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  Abstract:   The neuropeptide Y system is known to be 

involved in the regulation of many central physiological and 

pathophysiological processes, such as energy homeostasis, 

obesity, cancer, mood disorders and epilepsy. Four Y recep-

tor subtypes have been cloned from human tissue (hY 
1
 , hY 

2
 , 

hY 
4
  and hY 

5
 ) that form a multiligand/multireceptor system 

together with their three peptidic agonists (NPY, PYY and 

PP). Addressing this system for medical application requires 

on the one hand detailed information about the receptor-

ligand interaction to design subtype-selective compounds. 

On the other hand comprehensive knowledge about alter-

native receptor signaling, as well as desensitization, locali-

zation and downregulation is crucial to circumvent the 

development of undesired side-effects and drug resistance. 

By bringing such knowledge together, highly potent and 

long-lasting drugs with minimized side-effects can be engi-

neered. Here, current knowledge about Y receptor export, 

internalization, recycling, and degradation is summarized, 

with a focus on the human Y receptor subtypes, and is dis-

cussed in terms of its impact on therapeutic application.  
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   Introduction 
 G protein-coupled receptors (GPCR) represent the largest 

family of cell surface receptors and are responsible for the 

majority of signal transduction across cell membranes 

(Millar and Newton , 2010 ). Thus, it is not surprising that 

nearly half of the pharmaceuticals prescribed world-

wide act on those receptors (Bridges and Lindsley , 2008 ). 

Extensive investigations on GPCR have revealed that the 

sensitive balance between receptor activation and desen-

sitization is crucial to maintain cellular homeostasis. One 

component of this balancing act is the agonist-driven 

desensitization, internalization and recycling process of 

GPCR. Understanding the mechanism underlying these 

processes tremendously enlarges the scope of clini-

cal intervention, when GPCR are used as a drug target. 

One group of GPCR that is being focused on in current 

investigations are the neuropeptide Y receptors (Y recep-

tors). Besides their very prominent role in food intake 

and cancer (Korner and Reubi , 2007 ; Nguyen et al. , 2011 ; 

Zhang et al. , 2011 ), further involvement of these receptors 

in ischemic diseases, reproduction, memory retention 

(Flood et al. , 1989 ), epilepsy (Vezzani and Sperk , 2004 ; El 

Bahh et al. , 2005 ), and mood disorders (Heilig , 2004 ) has 

been reported during the past few decades. Consequently, 

these GPCR are extraordinarily interesting in terms of 

medical applications. 

 Y receptors belong to the group of rhodopsin-like GPCR 

and act preferentially via pertussis toxin-sensitive, hetero-

trimeric G 
i/o

  proteins (Michel et al. , 1998 ). Like all GPCR, 

the Y receptors consist of seven transmembrane-spanning 

helices, three intra- and extracellular loops (ECLs), and 

an external amino(N-)- and an internal carboxy(C-)-ter-

minus. Their activation leads to the inhibition of the ade-

nylate cyclase, the modulation of potassium and calcium 

channels and, in some cell types, to the phosphorylation 

of p44/42 mitogen-activated protein kinases (MAPKs) 

and their downstream effectors (Howell et al. , 2005 ; Lu 

et al. , 2010 ; Thiriet et al. , 2011 ; Shimada et al. , 2012 ). Five 

Y receptors have been cloned from mammals, namely Y 
1
 , 

Y 
2
 , Y 

4
 , Y 

5
  and y 

6
 . The last, y 

6
 , is not expressed in primates 
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due to a frame-shift mutation resulting in a truncated 

nonfunctional protein (Rose et al. , 1997 ). Y receptors can 

be found in various tissues including the central nervous 

system, blood vessels, intestine and kidneys, where they 

convey various physiological effects. 

