located on Hsa17. The vertebrate genome 
is believed to have been subjected to two rounds of block duplications (or 
chromosome duplications or tetraploidizations) in early vertebrate evolution, 
followed by differential gene losses (Fig. 2) (Larhammar, 2004). This notion 
is supported by the blocks of gene families found on different chromosomes, 
i. e. paralogous regions. The NPY family of peptides is believed to have 
arisen from a single ancestral gene, NPY/PYY, that was part of a large 
chromosomal block, which was duplicated to generate NPY and PYY to-
gether with the loss of some duplicate genes (Fig. 2). These rounds of chro-
mosome duplication occurred approximately 500 million years ago before 
the radiation of gnathostomes (jawed vertebrates), and simultaneously gave 
rise to a repertoire of Y receptors. Later the PP gene arose as a duplicate of 
the PYY gene, probably through a local duplication in early tetrapod evolu-
tion. The two genes are only approximately 10 kilobases apart in the human 
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genome. Additional duplications of the PYY gene occurred independently 
several times in various vertebrate lineages. The duplicate genes PYY2 and 
PP2 are in humans located on the same chromosome but are non-functional. 
Teleost fishes, such as Fugu, have the duplicates NPYb and PYYb while 
zebrafish only have PYYb. NPY is highly conserved among mammals, only 
2 of 36 amino acids are variable. PYY evolves at a higher rate than NPY, 
while PP is the fastest evolving peptide in the family, in accordance with its 
preferred receptor, the Y4 receptor (Larhammar, 1996a; Larhammar et al., 
2001).  

Figure 2. Gene duplications in the NPY family during chordate evolution. The tree 
shows schematically the generally accepted phylogeny. Note that for some of the 
vertebrate classes, only the branches with NPY-family gene duplications are shown. 
Duplicates of NPY, PYY and PP have arisen independently in several lineages. 
Adapted from Larhammar 2004.  

NPY
NPY was first purified from porcine brain in 1982 (Tatemoto et al., 1982). It 
is among the most abundant neuropeptides in the mammalian brain and is 
widespread in the CNS as well as the peripheral nervous system. NPY is 
primarily synthezised and released by neurons and functions as a neuro-
transmitter, while PYY and PP work as hormones. The most abundant 
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source of NPY in the CSN is the hypothalamus (Kalra et al., 1999). NPY is 
co-stored and co-released with noradrenaline in sympathetic nerves enhanc-
ing noradrenaline-mediated vasoconstriction (Franco-Cereceda and Liska, 
1998), but also other signaling molecules such as GABA (Parker et al., 
1998a), substance P (Bastiaensen et al., 1988) and opioid peptides (Jotwani 
et al., 1994). Some of the most pronounced physiological effects of NPY are 
stimulation of appetite (Clark et al., 1984), reproduction (Kalra and Kalra, 
1996), regulation of circadian rhythms (Harrington and Schak, 2000), anxio-
lysis (Bannon et al., 2000; Wahlestedt et al., 1993), seizure (Reibel et al., 
2001) and alcohol intake (see review by (Thiele and Badia-Elder, 2003; 
Thorsell and Heilig, 2002). Also mood and memory are influenced (Heilig 
and Widerlov, 1990; Wahlestedt et al., 1989). 

One major peripheral function of NPY is to induce vasoconstriction, thereby 
increasing blood pressure (Shine et al., 1994). Other effects are inhibition of 
gastrointestinal (GI) secretion (Cox, 1993) and increase in gastric motility by 
contractile effects on the GI tract (Ferrier et al., 2000; Pheng et al., 1999). In 
accordance with the broad physiological spectrum of NPY, changes in NPY 
level or function are associated with several disorders and pathological con-
ditions. A disturbed energy balance as found in anorexia, bulimia nervosa 
and diabetes might involve a dysfunctional NPY system. The NPY levels are 
altered in the cerebrospinal fluid of anorectic and bulimic patients (Kaye et 
al., 1990). Furthermore, several cardiovascular dysfunctions like myocardial 
infarction (Hulting et al., 1990) and angina pectoris (Ullman et al., 1990) as 
well as some tumor diseases (Dotsch et al., 1998) are associated with in-
creased plasma levels of NPY.

PYY
Peptide YY (PYY) (Tatemoto, 1982; Tatemoto and Mutt, 1980) is mainly 
found in the GI tract of mammals. Expression of mRNA has also been found 
in the brainstem, the spinal cord, and the developing dorsal rot ganglia of 
rats (Jazin et al., 1993; Pieribone et al., 1992). This indicates a role for PYY 
also in the central nervous system. PYY is secreted in response to meals and 
regulates gut motility, gall bladder secretion and pancreatic secretion (Ferrier 
et al., 2000; Hazelwood, 1993).  

PP
Pancreatic polypeptide (PP) was the first peptide in the NPY family to be 
identified and sequenced (Kimmel et al., 1975). However, it is the most re-
cent member in the evolution of the NPY family of peptides but the most 
divergent (Larhammar, 2004) . It has only been detected in tetrapods where 
it is produced and secreted from pancreatic cells in response to meals 
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(Schwartz, 1983). Furthermore, binding sites for PP have been found in hy-
pothalamus, forebrain, amygdala, thalamus and brainstem of rat brain 
(Whitcomb et al., 1997) indicating a role for PP in the CNS if it can reach 
these binding sites in vivo. The function of PP has long been unclear. Re-
cently, it has been found that PP mediates anti-secretory effects in murine 
and human colon via the Y4 receptor (Cox and Tough, 2002) and it may also 
be involved in contractile effects. Furthermore, PP is involved in appetite 
inhibition (Batterham et al., 2003b). 

G-protein coupled receptors 
The NPY-family peptides signal through G-protein coupled receptors 
(GPCRs). GPCRs comprise the largest family of cell-surface receptors and is 
one of the largest gene superfamilies of the human genome (Civelli et al., 
2001) encompassing more than 800 functional genes, corresponding to about 
2% of the vertebrate genome (Bockaert and Pin, 1999; Fredriksson et al., 
2003). Members include the receptors for odorants, chemokines, virtually all 
known neuropeptides, many hormones and lipids. They are characterized by 
seven membrane-spanning hydrophobic -helical segments of 20-25 amino 
acids, with an extracellular amino terminus and an intracellular carboxy ter-
minus. When ligands bind to GPCRs, a conformational change occurs which 
activates G-proteins in close contact with the intracellular side of the GPCR. 
A G-protein consists of a  subunit and a  dimer. Based on primary se-
quence similarity of G  subunits, G-proteins can be divided into 4 families: 
Gs, Gi (Gtr, Gtc, Gg, Gi1-3, Go and Gz), Gq, G12 (Kristiansen, 2004). They 
in turn transmit the signals to a diverse array of effector proteins. However, 
GPCRs can activate intracellular pathways independently of G-proteins and 
G-protein activating receptors are not all members of the GPCRs family 
(Kristiansen, 2004).

Kolakowski divided in 1994 the GPCR superfamily into six different 
families with each family having >20% sequence identity within the TMs 
(Kolakowski, 1994). Since then additional families have been identified 
(Fredriksson et al., 2003). GPCRs encompass many different physiological 
functions and as a result several diseases involve disturbed receptor func-
tions. Hence, GPCRs are the main target for drug therapy and very important 
for pharmaceutical development (Sadee et al., 2001). Approximately 45% of 
today's prescription drugs act on GPCRs (Wise et al., 2002). The challenge 
for the pharmaceutical industry is to design drugs with a minimum of side 
effects but still retain the desired function, hence the drugs need to be able to 
differentiate between receptor subtypes. A rapidly evolving area of GPCR 
research concerns the constitutive activity of some receptors, which may be 
the cause of many different GPCR-related diseases (Seifert and Wenzel-
Seifert, 2002). 
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The Y family of receptors 
All receptors of the NPY-family peptides belong to the class A, i.e. the 
rhodopsin-like GPCRs (Larhammar, 1996b). Five receptor subtypes have 
been cloned in mammals named Y1, Y2, Y4, Y5 and Y6. The Y1 and Y5 
receptors seem to some extent to be expressed in the same cells (Naveilhan 
et al., 1998; Parker and Herzog, 1999) consistent with the overlapping regu-
latory regions of their genes (Herzog et al., 1997). The Y receptor family is 
one of the largest and most diverse among the peptide GPCR families.  

Phylogenetic analyses show that the Y receptors can be separated into 
three subfamilies (clades). Subfamily Y1 consists of the Y1, Y4 and Y6 re-
ceptors and the teleost fish Ya, Yb and Yc receptors (Larhammar and 
Salaneck, 2004). Subfamily Y2 also includes the Y7 receptor, while no addi-
tional members of the Y5 family exists.  

The Y receptors signal by coupling to pertussis toxin-sensitive G-
proteins, i.e. members of the Gi and Go family, followed by the typical re-
sponses of these proteins, like inhibition of adenylyl cyclase. In certain cell 
types there are other functional responses like inhibition of Ca2+ channels, 
activation and inhibition of K+ channels and mobilization of Ca2+ from 
intracellular stores (Michel et al., 1998). The strong attenuation of Y re-
sponses by pertussis toxin indicates that G-protein coupling is the major 
signaling pathway, but G-protein independent pathways may play a role.  

The Y-family receptors display several of the structural features of 
rhodopsin-like receptors such as extracellular cysteines that are believed to 
form intramolecular disulfide bonds (Fig. 3). They also have at least one 
cysteine in the cytoplasmic tail that probably anchors the tail to the inside of 
the membrane by palmitoylation. On the extracellular side they have one or 
several concensus sites for N-linked (Asn-X-Ser/Thr) glycosylation 
(Berglund et al., 2003a).  

Like many other GPCRs the Y receptors Y1, Y2 and Y5 receptors may 
form constitutive homodimers and the dimerization is unaffected by agonist 
(Berglund et al., 2003b; Dinger et al., 2003).  So far there is only speculation 
about the function of homodimerization. Dimerization is necessary for 
proper cell surface expression of other GPCRs and also increases the contact 
surface with the G-protein (Bouvier, 2001). A characteristic feature of the 
Y1 and Y4 receptor subtypes is that they internalize rapidly upon agonist 
stimulation like many other GPCRs, while Y2 does not internalize or does so 
very slowly (Gicquiaux et al., 2002; Parker et al., 2001).   
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Figure 3.  Schematic serpent model of the human Y1 receptor. Shaded regions show 
the seven transmembrane regions and the short carboxyterminal cytoplasmic  he-
lix. Highlighted amino acids are extracellular N-glycosylation sites. The palmitoy-
lated cysteine in the carboxy terminus is marked. 

Evolution of the Y family of receptors 
The Y1, Y2 and Y5 receptor genes are located on chromosome Hsa4, while 
Y6 is located on Hsa5 and Y4 on Hsa10 (Larhammar et al., 2001). The Y7 
receptor is present on the counterpart to Hsa5 in chicken, but has been lost in 
mammals (Paper IV). These chromosome regions are clearly related to each 
other, e.g. they are paralogous, which support the theory of their evolution.  

The Y receptor family is believed to have arisen from a common ancestral 
Y gene that was locally duplicated twice in early vertebrate evolution, result-
ing in the ancestors of the three clades Y1, Y2 and Y5 (Fig. 4). Then a 
chromosomal duplication resulted in the Y4/Yb ancestral gene, whereas the 
extra copies that were created of the ancient Y2 and Y5 receptors were 
probably lost. A second round of tetraploidization took place whereupon the 
new duplicate of the Y5 gene was lost (Larhammar and Salaneck, 2004; 
Larhammar et al., 2001) (Fig. 4). The resulting set of seven genes (Y1, Y2, 
Y4, Yb, Y5, Y6 and Y7) probably constituted the Y repertoire of the ances-
tral gnathostomes (Larhammar and Salaneck, 2004). The fish receptor genes 
Yb, and its duplicate Yc, are located close to genes also found on Hsa8. 
Thus, in humans this Yb/Yc receptor gene has been lost from Hsa8 
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(Larhammar, 2004). The Y1, Y4, Y6 and Yb receptors exhibit approxi-
mately 50% identity to each other, which is the same as for the Y2 and Y7 
receptors (Paper IV). The Y1, Y2, and Y5 receptors display only 30% over-
all identity confirming that they arose from a common ancestor at an earlier 
point in evolution, as shown in Fig. 4 (Larhammar et al., 2001). This degree 
of identity is lower than any other GPCRs that bind the same endogenous 
ligand. In fact, these three receptors can bind two endogenous ligands, NPY 
and PYY with high affinity (Larhammar et al., 2001).  

Figure 4. Proposed gene duplication scheme for the Y receptor family. The crossed-
through genes were probably lost after each duplication event. 

The Y1 receptor 
The Y1 receptor is in humans a 384-amino acid protein and it binds NPY 
and PYY with much higher affinity than PP (Fig. 3, Table 1). It retains high 
affinity for Pro34-substituted fragments of these peptides but loses affinity for 
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carboxyterminal fragments of NPY and PYY. Selective antagonists include 
BIBP3226, BIBO3304, SR120819A and J-115814. The peptide GR23118 
has proven to be a Y1 antagonist as well as a Y4 agonist (Parker et al., 
1998b). Y1 was the first of the NPY-family receptors to be cloned. It was 
found as a rat orphan receptor in 1990 (Eva et al., 1990) and was later shown 
to be a Y1 receptor based on its anatomical distribution (Krause et al., 1992). 

Table 1: Typical binding profiles of mammalian NPY receptors. NPY2-36 through 
NPY13-36 are denoted "C-terminal NPY-fragment".  

Subtype Rank order of potencies of peptides for mammalian receptors 

Y1 NPY, PYY > [Pro34]-substituted analogs >> C-terminal NPY-fragment > PP 

Y2 NPY, PYY, C-terminal NPY-fragment >> [Pro34]-substituted analog > PP 

Y4 PP > PYY, NPY, [Pro34]-substituted analogs 

Y5 NPY, PYY, [Pro34]-substituted analogs, NPY2-36 >> NPY13-36  

y6 no consensus 

The human Y1 receptor was cloned in 1992 (Herzog et al., 1992; Larham-
mar et al., 1992) and the gene is located close to the Y2 and Y5 genes on 
Hsa4 (Larhammar et al., 2001). It has three distinct promoters and 5'-
untranslated exons that can be spliced onto exon 2 which contains most of 
the coding region (Ball et al., 1995). Contrary to the other NPY family re-
ceptors, the Y1 gene harbors a 100 bp intron in the coding region after TM5 
(Herzog et al., 1993). This intron has been shown to enhance the expression 
of the Y1 and the Y5 receptors in vitro (Marklund et al., 2002).  

The Y1 mRNA distribution has been determined in human, rat, mouse, 
and has been observed in brain, heart, kidney and gastrointestinal tract 
(Larsen et al., 1993; Nakamura et al., 1995; Wharton et al., 1993). In rat 
brain Y1 mRNA has been reported in cerebral cortex, hippocampus, thala-
mus, as well as hypothalamus (Kopp et al., 2002). Among the NPY func-
tions, the Y1 receptor is responsible for most of the vascular effects (Capurro 
and Huidobro-Toro, 1999; Zukowska-Grojec et al., 1998) and antinocicep-
tive effecs (Zhang et al., 2000), as well as decreased anxiety (Wahlestedt et 
al., 1993) and depression (Kask et al., 2001; Redrobe et al., 2002). The Y1 
receptor is also a player in the regulation of feeding (Kanatani et al., 2001; 
Larsen et al., 1999; Mullins et al., 2001), ethanol intake (Thiele et al., 2002) 
and arousal (Naveilhan et al., 2001).



20

The Y2 receptor 
The Y2 receptor (Gerald et al., 1995; Rose et al., 1995) has in humans 381 
amino acids and prefers NPY and PYY over PP, but has high affinities for 
carboxyterminal fragments and low affinities for Pro34-substituted analogs of 
NPY and PYY (Table 1). BIIE0246 is a Y2-selective antagonist. Y2 is 
mainly expressed in the brain (Kaga et al., 2001), preferentially hippocam-
pus, but low expression has been found in the gastrointestinal tract and a few 
other peripheral tissue (Goumain et al., 2001; Zhang et al., 1997). The Y2 
receptor is highly conserved between species, being identical among the 
primates that have been investigated. It is mainly located presynaptically 
where it acts as an autoreceptor, inhibiting further release of neurotransmitter 
(King et al., 2000; Wahlestedt et al., 1986).  

The Y2 receptor has opposing effects in many of the functions where Y1 
is involved. Hence, Y2 increases anxiety (Nakajima et al., 1998) and arousal 
as well as blood pressure by responding to centrally released NPY (Morton 
et al., 1999). Furthermore, the Y2 receptor is responsible for NPY-induced 
angiogenesis (Zukowska-Grojec et al., 1998), effects on circadian rhythms 
(Gribkoff et al., 1998), delayed gastric emptying (Ishiguchi et al., 2001) and 
regulation of bone formation (Baldock et al., 2002). The Y2 receptor is also 
believed to be involved in feeding. However, it acts by decreasing food in-
take in contrast to Y1 and Y5, which increase appetite (Batterham et al., 
2002; Challis et al., 2003). Y2 does not internalize or does so very slowly 
after prolonged agonist stimulation (Gicquiaux et al., 2002; Parker et al., 
2001).

The Y3 receptor 
Pharmacological studies have indicated the existence of another receptor 
subtype with the preferred peptide potency of NPY NPY13-36 PYY (Lee 
and Miller, 1998; Michel, 1998). However, no such receptor has been 
cloned, and with the sequencing of the human genome it seems unlikely that 
such a protein exists. Instead, the observed results may be due to the in-
volvement of two or more of the known receptors (Berglund et al., 2003a) or 
by ligand preferences induced in one of the known receptors by interactions 
with intracellular proteins such as G-proteins. 