 The endogenous ligands of Y receptors are the closely-

related neuropeptide Y (NPY), peptide YY (PYY) and the 

pancreatic polypeptide (PP). NPY is the most abundantly 

expressed neuropeptide in the brain, whereas PYY and 

PP are gut-derived hormones. All three members of the 

NPY family consist of a 36-amino-acid(aa)-long peptide 

chain with an amidated C-terminus. The spatial arrange-

ment of the NPY family peptides was long thought to be 

a hairpin-like so-called PP-fold, as determined from the 

crystal structure of avian PP in 1981 (Blundell et al. , 1981 ). 

This structure comprises an N-terminal polyproline helix 

(residues 1 – 8), a consecutive turn and a C-terminal  α -helix 

(residues 14 – 31) arranged in a U-shaped tertiary structure. 

Nuclear magnetic resonance (NMR) studies in the pre-

sence of membrane-mimicking dodecylphosphocholine 

confirmed the formation of the C-terminal  α -helical struc-

ture. However, those studies revealed that the N-termini 

of all three peptides are more flexible and do not form the 

hairpin-like fold under physiological conditions (Bader 

et al. , 2001 ; Lerch et al. , 2002, 2004 ) (Figure  1  ). Notably, 

the peptides were found to pre-associate with the mem-

brane via their amphipathic  α -helix, and for the PP also 

with its N-terminus, presumably to get into the correct 

orientation for specific Y receptor subtype binding (Lerch 

et al. , 2002 ; Thomas et al. , 2005 ). Y receptors have unique 

but overlapping ligand binding profiles, thereby constitut-

ing a multiligand/multireceptor system. NPY and PYY are 

both bound by the Y 
1
 , Y 

2
  and Y 

5
  receptors with relatively 

high affinities (Cabrele and Beck -Sickinger, 2000 ; Lindner 

et al. , 2008a ). In contrast, PP, which evolved most recently, 

binds predominantly to the Y 
4,

  and with lower but still 

nanomolar affinity to the Y 
5
  receptor. Moreover, trunca-

tion of NPY and PYY by dipeptidyl peptidase IV leads 

to Y 
2
 / Y 

5
  selective agonists, namely NPY 

3 – 36
  and PYY 

3 – 36
  

(Mentlein et al. , 1993 ; Borowsky et al. , 1998 ). 

 Targeting such a multiligand/multireceptor system 

for clinical application is challenging because one dis-

tinct Y receptor subtype has to be addressed specifically 

to favor the desired outcome while minimizing side effects 

that might occur from the co-activation of other Y receptor 

subtypes. In order to unravel the similarities and differ-

ences in Y receptor structures, and more precisely in their 

binding pockets, chimeric receptor approaches, peptide 

alanine-scans (Pedragosa Badia et al. , 2013 ), recombi-

nant receptor expression (Schmidt et al. , 2009 ) and NMR 

studies were performed. Several peptide residues were 

identified as being involved in receptor binding, while 

determination of the receptor counterpart was more dif-

ficult. The first direct interaction sites between Y receptors 

and their ligands were determined by Merten et al.  (2007) . 

In those studies, it was shown that the aspartic acid 6.59  

residue within the ECL3 of Y 
1
  and Y 

4
  receptor forms a salt-

bridge with the arginine 35  of NPY and PP. A similar inter-

action was confirmed for aspartic acid 6.59  in the Y 
2
  and Y 

5
 , 

however, the counterpart within NPY was found to be argi-

nine 33  instead of arginine 35 . In addition, Y 
2
  and Y 

5
  recep-

tor binding required the presence of arginine 25  within the 

peptide ligands, while Y 
1
  and Y 

4
  were insensitive to the 

alanine mutation of arginine 25 . Shortly after, the counter-

part of arginine 25  was identified to be aspartic acid 2.68  in 

the ECL2 of the Y 
5
  receptor (Lindner et al. , 2008b ). These 

studies point towards distinct binding modes for the Y 
2
 /Y 

5
  

and Y 
1
 /Y 

4
  receptors. Based on this knowledge, improved 

subtype selective peptides as well as small non-peptidic 

agonists and antagonists have been developed. These 

ligands can specifically modify receptor signal transduc-

tion in order to favor a physiological response (Figure  2  ). 

 Peptide ligands, including the endogenous ligands of Y 

receptors, and some organic agonists or antagonists are not 

cell permeable; thus modulation of Y receptor activity with 

any ligand requires initial receptor availability at the cell 

surface. This is not only determined by the expression levels 

of GPCR but also by trafficking processes that comprise: 

 –  the anterograde transport of the receptor to the cell 

membrane; 
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 Figure 1      (A) Primary and (B) tertiary structure of NPY, PYY and PP, as determined by nuclear magnetic resonance in the presence of 

membrane mimicking dodecylphosphocholine-micelles (PDB ID: pNPY: 1F8P, pPYY: 1RUU, bPP: 1LJV).    
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 –  the internalization; and 

 –  the postendocytic trafficking that may lead to receptor 

recycling or degradation. 

 Usually, these receptor trafficking processes are tightly 

regulated by a mutual interplay of receptor conformation 

and consensus sequences on the one site and accessory 

proteins on the other site. Remarkably, interaction part-

ners involved in receptor internalization were also found 

to alter GPCR signaling pathways by serving as a scaffold 

for further enzymes and regulators. This clearly shows an 

interdependence of receptor localization and signaling 

following agonist-induced activation and endocytosis. Key 

players in this phenomenon are G protein-coupled recep-

tor kinases (visual GRK1 and GRK7, non-visual GRK2-6) 

and arrestins (Arr; visual Arr1 and Arr4, non-visual Arr2 

and Arr3) (Gurevich and Gurevich , 2006 ; Gurevich et al. , 

2012 ; Magalhaes et al. , 2012 ). These proteins usually bind 

to the receptor subsequent to its activation and G protein-

dependent signaling and mediate receptor desensitiza-

tion, endocytosis and alternative G protein-independent 

signaling pathways. The observation of an Arr-induced 
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 Figure 2      Internalization and postendocytic trafficking of G protein-

coupled receptors. 

 Internalization of radio-ligands enables the cell-specific targeting 

of tumor cells (left panel). Likewise, the receptor function can be 

influenced by different ligands, thereby modulating the cellular 

response (right panel). While classic antagonists do not promote 

internalization, agonist and functional antagonist lead to receptor 

endocytosis mediated by arrestin and rab5. Once internalized, the 

receptor – ligand complex is either degraded in the lysosome or 

recycled back passing the rab4- (direct recycling) or rab11-dependent 

(indirect recycling) pathway. Arr, arrestin; EE, early endosome; RE, 

recycling endosome; SE, sorting endosome.    

alternative signaling pathway led to the identification of 

a new class of receptor ligands, named biased ligands. 

Such compounds can trigger a discrete receptor confor-

mation that either corresponds to G protein activation or 

Arr binding and consecutive internalization. In the latter 

case, the receptor is removed from the cell surface inde-

pendent from G protein signaling, which is referred to as 

functional antagonism (Figure 2). 

 Besides mediating receptor activation and locali-

zation, GPCR trafficking can also be used as a shuttling 

system when receptors are specifically addressed and 

overexpressed in cells that are related to cancer. The 

underlying mechanism is the co-internalization of a ligand 

with its receptor subsequent to its binding and activation. 

Thus, radioactive or cytotoxic ligands can be applied that 

accumulate within the tumor cells subsequent to receptor 

stimulation and internalization. This enables improved 

diagnosis and therapy of distinct types of cancer and has 

been successfully shown for several GPCR, including the 

bombesin (gastrin-releasing peptide) and the Y 
1
  receptor 

(Santos -Cuevas et al., 2008 ; Khan et al. , 2010 ) (Figure 2). 