The Y4 receptor 
The Y4 receptor was the third receptor to be discovered. It is rapidly evolv-
ing with a relatively low degree of sequence identity between orders of 
mammals. The human and rat Y4 sequences share only 75% identity 
(Lundell et al., 1995). The human Y4 has 375 amino acids and all mammal-
ian Y4 investigated prefer PP over NPY and PYY (Table 1). Chicken Y4 has 
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equal affinity for NPY, PYY and PP (Lundell et al., 2002). No selective 
antagonist have yet been developed for the Y4 subtype. The Y4 gene existed 
before PP, because Y4 also exists in sharks whereas PP arose in tetrapods. 
Apparently, the Y4 and PP sequences then started to drift and co-evolve to 
the present state in mammals where PP is the favored ligand for Y4 
(Larhammar, 2004). The Ya receptor in teleost fishes is the actual counter-
part of mammalian Y4, e. g. it is a Y4 ortholog. The Y4 receptor is mainly 
expressed in the gut where it is believed to mediate many of the PP-produced 
gastrointestinal effects (Pheng et al., 1999). Various human CNS regions 
display low mRNA levels (Lundell et al., 1995) and Y4 has been proposed to 
be involved in regulation of reproduction in these areas (Raposinho et al., 
2000). Recent studies indicate a role for Y4 in appetite regulation 
(Batterham et al., 2003b; Campbell et al., 2003). There are conflicting results 
whether Y4 internalizes or not (Parker et al., 2001; Voisin et al., 2000). In 
our study with the Y4 receptor, the results indicate a slight desensitization 
effect (Paper II). However, it is not at all as profound as for the Y1 receptor. 

The Y5 receptor 
Expression cloning from rat hypothalamus led to the discovery of the fifth Y 
receptor (Gerald et al., 1996). This subtype is the largest NPY-receptor pro-
tein, built up by 445 amino acids in humans. The characteristic differences 
between the Y5 receptor and the other subtypes are the extended divergent 
third cytoplasmic loop with about 100 additional amino acids and the much 
shorter carboxyterminal tail. The gene for Y5 is located on human chromo-
some 4 and overlaps with Y1 in the promoter region. They are transcribed in 
opposite directions but some parts of the transcriptional regulation seem to 
be coordinated since one of the alternative promoters and the 5’ exons of the 
human Y1 gene are located within the coding sequence of the Y5 gene 
(Herzog et al., 1997), however this is unlikely to be the case for the guinea 
pig Y5 gene (Lundell et al., 2001). Like the Y1 gene, Y5 has several sepa-
rate promoters and 5'-untranslated exons that can be spliced onto exon 2, the 
coding region (Parker and Xia, 1999). Y5 appears to be expressed exclu-
sively in neurons that also make Y1, although the reverse does not apply 
(Parker and Herzog, 1999).  

Y5 recognizes all three endogenous peptides, their long C-terminal frag-
ments and Pro34-substituted ligands (Table 1). The expression of the Y5 re-
ceptor is mainly confined to the brain, primarily in hypothalamus, hippo-
campus and amygdala (Parker and Herzog, 1998; Parker and Herzog, 1999). 
It is also located in the periphery where the highest expression is found in 
the spleen, testis and the pancreas (Durkin et al., 2000; Statnick et al., 1998). 
Studies with Y5 agonists (Cabrele et al., 2000; Hwa et al., 1999; Mashiko et 
al., 2003; Parker et al., 2000; Wyss et al., 1998), knock-out animals 
(Kanatani et al., 2000; Marsh et al., 1998) and antisense knock-down 
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(Kanatani et al., 2000; Schaffhauser et al., 1997) confirm that the Y5 recep-
tor, together with Y1 and Y2, is involved in regulation of food intake.  NPY 
can stimulate feeding through Y1 and Y5 receptors in different orders of 
mammals as was demonstrated in the guinea-pig, which is distantly related 
to mouse and rat (Lecklin et al., 2002). However, Y5 selective antagonists 
differ in their ability to inhibit food intake. CGP71683A and GW438014A 
prevent food intake (Criscione et al., 1998; Daniels et al., 2002), while L-
152,804 and NPY5RA-972 do not (Levens, 2004). Unfortunately, 
CGP71683 is unselective exhibiting affinity to non-NPY receptors and also 
toxicity (Criscione et al., 1998; Della Zuana et al., 2001). Activation of the 
Y5 receptor also decreases energy expenditure (Hwa et al., 1999; Mashiko et 
al., 2003), regulates brain excitability and seizures (Guo et al., 2002; Marsh 
et al., 1999), as well as inhibits luteinizing hormone release (Raposinho et 
al., 2001).  

The Y6 receptor 
The Y6 receptor was cloned in 1996 and first proposed to be a Y5 receptor 
(Weinberg et al., 1996) but was later renamed the Y6 receptor. Rabbit and 
mouse have a functional Y6 receptor while the gene is absent in rat 
(Burkhoff et al., 1998) and is a pseudogene in humans and other primates 
(Gregor et al., 1996). It is nonfunctional in primates because of a frameshift 
mutation (single base deletion) in the third intracellular loop causing an in-
frame stop codon after TM6 leading to a truncated receptor protein, unable 
to bind any peptides (Rose et al., 1997). The human gene is located on Hsa5 
(Gregor et al., 1996). mRNA for Y6 has been found in different areas of the 
primate brain including the hypothalamus. The pharmacological properties 
of the Y6 receptor are controversial but recent functional studies in the 
mouse suggest a Y1-like phenotype (Mullins et al., 2000), which agrees with 
the high sequence identity, 56% between Y1 and Y6 receptor. The physio-
logical role of Y6 is still unknown and the International Union of Pharma-
cology recommends designating the mammalian Y6 receptor as y6 receptor 
because it has not been documented as a biologically functional receptor in 
sufficient detail. We have cloned and characterized a full-length Y6 from 
chicken (Paper IV). However, no functional response could be obtained. 

The Y7 receptor 
In 2004 a novel receptor subtype was discovered in the bony fishes zebrafish 
and rainbow trout and the amphibians marsh frog and western clawed frog 
and was named Y7 (Fredriksson et al., 2004). We have cloned and character-
ized the Y7 receptor in chicken (Paper IV). Y7 forms a second subfamily 
together with the Y2 subtype. Characteristic for the mammalian and chicken 
Y2 receptor is the high affinity for truncated fragments of PYY and NPY 
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(Michel et al., 1998). Surprisingly, zebrafish Y2 and Y7, together with 
chicken Y7 do not bind truncated fragments (Fredriksson et al., 2004)(Paper 
II and IV). Zebrafish Y7 mRNA is widely dispersed, primarily in gastroin-
testinal tract but also eye and some in brain, while chicken is only detected 
in the adrenal gland (Fredriksson et al., 2004)(Paper IV). The function of the 
Y7 receptor remains to be explored. 

The Yb/Yc (Y8) receptors 
The two receptor subtypes Yb and Yc were first discovered in teleost fishes. 
It has been proposed that their ancestor, the Yb/Yc gene, arose from the sec-
ond chromosome duplication as the fourth member of the Y1 subfamily and 
was duplicated again in the teleost lineage into the Yb and Yc receptors 
(Larhammar and Salaneck, 2004)(Fig. 4). The Yb/Yc ancestor has now been 
renamed the Y8 receptor. It has been found in frogs but was lost in the line-
age leading to amniotes. The functions of Yb and Yc are still unknown.    

Antagonists of the Y receptors
Proteins and large peptides are believed to bind to the extracellular loop 
scaffold of their GPCR (Flower, 1999). Small molecules bind further down 
in the trans-membrane regions of the receptor. Some peptides can have a 
mixed binding mode whereby they bind primarily to the extracellular loops 
while part of the structure enter the TM region. Drug companies prefer to 
find small ligands that are agonists or antagonists of the receptor. An entire 
antagonist molecule or part of it will bind to the TM region of the receptor 
and prevent the binding and signal transduction by endogenous agonists. 
Antagonists are usually developed using parts of a selective peptide as struc-
tural template.  

Ligands are preferentially non-peptidergic because of pharmacokinetic 
reasons. Peptides are also expensive to synthesize. Depending on receptor 
subtypes the drug may have more than one physiological effect, yielding an 
unspecific drug, which is seen for many small molecule transmitters as well. 
The non-peptidergic Y1 receptor antagonist BIBP3226 was the first antago-
nist to be synthezised in 1994 and was designed to mimic the C-terminus of 
the NPY molecule (Fig. 5)(Rudolf et al., 1994).  Antagonists based on the C-
terminus of NPY have also been produced by Sanofi, among them the 
SR120819A (Fig. 5) (Serradeil-Le Gal et al., 1995). BIIE0246 was devel-
oped as a Y2 selective nonpeptidergic antagonist in mammals (Doods et al., 
1999) and has been widely used in pharmacological and in vivo studies. 
However, Levens et al. report that BIIE0246 show significant affinity to the 
Y5 receptor and muscarinic receptors and if confirmed by others should be 
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used with care when investigating the role of Y2 in food intake control 
(Levens, 2004).

A)  B) 

C)

Figure 5. Non-peptidic selective antagonists for the Y1 and Y2 receptors. A) 
BIBP3226 B) SR120819 C) BIIE0246  
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Mutagenesis and modeling of GPCR
Detailed information about receptor-ligand interactions has for a long time 
been of major interest for the pharmaceutical companies in order to develop 
new drugs. Nuclear magnetic resonance (NMR) and X-ray crystallography 
are common methods to obtain models of protein structures. The protein 
needs to be crystallized or dissolved in an organic solvent. With transmem-
brane proteins this is a difficult task to overcome, since they need the cell 
membrane to maintain their correct folding. They are also generally large 
and often form multimeric complexes. Furthermore, the low abundance of 
most GPCRs and the difficulties to produce and purify sufficient quantities 
of recombinant protein are other constraints on generating high-resolution 
structural models.  