 Contrary to the benefits of using GPCR trafficking as 

a shuttling system, postponed export or simultaneous 

internalization and degradation of the receptor may lead 

to drug resistance when Y receptors are addressed for 

clinical intervention. Consequently, detailed knowledge 

about GPCR trafficking is essential for the design of highly 

effective diagnostic and therapeutic tools that do not only 

modulate classic Y receptor subtype activation but also 

control receptor localization and signaling pathways. 

Therefore, molecular mechanisms that are responsible 

for membrane targeting, internalization and the recycling 

of Y receptors were investigated in detail to contribute to 

a better understanding of how to use these receptors as 

drug targets. Here, recent findings on Y receptor traffick-

ing are reviewed with a focus on the human proteins and 

discussed with respect to their relevance for addressing 

those receptors in therapeutic applications.  

  Human Y receptors 

  Y 1  receptor 

 The human Y 
1
  (hY 

1
 ) receptor consists of 384 aa and shows 

a sequence identity of more than 92% with its orthologs 

expressed in pig, guinea pig, mouse, rat and  Bos taurus . 

Generally, the sequence identity among the Y receptor 

subtypes is rather low, but is highest for the Y 
1
  and the Y 

4
  

receptor. Hence, hY 
1
  and hY 

4
  (and y 

6
  in other mammals) 

form one Y receptor superfamily, while hY 
2
  and hY 

5
  each 
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form an autonomous group (Larhammar and Salaneck , 

2004 ). Tissues in which the hY 
1
  receptor can be found are 

predominantly in the brain (dentate gyrus of the hippocam-

pus) (Dumont et al. , 1998 ) but also in the vascular smooth 

muscle cells, adipose tissue, kidney and the gastrointestinal 

tract (Michel et al. , 1998 ). The most prominent role of this Y 
1
  

receptor subtype is the induction of food intake and the 

re gulation of energy homeostasis in synergy with Y 
5
  (Nguyen 

et al. , 2012 ). Moreover, the Y 
1
  receptor modulates vasocon-

striction (Hodges et al. , 2009 ) and conveys neuroregenera-

tive effects  in vitro  and  in vivo  (Howell et al. , 2005 ; Thiriet 

et al. , 2011 ) ,  as well as antidepressant and anxiolytic effects 

in rodents (Wahlestedt et al. , 1993 ; Verma et al. , 2012 ). The 

hY 
1
  is overexpressed in more than 84% of primary human 

breast (Reubi et al. , 2001 ) and Ewing sarcoma tumors 

(Korner et al. , 2008 ), representing a promising diagnostic 

and therapeutic target for these types of cancer.  

  Y 2  receptor 

 The hY 
2
  receptor is a 381-aa-protein that is expressed pre-

dominately in neuronal tissue, but also in the spleen, liver, 

blood vessels, gastrointestinal tract, white and brown fat 

tissue. This receptor shares a sequence identity of more than 

92% with its orthologs in mouse,  Bos taurus , pig and guinea 

pig. In the brain, activation of presynaptically-expressed 

Y 
2
  receptors inhibits neurotransmitter release (Klapstein 

and Colmers , 1993 ), including NPY and glutamate, which 

makes this receptor an interesting target for antiepilep-

tic drugs (Vezzani and Sperk , 2004 ). Furthermore, the Y 
2
  

conveys anorexigenic effects in mice, rats and humans 

(Batterham et al. , 2002 ) and is involved in memory reten-

tion, mood disorders (Verma et al. , 2012 ), angiogenesis (Lee 

et al. , 2003 ), and the reward system following alcohol con-

sumption (Hayes et al. , 2012 ). In addition, the Y 
2
  receptor is 

overexpressed in glioblastoma and neuroblastoma, where 

it induces tumor growth and vascularization (Kitlinska 

et al. , 2005 ; Korner and Reubi , 2008 ; Lu et al. , 2010 ). Inter-

estingly, it was recently found that Y 
2
  receptors expressed 

in the central nervous system and in non-neuronal tissues 

might have different assignments. Only Y 
2
  receptors of the 

central nervous system regulate bone mass while periph-

erally-expressed receptors were not found to contri bute to 

bone metabolism at all (Shi et al. , 2011 ).  