Receptor models have instead been obtained using electron cryomicro-
scopy of two-dimensional crystals yielding low-resolution structures of frog 
rhodopsin and bovine rhodopsin for example (Schertler and Hargrave, 1995; 
Unger and Schertler, 1995). Relatively reliable models were also constructed 
by assembling the 7TMs according to the projection maps of bovine rhodop-
sin (Schertler et al., 1993) or according to a more recent C-  model 
(Baldwin et al., 1997). Although bacteriorhodopsin is not a GPCR but func-
tions as an ion pump, it was for a long time used as the basis for modeling of 
GPCRs (Flower, 1999). Bacteriorhodopsin actually lacks the conserved mo-
tif of other GPCRs and has a different packing of the 7 TM helices (Schertler 
et al., 1993).  

In 2000 a high-resolution structure of bovine rhodopsin was presented by 
Palczewski et al. and has since then served as the preferred template for cre-
ating computer designed models of other GPCRs (Palczewski et al., 2000). 
However, the low sequence identity of bovine rhodopsin to other GPCRs 
and the fact that the crystal structure is the inactive form of the receptor 
needs to be taken into account (Filipek et al., 2003). In modeling studies the 
TM regions are usually considered. Modeling of the extracellular and intra-
cellular regions is much more difficult due to their assumed greater flexibil-
ity and non-helical structure.  

Several other techniques have been employed to construct models of GPCRs 
and to illuminate the nature of ligand binding for improved drug design. The 
predominant methods are site-directed mutagenesis, chemical labeling, 
cross-linking studies and fluorescence quenching. Mutagenesis studies of 
individual receptors have generated an enormous amount of data. Especially 
site-directed mutagenesis has been rewarding, but also construction of chi-
meric receptors where large stretches of residues are swapped for those of 
related receptors.

Site-specific mutagenesis of single or multiple amino acids can result in 
loss-of-function or gain-of-function mutants. Loss of agonist binding may 
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result from loss of direct interaction between receptor and agonist, misfolded 
receptor conformation, or from drastically reduced receptor expression lev-
els. Large ligands, like proteins and peptides, bind to the extracellular re-
gions of GPCR (Flower, 1999), while small molecules often bind within the 
transmembrane regions. Peptides can often display a mixed binding mode 
with one or more parts binding to the EL while another part of the peptide 
penetrates the pocket created by the TM regions. Site-directed mutagenesis 
experiments indicate that certain neuropeptides interact directly with resi-
dues in the upper part of TM2, 3 and 5-7, for instance in the following pep-
tide receptors: human Y1 (Paper I), human  opioid (Valiquette et al., 1996), 
human Etb endothelin (Lee et al., 1994) and rat bradykinin (Jarnagin et al., 
1996).

Molecular modeling and mutagenesis have been used to construct a 
model for the interaction of natural agonists and non-peptide antagonists 
with the human Y1 receptor (Fig. 7) (Sautel et al., 1996; Walker et al., 
1994)(Paper I). Briefly, the prevailing model of the hY1 receptor suggests 
that the endogenous peptide ligands, which have several basic amino acid 
side chains, interact with four aspartic acid residues in the three extracellular 
loops (Walker et al., 1994). Another receptor feature proposed to be impor-
tant for binding of the amidated carboxy-terminus of the peptide ligand, is a 
hydrophobic pocket consisting of three residues in TM2, TM6, and EL3, 
respectively (Sautel et al., 1995). Three residues critical for antagonist bind-
ing to the Y2 subtype have been proposed in TM3, TM5 and TM6 (Berglund 
et al., 2002). 
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A)
Figure 7. Three-dimensional 
model of the human Y1 
receptor based on the rhodop-
sin high-resolution structure. 
The extracellular and intra-
cellular loops have been 
excluded since their three-
dimensional structures are 
unknown. Highlighted residues 
are positions critical for 
peptide binding; A) Side-view 
of the receptor, B) Extracellu-
lar view of the receptor  

B)
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GPCR activation
In response to stimulation by an agonist a GPCR activates an intracellular 
heterotrimeric GTP-binding protein (G-protein) by stimulating the exchange 
of GDP for GTP. This subsequently leads to the dissociation of the GTP-
bound -subunit and  dimer from each other and from the GPCR. Both the 

 subunit and the  dimer can influence different signaling pathways such 
as adenylyl cyclase, which catalyzes the production of cAMP, phospholi-
pases, phosphodiesterases and ion channels. Intriguingly, some GPCR can 
also signal independently of G-proteins (Heuss and Gerber, 2000).  

The widely accepted model for receptor activation is the extended ternary 
complex model (ETC), sometimes referred to as the two-state model (De 
Lean et al., 1980; Kenakin, 2003; Kenakin, 2004; Samama et al., 1993). This 
model incorporates the phenomenon of agonist-independent receptor activity 
and the complex behaviour of the various classes of ligands (agonists, partial 
agonists, antagonists and inverse agonists). According to this model the re-
ceptor exists in an equilibrium between an inactive and an active conforma-
tion, named for their ability to activate G-proteins (Samama et al., 1993). In 
the absence of agonist most of the receptor molecules are in the inactive state 
but they may spontaneously assume the active conformation. Agonists have 
a preference for the activated state, hence they will shift the equilibrium and 
increase the proportion of receptors in active state. Inverse agonists i. e.
compounds that inhibit agonist-independent receptor activity, bind preferen-
tially to the inactive state of the receptor, reducing receptors in the active 
state. Antagonists are compounds that bind with the same affinity to both 
inactive and active conformations of the receptors.

However, at present the ETC model does not include only two receptor 
states. Several studies have recently shown that receptors go through multi-
ple intermediate conformational states before settling into the fully active 
conformation (Kobilka, 2004; Liapakis et al., 2004). Liapakis et al. showed 
that there is no preformed binding site for agonist epinephrine in the unli-
ganded 2 adrenergic receptor, instead functional groups of epinephrine con-
tribute synergistically to increase the affinity and efficacy at the 2 adrener-
gic receptor. Hence, one or more intermediate conformational state exists. 
Previous fluorescence spectroscopy studies of the 2 and neurokinin receptor 
agree with these results. Interestingly, these states may have unique func-
tional properties. Dopamine, which induces a rapid conformational change 
of the 2 receptor, is efficient at activating Gs protein but not receptor inter-
nalization. In contrast, norepinephrine and epinephrine, which induce both 
rapid and slow conformational changes, are efficient at activating Gs and 
receptor internalization (Swaminath et al., 2004). The rapid binding compo-
nent of neurokinin A leads to a cellular calcium response, whereas the slow 
binding component activates cAMP signaling (Palanche et al., 2001). 
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Indeed, the activation of GPCRs may take place in a multistep process 
like depicted in Fig. 6., particularly by peptides and protein hormones where 
there are a large number of interactions sites between the receptor and the 
agonist (Gether, 2000; Gether and Kobilka, 1998; Kobilka, 2004). Ligand 
binding occurs initially by interaction between the inactive receptor and one 
or a few structural groups on the ligand. This bound conformational state 
will increase the probability for transition into the next following conforma-
tional state that involves interaction between additional groups on the ligand 
and the receptor. Hereafter, binding of remaining groups of the ligand occurs 
sequentially as a result of movements of TM domains to positions that per-
mit interaction with the functional groups (Kobilka, 2004). Thus, at ligand 
binding the inactive receptor is activated sequentially, resulting in a series of 
conformational states that are intermediates (R*and R**) between R and 
R***. Finally, the receptor will be stabilized in the fully activated state 
R***.

Figure 6. Ligand-binding through intermediate conformational states. The 7TM 
regions of the receptor are shown from above. R may undergo spontaneous transi-
tions to the R*, R**, and R*** states, explaining the high basal activity observed for 
some GPCRs, and it may undergo spontaneous transition to the R0. Binding involves 
initial interactions between the receptor and a few structural groups on the agonist. 
Binding of the remaining groups occurs in a sequential manner through two inter-
mediate conformational active states (R* and R**). Each interaction between the 
receptor and the agonist stabilize one or more TM domains until the receptor has 
been stabilized in the fully active R*** state. A similar mode of binding can be 
envisioned for inverse agonists resulting in stabilization of the R0 state. Adapted 
from Gether et al. 2000. 
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Activation of rhodopsin occurs when absorption of a photon causes the 
covalently bound retinal chromophore to change its conformation from 11-
cis to all-trans. This is followed by conformational changes in the protein 
resulting in a binding site on the cytoplasmic surface for its cognate G-
protein, transducin. This state of rhodopsin is the Meta II form (Filipek et al., 
2003). Activation of rhodopsin is probably similar to that of other GPCRs, 
resulting in the opening up of the intracellular cytoplasmic loops to create a 
binding crevice for the G protein. 

The mechanism of GPCR activation involves the relaxation of constrain-
ing intramolecular interactions and the formation of new interactions. Spe-
cific movements of the TM regions are important. A small movement occurs 
for TM3 and TM7, and the greatest movement takes place for TM6. Viewed 
from the extracellular side TM6 moves counterclockwise in a rigid-body 
movement and the cytoplasmic end moves away from TM3 (Meng and 
Bourne, 2001). This will result in the cytoplasmic phase of TM2, 3, 6 and 7 
becoming more exposed and the cytoplasmic ends of TM4 and 5 less ex-
posed (Meng and Bourne, 2001). The intracellular regions of TM2 and TM3 
may, together with the juxtamembrane helix 8 following TM7 (Palczewski et 
al., 2000), interact with the G-protein.  