  Y 4  receptor 

 With a sequence identity of   <  86%, the hY 
4
  receptor has the 

lowest proportion of identical sequence compared to its 

orthologs in relation to other Y receptor subtypes. The hY 
4
  

receptor consists of 375 aa and is mainly expressed in the 

gastrointestinal tract and, to a much lesser extent, in the 

hippocampus, the hypothalamus and the area postrema, 

a region with an incomplete blood-brain barrier (Dumont 

et al. , 1998 ; Lindner et al. , 2008a ; Bellmann -Sickert et al., 

2011 ). There, the Y 
4
  receptor can receive signals from 

peripherally-circulating PP and NPY, modulating energy 

homeostasis and emotional behavior in synergy with the Y 
2
  

receptor (Lin et al. , 2009 ; Tasan et al. , 2009 ). Moreover, the 

Y 
4
  receptor inhibits gastric emptying in humans, followed by 

a delayed postprandial increase in blood glucose levels and 

subsequent insulin secretion (Schmidt et al. , 2005 ), thereby 

inducing anorexigenic effects. As the Y 
4
  receptor also has 

an inhibitory effect on gastrointestinal secretion, it might 

be a potent target in diarrheal disorders (Tough et al. , 2006 ). 

Besides this, the Y 
4
  receptor was found to be expressed in 

several human colon adenocarcinoma cell lines (Cox et al. , 

2001 ), pointing towards this receptor having a role in the 

development of colon cancer in humans.  

  Y 5  receptor 

 The hY 
5
  receptor exists in two isoforms with similar phar-

macological profiles (Rodriguez et al. , 2003 ). The long 

isoform of the hY 
5
  receptor consists of 455 aa, while the 

short isoform constitutes a splice variant that lacks the 

first 10 aa. With respect to the other Y receptor subtypes, 

the Y 
5
  receptor possesses a relative large third intracellu-

lar loop (ICL3) with approximately 140 aa, while the C-ter-

minus is rather short. The Y 
5
  receptor shares a sequence 

identity with its orthologs of over 85% and is abundantly 

expressed in the hypothalamus, thalamus, amygdala 

and temporal cortex (Durkin et al. , 2000 ). It contributes 

to energy homeostasis and food intake together with Y 
1
  

(Nguyen et al. , 2012 ), and mediates anticonvulsant effects 

(Benmaamar et al. , 2005 ). Moreover, recent findings 

suggest that the Y 
5
  receptor also contributes to anxioly-

sis in rats (Morales -Medina et al., 2012 ). Similar to the Y 
1
  

receptor, the Y 
5
  receptor is expressed in distinct human 

breast cancer cell lines, where it promotes cell growth and 

migration (Sheriff et al. , 2010 ).   

  The anterograde transport of Y 
receptors 
 GPCR are translated in the rough endoplasmic reticu-

lum (ER) and transported to the cell surface passing the 
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ER – Golgi intermediate complex, the Golgi apparatus and 

the trans-Golgi network (Wang and Wu , 2012 ) (Figure  3  C). 

The anterograde transport is a very well regulated process 

and ER export requires correct folding, optional N-glyco-

sylation and protein assembly of GPCR. Membrane pro-

teins are then packed into COPII vesicles, which require 

Sar1 GTPase and Sec23/24 proteins to bud off from the ER. 

This first step in GPCR trafficking is mediated by a variety 

of distinct receptor sequence-dependent motifs within 

the proximal C-terminus (dileucine, triple phenylalanine, 

diacid, and diphenyl motifs) as reviewed by Duvernay 

et al.  (2005) . For some receptors, ER export is also con-

trolled by the N-terminus and its glycosylation (Dong and 

Wu , 2007 ). Once the receptor is sorted into COPII vesicles, 

its trafficking from the ER to the membrane is mediated 

by ras-related in brain (rab) proteins 1, 2, 6, and 8 (Wang 

and Wu , 2012 ). These small GTPases associate with their 

cargo directly or indirectly and take part in vesicle target-

ing, tethering and fusion. 

 Y receptors are predominately expressed at the cell 

surface, however, the anterograde transport mechanisms 

responsible were not known until recently. Pioneer studies 

in our laboratory were performed to shed light on the 

membrane-targeting of human Y receptors. A combina-

tion of truncated and point mutants of human Y receptors 

in HEK293 cells revealed that the molecular mechanisms 

A

hY1 (1)---------MN-STLFSQVENHSVHSNFSEKNAQLLAFENDDCHLPLAM(39)
hY2 (1)MGPIGAEADENQTVEEMKVEQYGPQTTPRGELVPDPEPELIDSTKLIEV(49)
hY4 (1)---------MNTSHLLALLLPKSPQGENRSKPLGTPYNFSEHCQDSVDV(40)-(186)KNHSK(190)
hY5 (1)---------MDLELDEYYNKTLATENNTAATRNSDFPVWDDYKSSVDDL(40)

N-terminus ECL2

hY1 (324)NKNFQRDLQFFFNFCDFRSRDDDYETIAMSTMH-TDVSKTSLKQASPVAFKKINNNDDNEKI(384)
hY2 (329)NSNYRKAFLSAFRCEQRLDAIHSEVSVTFKAKKNLEVRKNSGPNDS---------FTEATNV(381)  
hY4 (326)NTNFKKEIKALVLTCQQSAPLEESEHLPLSTVH-TEVSKGSLRLSG-----------RSNPI(375)
hY5 (429)NNGIKADLVSLIHCLHM---------------------------------------------(445)
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 Figure 3      Regulation of the anterograde transport of human Y receptors. 

 (A) Comparison of N- and C-terminal sequences of human Y receptors. Underlined sequences represent the deleted region in YR( Δ 8 th  helix) 

and YR( Δ N + 8), respectively. In YR( Δ N), the whole N-terminus as presented here was truncated except for the starting methionine. Asparagi-

nes that are proposed to be glycosylated as well as residues that might contribute to the formation of the putative eighth helix are written 

in bold. (B) Representative fluorescence images show the distribution of wild-type and mutant receptors in HEK293 cells (Lindner et al. , 

2009 ; Walther et al. , 2012 ). (C) Schematic illustration of the impact of N- and C-terminal deletion on human Y receptor export. Scale bar: 10 

 μ m; ECL2, extra cellular loop 2; ERGIC, ER-Golgi intermediate complex; wt, wild type; YR, human Y receptor.    
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of all four human Y receptors seem to differ dramatically 

(Lindner et al. , 2009 ; Walther et al. , 2012 ) (Figure 3). 

  Role of C-terminal sequences 

 With a focus on hY 
2
  receptor, the sequence motif 

 332 Y(x) 
3
 F(x) 

3
 F 340  located at the very proximal C-terminus 

was identified to be crucial for ER export (Walther et al. , 

2012 ). Complete or partial deletion of the motif as well as 

point mutations from tyrosine/phenylalanine to alanine 

led to dramatic ER retention of the receptor. Interestingly, 

transferring the motif to a more distal region of the hY 
2
  

receptor C-terminus did not rescue the anterograde trans-

port and the receptor still accumulated in the ER. As the 

very proximal C-terminus comprises the putative eighth 

helix, we concluded that the  332 Y(x) 
3
 F(x) 

3
 F 340  motif must 

be essential for its formation, and thus for the correct 

receptor conformation. This hypothesis was further con-

firmed by performing a low-temperature (28 ° C) experi-

ment to rescue receptor folding. Thereby, only receptors 

with single mutations that affected the ER export motif 

(tyrosine/phenylalanine → alanine) or the formation of the 

eighth helix ( 338 S → P) were partly rescued when cells were 

cultured at 28 ° C. In contrast, complete deletion as well as 

relocation of the motif to a more distal C-terminal region 

still prevented ER export despite lower temperature cul-

tivation. These findings are in good agreement with the 

function and position of the triple phenylalanine motif of 

the dopamine D 
1
  receptor, which was found to bind to the 

ER chaperone DRiP78 (Bermak et al. , 2001 ). 