For class A GPCRs, including the Y receptors, a number of amino acids 
are conserved which may form an activation switch. An Asn in TM1, an Asp 
in TM2 and the NPXXY motif in TM7 form a polar pocket in the crystal 
structure of rhodopsin (Lu et al., 2002) that in the inactivated state holds the 
Arg of the E/DRY motif in the end of TM3. During receptor activation the 
Asp in the E/DRY motif is protonated, causing Arg to shift outwards from 
the polar pocket and expose earlier buried sequences in the second and third 
cytoplasmic loops (Lu et al., 2002).  

The corresponding amino acids of the DRY motif in the Y receptors are 
ERH in Y1 and Y4. Y2 has the other acidic amino acid, glutamic acid, at 
first position, while Y5 deviates with the hydrophobic valine at this position. 
Notably, the Y5 receptor has, as some other GPCRs, an IL3 that is four times 
as long as the other receptor subtypes and a much shorter C-terminal tail. 
Hence, IL3 may have expanded to include regulatory motifs normally car-
ried in the C-terminal tail.  
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Appetite regulation and Y receptors
The four Y-family receptor subtypes Y1, Y2, Y4 and Y5 have been impli-
cated in appetite regulation. Clarifying the complex regulation of food intake 
and identifying the components involved has high priority to allow devel-
opment of drugs directed towards new targets for the treatment of obesity 
and related disorders. The neuronal centre for appetite regulation is located 
in the hypothalamus where at least five different regions participate and in-
teract with each other(Dhillo and Bloom, 2004; Kalra et al., 1999; Schwartz 
et al., 2000). The arcuate nucleus (ARC) situated at the base of the third 
ventricle contains two important populations of neurons (Fig. 7). One cell 
type produces NPY co-localised with agouti-gene related peptide (AGRP), 
of which both are orexigenic and increase food intake. Adjacent is another 
neuron group producing pro-opiomelanocortin (POMC) and also a product 
called cocaine-and amphetamine-regulated transcript (CART). Both of 
which reduce appetite. POMC is the precursor of -melanocyte-stimulating 
hormone ( -MSH) that binds to the family of melanocortin receptors 
(MCR). Thus, the two neuron populations exert opposite effect on food in-
take.

The ARC has reciprocal connections with other areas of the hypothalamus, 
including the paraventricular nucleus (PVN), dorsomedial hypothalamic 
nucleus (DMH), ventromedial hypothalamic nucleus (VMH) and the lateral 
hypothalamic area (LHA). The PVN is an integrating center located laterally 
at the top of the third ventricle in the anterior hypothalamus. Axons project 
to the PVN from the two subsets of ARC neurons as well as from the orexin 
neurons of the LHA. Orexin is another strong stimulator of food intake. The 
VMH is known as the satiety center, because stimulation inhibits feeding 
(Kalra et al., 1999; Schwartz et al., 2000; Williams et al., 2001). 
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Figure 7. Hypothalamic regulation of appetite. Leptin reduces appetite in several 
ways: Direct stimulation of -MSH release and direct inhibition of NPY and AGRP 
release. NPY acts on receptors Y1 and Y5 in PVN. -MSH acts on receptor MC4 in 
PVN. AGRP is an antagonist on MC4. PYY3-36 and PP inhibit NPY release. Ghrelin 
stimulates NPY release. NPY neurons inhibit -MSH release. Thus, PYY3-36 reduces
this inhibition from NPY neurons (disinhibition). Other neuropeptides are also in-
volved, ex. MCH (melanin-conc. hormone) and orexins (=hypocretins). Ascending 
pathways are shown on one side and descending on the other for clarity. Reality has 
bilateral symmetry. PVN = paraventricular nucleus. LHA = lateral hypothalamic 
area

Physiological signals that regulate appetite have been divided into long-term 
signals that regulate body weight over weeks and months, and short-term 
signals that regulate appetite on a day-to-day basis. Long-term actors in en-
ergy metabolism are leptin from the adipose tissue and insulin from the pan-
creas.  They circulate at levels proportional to body fat content and signal to 
the CNS, primarily the arcuate nucleus, to decrease food intake in proportion 
to their plasma level.
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Leptin and insulin bind to their respective receptor on the two populations 
of ARC neurons (see Fig. 7) whereby they affect the neurotransmitter release 
from these first-order neurons. POMC neurons are stimulated while 
NPY/AGRP neurons are inhibited. These neurons project to the PVN and 
LHA and stimulate or inhibit release of among others the orexigenic mela-
nin-concentrating hormone (MCH) and orexin neuropeptides. 

The Y receptor subtypes located on the second-order neurons in the PVN are 
Y1 and Y5 (Cheng et al., 1998; Gerald et al., 1996). Y1 receptors also exist 
on the POMC neurons and inhibit transmitter release. Furthermore, Y2 auto-
receptors are expressed on the NPY/AGRP neurons and inhibit their release. 
NPY probably plays a role in the short-term regulation, the day-to-day con-
trol of food intake by primarily binding to Y1 and Y5 receptors. However, it 
is not a critical regulator and its absence can be compensated for by other 
hormones and neurotransmitters (Levens, 2004). Another short-term regula-
tor of appetite is the Y2-selective peptide fragment PYY3-36, which is re-
leased from the large intestine and binds to the Y2 receptors hereby decreas-
ing appetite (Challis et al., 2003). PYY3-36 has been shown to decrease appe-
tite in both normal and obese subjects (Batterham and Bloom, 2003; Batter-
ham et al., 2003a).  

PP has been implicated as important for inhibition of appetite and food in-
take. Orexin neurons in the LHA and other orexin fibers throughout the brain 
express the Y4 receptor (Campbell et al., 2003) and intravenous infusion of 
PP in humans has been shown to inhibit appetite and food intake (Batterham 
et al., 2003b). 

Ghrelin, another gastric hormone, is released from the stomach and stimu-
lates appetite by activating the NPY/AGRP expressing neurons (Dhillo and 
Bloom, 2004). 
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RESEARCH AIM 

To investigate NPY receptor subtypes assumed to be involved in appetite 
regulation, with regard to evolution, ligand receptor interactions and func-
tional coupling.  

Identify regions and specific amino acids of the human Y1, Y2 
and Y5 receptors that are important for interaction with the NPY 
family of peptides and subtype-selective antagonists, using bind-
ing studies and molecular modeling. Identify positions involved 
in activation and functional coupling to G-proteins and second 
messenger studies (Paper I). 

Investigate the functional properties in vitro of two naturally oc-
curring variants of the human Y4 receptor (Paper II).

Clone and pharmacologically characterize zebrafish Y2 and 
chicken Y6 and Y7 with an aim to clarify their evolutionary his-
tory with special emphasis on DNA sequence, tissue distribution 
and pharmacological properties (Papers III and IV).  
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MATERIALS & METHODS 

Site-directed mutagenesis 
PCR with a total of four primers, two mutant specific primers and two 
Gateway specific primers, was run on a human Y1 receptor template to pro-
duce full-length receptor mutants. The PCR products were run on agarose 
gels and purified before cloning into expression vectors by the Gateway 
method.

Isolation and Cloning of receptors 
Cloning of the human Y1 receptor mutants (Paper I) was done using the 
Gateway™-system. Briefly, the PCR product was cloned by recombination 
into an expression vector, a modified pCEP4 plasmid, via a donor vector 
using modified phage lambda enzymes.  

In Paper III degenerate PCR with primers based on conserved parts of se-
quences from Y2 from mammals and chicken was run on zebrafish genomic 
DNA. The PCR product on part of the zebrafish Y2 receptor was cloned into 
a pcDNA3.1 vector. The product was sequenced and compared to the Gen-
Bank database using the On-Line BLASTX program and found to be similar 
to mammalian and chicken Y2 sequences. The full-length coding region of 
the zebrafish Y2 receptor was generated from zebrafish genomic DNA using 
PCR.

A chicken Y6 sequence was obtained in a similar way in paper IV using 
primers based on conserved parts of several mammalian and non-tetrapod 
Y1-subfamily sequences and run on chicken genomic DNA. The product 
was inserted into a pCR2.1-TOPO vector. This sequence was used as a probe 
to screen a gridded chicken genomic BAC library at high stringency to ob-
tain the entire coding region, which was cloned into a modified pCEP4 vec-
tor.

The chicken Y7 receptor was cloned by initially searching the Ensemble 
chicken genom database with the zebrafish Y7 sequence and identifying a 
Y7-like sequence that was used to design chicken Y7 specific primers. PCR 
was applied on genomic DNA from White Leghorn to obtain the full-length 
receptor that was inserted into the expression vector pcDNA3. 
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Sequencing
Sequencing to analyze receptor DNA was done with the BigDye V3 termina-
tor sequencing kit (Applied Biosystems, USA) and the extension products 
were analyzed on an ABI 310 automatic sequencer.  

Alignments and Phylogenetic analyses 
Figure alignments were made using the MegAlign software from the DNAS-
tar 5.01 package with the ClustalW algorithm (Paper III and IV). 

For phylogenetic trees full-length Y receptor sequences were aligned with 
other Y receptors using the UNIX version of ClustalW 1.82. The alignment 
was bootstrapped 100 times using SEQBOOT. Trees were calculated on the 
distance matrixes using NEIGHBOR, resulting in 1000 trees. These trees 
were analyzed using CONSENSE to get a bootstrapped consensus tree. 
Trees were plotted using TREEVIEW. 

In paper IV synteny comparisons were made by retrieving the chromoso-
mal locations of all of the chicken Y receptor genes from the Ensemble data-
base version 32.1h and compared with the corresponding human genes in the 
genome database version 32.35e. The chromosomal locations were also re-
trieved for a few adjacent genes belonging to families with representatives 
on the other chromosomes of the three that harbour Y receptor genes. 

RT-PCR
Reverse transcription PCR was used in paper IV to determine tissue distribu-
tion of chicken Y6 and Y7 receptors. Total RNA was isolated using RNA-
Bee according to the manufacturer’s instructions. RNA was incubated with 
DNase I before being reverse transcribed using a First-Strand cDNA synthe-
sis kit. The produced cDNA was amplificated by PCR. PCR amplification 
products were resolved by electrophoresis on a 2% agarose gel and visual-
ized by ethidium bromide staining. 

Transfection protocol and membrane harvesting
For transient transfections HEK293 EBNA-1 cells were transfected with 
FuGENE™6 Transfection Reagent. Cells with semi-stable expression were 
selected for by growth in the presence of 200 g/ ml hygromycin or 0.25 
mg/ml Geniticin (G-418), starting one day after transfection. Cell mem-
branes expressing the human Y1 receptor and used for saturation assays 
were homogenized and concentrated by differential centrifugation to obtain 



37

about the same receptor density needed to carry out reliable binding assays. 
COS cells and CHO cells were used in paper II for transient and stable 
pooled cells, respectively. Cells were harvested and aliquoted.  

Binding assays
Membrane aliquots were thawed and resuspended in 25 mM HEPES-buffer 
(pH 7.4) containing 2.5 mM CaCl2, 1.0 mM MgCl2, with 2.0 g/l bacitracin 
and homogenized using an Ultra-Turrax homogenizer. Saturation and com-
petition experiments were performed in a final volume of 100 l with 125I-
pPYY or 125I-hPP and incubated for 2 hours at room temperature. Saturation 
experiments were carried out with serial dilutions of radioligand. In competi-
tion assay various concentrations of the competitor were included in the 
incubation mixture along with 125I-pPYY or 125I-hPP. Incubations were ter-
minated by filtration through GF/C using a TOMTEC cell harvester. The 
dried filters were treated with MeltiLex A melt-on scintillator sheets and the 
radioactivity retained on the filters counted using the Wallac 1450 Microbeta 
counter.

Protein Measurements 
Protein concentrations were measured according to Bradford using Bio-Rad 
Protein Assay with bovine serum albumin as standard.  

Construction of the human Y1 
receptor molecular structure model 
The model was based on the 2.8-Å resolution x-ray crystallographic struc-
ture of bovine rhodopsin [25]. Residues conserved among the GPCR family 
were tethered by constraints to each other in the rhodopsin template. The 
amino acids of the rhodopsin protein-sequence were replaced with the corre-
sponding amino acids of the human Y1 receptor. Regions that could not be 
aligned, e.g., the extracellular and intracellular regions, were excluded. 
Modeling was made with Sybyl 6.9.1 software (Tripos, Germany) running 
on workstation Fedora core 2 linux kernel 2.4 using the subroutine Powell to 
energy-refine the receptor model. The WHAT IF V4.99 and the RAMPAGE 
program were used to evaluate the validity of the obtained structural model. 
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Immunocytochemistry
Expression of the human Y1 receptor protein and some of the mutants were 
investigated in paper I. EBNA cells semistably expressing these constructs 
were grown on coverslips in six-well plates. The experiment was done in 
room temperature and washing took place between each step. The cells were 
initially fixed with paraformaldehyde and permeabilized with Triton-X 100 
before addition of the primary antibody, anti-flag BioM2 for 1 h. A mouse 
anti-biotin Cy3 conjugated secondary antibody was added for 1 h after that. 
Finally the cells were mounted on slides in Vectashield containing 1,5 g/ml 
DAPI. Fluorescently stained cells were viewed with a Zeiss Axioplan 2 mi-
croscope. Pictures were taken using an AxioCam HRm camera and the 
Openlab software from Improvision.  

Cytosensor microphysiometer studies 
The cytosensor microphysiometer (Molecular Devises Corp., CA, U.S.A) 
measures metablic activity of isolated cells in terms of their rate of produc-
tion of hydrogen ions.  The added ligand interacts with the receptor on the 
cellmembrane yielding an energy required functional response of the cell. 
Energy production and intracellar metabolic processes lead to the production 
and excretion of protons. At this point the extracellular acidification rate 
(EAR) can be detected as a change in potential across a silicon light-
addressable sensor during periods of cessation of flow of medium 
(McConnell et al., 1992). Stably expressing CHO cells were seeded into 
capsule cups and left to adhere and grow for 24-48 hours. The capsule cups 
were loaded into the sensor chambers of the microphysiometer and perfused 
with running modified RPMI media. After 2 hours the baseline EAR was 
stabilized and the cells were exposed to each concentration of agonist for 6 
minutes, followed by a washout period of 20 min before stimulation with the 
cumulative next concentration of agonist. The flow was stopped for 40 sec-
onds at the end of each 2 minutes pump cycle and the rate of acidification (
volts/sec) was measured for 30s during that period.  

Statistical analyses 
The results of binding assays were analyzed with non-linear regression curve 
fitting using the Prism 2.0 software package. Saturation experiments were 
also analyzed with linear regression using Scatchard transformation. Hill 
coefficients were calculated for each individual competition experiment. In 
Paper I and II the Kd and Ki values obtained in each binding assay were con-
verted to pKd and pKi values by the formula -LogKd or -LogKi, respectively, 
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before statistical analysis. One-way analysis of variance (ANOVA) followed 
by Dunnett’s multiple comparison test for comparisons with the wild-type 
group was used on the pKd and pKi values to determine if mutants differed in 
binding characteristics from the wild-type. The same analysis was made on 
pEC50 and maximum (efficacy) values in paper II to examine differences 
between wildtype and variants in functional response. Statistical difference 
between response curves in paper II was examined by two-way ANOVA.  
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RESULTS AND DISCUSSION 

Paper I 
This study was spurred by earlier mutagenesis studies of the human Y1 re-
ceptor that gave contradictory results concerning the pharmacological char-
acteristics of the mutated receptors. Comparisons of Y1 receptor sequences 
across species and with other NPY receptor subtypes gave more reasons to 
question these results. We carried out an extensive site-directed mutagenesis 
study of 17 positions of the human Y1 receptor and pharmacologically char-
acterized the mutant receptors by binding studies using the peptides porcine 
NPY and porcine PYY as well as two non-peptide Y1 antagonists, 
BIBP3226 and SR120819A. The high-resolution structure of bovine rhodop-
sin was published in 2000 and was used as a template to construct a 3D 
model of the human Y1 receptor. 

The initial straightforward electrostatic hypothesis suggested interactions 
of basic NPY side chains with four aspartic acid residues in the Y1 receptor, 
namely Asp104 in EL1, Asp194 and Asp200 in EL2 and Asp287 in TM6 
(Walker et al., 1994). However, later studies by the same investigators de-
scribed virtually unaltered binding to Asp194Ala (Munch et al., 1995) and 
Asp200Ala mutants (Munch et al., 1995; Sautel et al., 1996) while a more 
recent report observed loss of binding to Asp200Ala (Kanno et al., 2001). 
We mutated three of these residues, namely Asp194, Asp200, and Asp287. 
Our results confirmed loss of 125I-pPYY binding to Asp287Ala, while both 
peptide ligands retained high affinity to Asp194Ala and Asp200Ala. This 
leaves only two aspartic acids for assumed electrostatic peptide interaction, 
namely Asp104 in EL1 and Asp287 in TM6. 

Residues Tyr100 in TM2, Phe286 in TM6, and His298 in EL3 of the Y1 
receptor have been proposed to form a hydrophobic pocket important for 
binding of the amidated carboxy-terminus of the peptide ligand (Sautel et al., 
1995). Our results for the proposed hydrophobic pocket show loss of 125I-
pPYY binding to the mutants Tyr100Ala, His298Ala and Phe286Ala, sug-
gesting that these positions are vital to peptide binding. Among the three 
positions, Tyr100 is the most conserved across receptor subtypes and thus 
likely to be the most essential for peptide binding. Judging from the 3D-
model that we have calculated, in contrast to what Sautel et al. proposed in 
1995, we do not find it possible for Tyr100 to interact with the amidated 
Tyr-36 together with Phe286 and His298. This is mainly because of the large 
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distance between Tyr100 and the other two residues. Regardless, the diver-
gence of these positions across receptor subtypes makes it questionable that 
they all would interact with the invariant carboxy-terminus of NPY and 
PYY.

For all mutants that did not bind the radioligand we investigated the ex-
pression of the receptor at the cell surface using immunological detection 
techniques. The results showed that all mutants, except the conserved 
Gln120Ala in TM3, were expressed on the cell surface. The failure of 
Gln120Ala to reach the cell surface may be due to incorrect membrane inser-
tion of the mutant receptor or abnormal posttranscriptional modification in 
the endoplasmic reticulum, leading to degradation. 125I-pPYY lost binding to 
the conserved Gln219 in TM5 after mutation to Ala, in accordance with the 
drastically reduced or lost affinity reported previously (Du et al., 1997; 
Kanno et al., 2001; Sautel et al., 1996). Thus, PYY probably binds directly 
to Gln219. 

A comparison of the two antagonists BIBP3226 and SR120819A reveal 
several differences. The binding of BIBP3226 involves TM regions 4, 5 and 
6 whereas the binding interactions for SR120819A span over a larger area, 
involving TM2 and TM3 as well, notably Asn116 in TM3. Both of the an-
tagonists probably interact directly with the polar residue Thr212 in TM5 
and the hydrophobic Trp276 in TM6.  

 In conclusion, we here propose a new structural model for the human Y1 
receptor with implications for the other NPY receptor subtypes. The results 
may facilitate development of subtype-selective drugs for this important 
receptor family.  

Paper II 
Obesity is rapidly becoming a major health threat in the western world and  
also in less developed countries. Some of the Y receptor subtypes regulate 
feeding and may be involved in the pathology of this state. Y1 and Y5 stimu-
late appetite, and more recently Y2 has been found to inhibit appetite 
(Batterham et al., 2003a; Batterham et al., 2002). It has for long been known 
that pancreatic polypeptide (PP), which is Y4 preferring, inhibits feeding and 
this was recently demonstrated also in human subjects (Batterham et al., 
2003b). However, the question remains through which receptor and where in 
the body does this takes place.  

Possible genetic factors contributing to obesity have been sought by 
screening of large samples of obese individuals. In a cohort of obese children 
two variants of Y4 were discovered (R240C and V276M) (unpublished), 
which showed a statistically significant association with obesity. Here we 
present a pharmacological and functional study of these Y4 variants after 
expression in transfected mammalian (COS and CHO) cells.  
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Human PP (hPP) bound with similar high affinity to the wildtype and the 
mutant receptors. Competition binding experiments found the V276M vari-
ant to have binding properties indistinguishable from the wildtype receptor 
for all three endogenous human peptides. Mutant R240C was identical to the 
wildtype receptor with regard to both PP and NPY binding, but showed 
lower affinity for PYY.

One common result of GPCRs activation is increase of the rate at which 
cells acidify their environment with products of their energy metabolism. 
This response can be monitored by a cytosensor microphysiometer and was 
used to measure the functional response of Y4 and the two variants 
(McConnell et al., 1992). The wildtype receptor and the R240C and V276M 
mutants exhibited no difference in potency for hPP with pEC50 of 7.82±0.12, 
7.81±0.20 and 7.52±0.12, respectively (one-way ANOVA, n.s.). However, 
the mutant graphs differed from the wild type graph (two-way ANOVA 
p 0.0001). Furthermore, the maximum response differed considerably be-
tween the wildtype receptor (11.0±0.77%) and mutant R240C (5.24±0.75%) 
(one-way ANOVA, P<0.01).  The maximum response of the V276M mutant 
(9.79±1.58%) did not differ significantly from the wildtype receptor (one-
way ANOVA, n.s.). 

The wildtype receptor and the R240C mutant expressed a comparable 
amount of receptors (140 14.1 and 121 6.15 fmol/mg protein), while the 
density of receptors for V276M was significantly lower, 26.0 7.03 fmol/mg 
protein. This clearly shows that the low response of R240C is unlikely to be 
due to a smaller receptor pool and strongly suggests reduced coupling of the 
mutant receptor to intracellular signaling pathways.  

Position 240 is located after transmembrane region 5 (TM5) at the begin-
ning of intracellular loop 3 (IL3) while 276 is in the middle of TM6. Hence, 
the location of 240 indicates that it may be critical for G-protein interaction 
and activation of the signaling pathway. 

In conclusion, we have found that a human Y4 variant, R240C, that is 
overrepresented in obese children, displays reduced functional coupling in a 
microphysiometer assay. Also the second Y4 variant may have a reduced 
functional response. As both of these positions seem to be evolutionary con-
served, the mutant receptors may lead to altered physiological responses, 
probably reducing satiety signals and thereby leading to increased food in-
take and obesity.

Paper III 
To shed further light on the evolution of Y receptor subtypes or more spe-
cifically the evolution of the Y2 and Y7 receptor subtypes we have cloned 
and pharmacologically characterized the Y2 receptor in a teleost, the zebraf-
ish, Danio rerio. This is the Y2 receptor most distantly related to mammal-
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ian Y2 that has so far been characterized pharmacologically and will enable 
comparison of pharmacological properties over a greater evolutionary dis-
tance than has previously been possible for the Y receptor family.  

The zebrafish Y2 receptor was cloned by PCR on genomic DNA. It con-
sists of 379 amino acids and exhibits a high degree of identity to the Y2/Y7 
subfamily of Y receptors. The zebrafish Y2 receptor is 53-55% identical to 
chicken and mammalian Y2, and 50 % identical to zebrafish Y7. The rather 
low degree of identity between zebrafish and mammalian Y2 may be due to 
a higher rate of evolution in the fish lineage.  

The zebrafish Y2 receptor groups with Y2 receptors from mammals and 
chicken with high bootstrap support using both the neighbor joining and 
maximum parsimony methods. Zebrafish Y7 is clearly outside the Y2 se-
quences but on the same main branch supporting our previous observation 
that the Y2 and Y7 receptors form a subfamily (Fredriksson et al., 2004). 

We have previously shown that zebrafish Y2 maps to a region that is syn-
thenic to human chromosome 4, where the Y2 receptor is located 
(Fredriksson et al., 2004). This confirms that the zebrafish Y2 receptors pre-
sented here is a true orthologue of mammalian Y2. 

The zebrafish receptor sequence has many of the structural features asso-
ciated with Y2/Y7 receptors. A notable difference is two putative N-linked 
glycosylation sites in the amino-terminal, compared to one site in other Y2 
receptors. Like all Y receptors, zebrafish Y2 has two cysteines assumed to 
form a disulfide bridge between EL1 and  EL2. However, instead of only 
one palmitoylated cysteine in the intracellular caboxyterminal tail, this re-
ceptor has two putative palmitoylation sites making it unique in this regard 
among the Y2 receptors. 

The zebrafish Y2 receptor construct was stably expressed in HEK-293 
EBNA cells and pharmacologically characterized by saturation and competi-
tion assays. The Kd value of 125I-pPYY for the zebrafish Y2 receptor was 
48 7.0 (mean S.E.M., n=3).

The endogenous peptides zebrafish NPY, PYY and PYYb bound to ze-
brafish Y2 with 0.1, 3.0 and 0.06 nM affinity, respectively. Thus, PYYb has 
an affinity 50 fold higher than PYY, which may indicate that PYYb has 
functionally specialized on the zebrafish Y2 receptor.  

Truncated forms of NPY, and presumably also PYY, bind with relatively 
high affinity to mammalian and chicken Y2 receptors (Salaneck et al., 2000). 
Surprisingly, truncated fragments of NPY bound rather poorly to zebrafish 
Y2, as the affinity of pNPY18-36 is more than 700-fold lower than full-length 
NPY for zebrafish Y2. This difference will be useful for elucidating the 
structural differences between Y receptor subtypes by site-directed 
mutagenesis and will also be interesting to explore in the physiological regu-
lation of appetite. 

Intriguingly, dipeptidyl peptidase IV, which processes mammalian PYY, 
cannot cleave proline-proline bonds, i. e. the YPP starting sequence in both 
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zebrafish PYY and PYYb. This suggests that the original teleost PYY had a 
proline in third position and that PYY3-36 cannot be formed in zebrafish. As 
the latter is implicated in inhibition of food intake in mammals (Batterham et 
al., 2002), it may be speculated that this mechanism is not present in bony 
fishes but the ability to inhibit food intake may have evolved in the tetrapod 
or amniote lineage after it diverged from actinopterygian fishes. The YPP 
motif is present in frog, tortoise and python PYY (Wang et al., 1999) and so 
the ability to form PYY3-36 may have first appeared in the mammalian line-
age. It remains to be seen whether truncated forms of the NPY-family of 
peptides can be identified in bony fishes and if these fragments can mediate 
any biological actions such as inhibition of feeding.  

 The synthetic antagonist BIIE0246 displayed very low affinity for the 
zebrafish Y2 receptor, which makes this receptor more similar to chicken Y2 
than to mammalian Y2 since BIIE0246 binds very poorly to Y2 in chicken 
(Salaneck et al., 2000).  

Paper IV 
The discoveries of the NPY-family receptors Y6 and Y7 came as complete 
surprises as neither of them had been predicted from physiological or phar-
macological studies. Both were found by their sequence similarity to other Y 
receptors and the sequence comparisons suggested that both Y6 and Y7 
arose before the separation of ray-finned fish and tetrapods in evolution 
(Larhammar and Salaneck, 2004; Larhammar et al., 2001). 

We have previously reported the cloning and pharmacological characteri-
zation of four chicken (c) NPY-family receptors, namely Y1, Y2, Y4 and Y5 
(Holmberg et al., 2002; Lundell et al., 2002; Salaneck et al., 2000). To shed 
further light on receptors Y6 and Y7, particularly their enigmatic evolution-
ary histories, we describe in paper IV the cloning and characterization of 
these receptors in chicken. This completes the initial characterization of all 
six NPY-family receptors so far identified in chicken.  

A chicken Y6 sequence was obtained from chicken genomic DNA by de-
generate PCR and used to screen a chicken BAC library at high stringency. 
The full-length Y6 encodes a protein of 374 amino acids. Like other Y re-
ceptors chicken Y6 contains two well conserved cysteines presumed to link 
extracellular loops 1 and 2, and a putative glycosylation site in the N-
terminal extracellular domain. The carboxyterminal tail contains two con-
served cysteines, either or both of which may serve as palmitoylation sites to 
anchor the cytoplasmic tail to the inner side of the cell surface membrane. 

The overall identity between chicken and those mammalian Y6 sequences 
that appear to be functional (mouse, rabbit, and peccary) is 61-63%. Phy-
logenetic analyses with the neighbor joining method identified the gene as an 
orthologue of mammalian Y6 (as does the synteny with mammalian Y6).  
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The chicken Y7 sequence was identifed in the chicken genome database 
by searching with the zebrafish Y7 sequence. The full-length sequence was 
cloned by PCR from White Leghorn genomic DNA and encompasses 385 
amino acids. Like various Y2 sequences and zebrafish Y7, it has two con-
served cysteines and a presumed glycosylation site in the aminoterminal 
extracellular part. It displayed 65% overall amino acid identity to the zebraf-
ish Y7 receptor. 

The genes for Y6 and Y7 are located ~1 megabase apart on chromosome 
13 which is syntenic with human chromosome 5 which harbours the Y6 
gene.

Reverse transcription PCR (RT-PCR) was performed on total RNA pre-
pared from various tissues. The mRNA for Y6 was detected in the hypo-
thalamus, liver, kidney and pro-ventriculus. Weak signals were also ob-
served from small intestine and adipose tissue. The Y7 mRNA was exclu-
sively observed in the adrenal gland.  

Chicken Y6 was expressed in human HEK-293 EBNA cells and selected 
for semi-stable expression with hygromycin. The Kd value of 125I-pPYY for 
chicken Y6 was 0.80 0.36 nM (mean S.E.M., n=3). This low affinity makes 
it virtually impossible to perform competition experiments. Instead we tried 
different methods to measure a functional response. We used the endogenous 
peptides cPYY in extracellular acidification (microphysiometer) and also 
cPP as well as pNPY and pPYY in three more types of signal transduction 
assays, namely cAMP production, intracellular calcium release and inositol 
phosphate formation. However, no measurable responses were observed, 
although peptide concentrations exceeding 1 M were used. 

The chicken Y7 coding region was inserted in the expression vector 
pcDNA 3.0. The construct was transfected into CHO cells and selected for 
stable expression with G-418. The Kd value of 125I-pPYY for chicken Y7 
was 136±12.5 pM (mean±S.E.M., n=3). The highest affinity in the competi-
tion assay was displayed by pPYY with a pKi of 9.24±0.20. To our surprise, 
cPYY was much less potent with a pKi of 7.39±0.05. This may be because 
cPYY has an additional alanine residue at the amino terminus (Conlon and 
O'Harte, 1992). Among the intact peptide ligands, the rank order of potency 
was pPYY> pNPY> chPYY> chPP. The compound BIIE0246, which was 
developed as a Y2-selective non-peptidergic antagonist in mammals (Doods 
et al., 1999) bound the chicken Y7 receptor with very low affinity.  

Truncated NPY (presumably also PYY) fragments relative to intact NPY 
retain high affinity to chicken and mammalian Y2 receptors but loose affin-
ity to zebrafish Y7 (Salaneck et al., 2000). However, chicken Y7 seems to be 
the most extreme in this regard. Thus, the ancestral Y receptor probably re-
quired the N-terminal part of the ligands for high-affinity binding. This sug-
gests that Y2 in mammals acquired the ability to bind to truncated peptides 
recently in evolution. These differences in ligand affinity between Y7 and 
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Y2 will prove useful for studies of ligand-receptor interactions and three-
dimensional modeling,  

The physiological roles of Y6 and Y7 remain to be identified, but our 
phylogenetic and chromosomal analyses support ancient origin of these Y 
receptor genes by chromosome duplications in an early (pre-gnathostome) 
vertebrate ancestor. Future studies may reveal how the Y7 receptor was lost 
in mammals, and how Y6 became a pseudogene in some mammals, and 
what physiological functions that were lost in mammals or taken over by 
other Y receptors. 
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CONCLUSIONS

Two aspartic acid residues of the human Y1 receptor, namely 
Asp104 in EL1 and Asp287 in TM6, are important for NPY binding, 
probably by electrostatic interactions with the basic NPY side 
chains. The variable residues Tyr100, His298 and Phe286 are vital 
to peptide binding but probably do not form a hydrophobic pocket, 
despite a previous such suggestion. The binding of antagonist 
BIBP3226 involves TM regions 4, 5 and 6 whereas the binding in-
teractions for antagonist SR120819A span over a larger area, involv-
ing TM2 and TM3 as well, notably Asn116 in TM3. Both of the an-
tagonists probably interact directly with Thr212 in TM5 and Trp276 
in TM6. The mutagenesis study of the human Y5 receptor was fi-
nally abandon because of expression difficulties of the wildtype and 
mutant receptors. 

A mutant variant of the human Y4 receptor, Arg240Cys, has been 
found to be overrepresented in a group of obese children. Functional 
expression showed that it displayed reduced functional coupling in a 
microphysiometer assay. This may indicate that physiological re-
sponses involving Y4 are altered in these obese children, possibly 
causing reduced satiety signals leading to increased food intake and 
obesity.

The zebrafish Y2 receptor was found to be pharmacologically more 
similar to chicken Y2 than to human Y2. Interestingly, truncated 
forms of PYY have lower affinity for zebrafish Y2 than for mam-
malian and chicken Y2. The presence of Y2 in zebrafish supports 
the scenario that the Y receptor subtypes arose early in vertebrate 
evolution. 

The genes for chicken Y6 and Y7 are located ~1 megabase apart on 
chromosome 13 which is syntenic with human chromosome 5 which 
harbours the Y6 gene. Y6 mRNA is expressed in hypothalamus, gas-
trointestinal tract and adipose tissue, while Y7 was found only in the 
adrenal gland. Truncated peptide fragments had greatly reduced af-
finity for Y7 indicating that Y2 in mammals acquired the ability to 
bind truncated peptides recently in evolution.
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FUTURE PERSPECTIVES 

The neuropeptide Y receptor Y2 has recently gained more attention as a 
potential pharmaceutical target after PYY3-36 was shown to inhibit feeding by 
binding to Y2 receptors in the hypothalamus. The only mutagenesis study 
made of this receptor elegantly identified three specific positions that are 
important for binding of the antagonist BIIE0246 to the human Y2 receptor 
(Berglund et al., 2002). We are currently performing pharmacological and 
functional characterization of a series of human Y2 mutants to identify posi-
tions involved in ligand binding and G-protein activation. When choosing 
positions to mutate we also considered our recent results from the pharma-
cological characterization of the zebrafish Y2 and Y7 receptors. A computer 
based three-dimensional model of the receptor will be made based on the 
high-resolution bovine rhodopsin model. 

Our 3D-structural models of hY1 and hY2 will be further analyzed by 
docking the peptides and the antagonists to the receptors. For the docking 
process we will take into consideration the result from our Y1 and Y2 
mutagenesis projects, as well as earlier Y1-mutagenesis studies to identify 
the most probable conformation of each ligand-receptor complex.  

Some mutated positions in the human Y1 mutagenesis project did not af-
fect the ability of peptides or antagonist ligands to bind to the receptor. 
Therefore, these mutants will be studied to evaluate if the activation mecha-
nism has been affected.  

In Paper III zebrafish PYYb showed a 50 fold higher affinity to zebrafish 
Y2 than zebrafish PYY. It would be interesting to determine the affinity of 
PYYb on other zebrafish receptor subtypes to evaluate if this could indicate 
a functional specialization of PYYb on the Y2 receptor.  

Another question that will be interesting to explore is when the ability of 
PYY3-36 to inhibit feeding arose during evolution, and particularly if it ini-
tially appeared in the mammalian lineage. This can be addressed by investi-
gating whether truncated forms of the NPY-family of peptides can be identi-
fied in bony fishes and if these fragments can mediate any biological actions 
such as inhibition of feeding. Moreover it would be interesting to see if there 
exist additional proteases apart from dipeptidyl peptidase IV that can cleave 
NPY and PYY.

The physiological roles of Y6 and Y7 remain to be identified. Investiga-
tion of the physiological roles of these receptors in chicken and other species 
awaits studies using subtype-selective ligands or receptor knock-down tech-
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niques. Other intriguing questions to explore are when and why the Y7 re-
ceptor was lost in mammals and how Y6 became a pseudogene in some 
mammals, and what physiological functions were consequently lost or taken 
over by other Y receptors.  
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