 Like the hY 
2
  receptor, the hY 

4
  receptor comprises a 

comparable motif within the proximal C-terminus, namely 

 329 F(x) 
3
 I(x) 

3
 V 337 . Interestingly, deletion of this motif did not 

result in impaired ER export but prevented transport of 

the receptor from the Golgi apparatus to the cell surface 

(Walther et al. , 2012 ). Similarly, the motif of the hY 
1
  recep-

tor  327 F(x) 
3
 L(x) 

3
 F 335  resembles the motif of the hY 

2
  and hY 

4
  

receptors and is also located within the putative eighth helix. 

Nonetheless, deletion of this motif had no influence on the 

cell surface targeting of the hY 
1
  receptor (Walther et al. , 2012 ). 

 As mentioned above, the hY 
5
  receptor exhibits a short 

C-terminus and a large ICL3. Thus, it seems reasonable 

that export motifs or structural determinants might be 

displayed by the ICL3 instead of the C-terminus. Indeed, 

deletion of the putative eighth helix of the hY 
5
  receptor 

C-terminus had no influence on cell surface expression of 

the receptor as it has been observed for the hY 
1
  receptor 

(Walther et al. , 2012 ). Replacing the ICL3 of the hY 
5
  with the 

ICL3 of the hY 
2
  receptor, as well as deletion of large parts 

of Y5 ICL3 sequences (unpublished results), had no effect 

on membrane targeting either (Bohme et al. , 2008 ). Thus, 

it can be suggested that the hY 
5
  receptor displays its export 

motif in some region other than the C-terminus/ICL3.  

 With respect to palmitoylation, which is also a 

common posttranslational modification of GPCR sta-

bilizing the eighth helix, mutation of the Cys within 

the proximal C-terminus of the Y 
1
  and Y 

2
  receptor led 

to opposite results. While the palmitoylation motif is 

crucial for the G protein-coupling and desensitization of 

the Y 
1
  receptor, mutation of the Cys within the Y 

2
  recep-

tor sequence had no effect on receptor signaling prop-

erties or cell surface targeting (Holliday and Cox , 2003 ; 

Walther et al. , 2012 )  .

  Role of the N-terminus and its glycosylation 
motifs 

 All human Y receptors have an N-terminus of about 40 – 50 

aa, with at least one putative N-glycosylation site. An 

additional glycosylation site is postulated within the ECL2 

of the hY 
4
  receptor. Generally, N-glycosylation was found 

to be a prerequisite for the association of chaperons like 

calnexin and calreticulin, which facilitate GPCR folding 

in the ER (Dong and Wu , 2007 ). However, not all GPCR 

require their N-termini and receptor glycosylation for ER 

export. The Y 
1
 , Y 

2
  and Y 

4
  receptors were reported to be gly-

cosylated, however, the impact of this posttranslational 

modification on membrane targeting was not addressed 

(Hansen and Sheikh , 1992 ; Voisin et al. , 2000 ; Holliday 

and Cox , 2003 ). To answer the question of whether the 

N-termini and their potential glycosylation sites of human 

Y receptors are important for membrane integration, 

N-terminally truncated mutants were investigated in our 

laboratory (Lindner et al. , 2009 ). Interestingly, complete 

deletion of the hY 
1
  and hY 

4
  receptor N-termini prevented 

membrane integration. Receptors accumulated in intra-

cellular compartments that resembled the Golgi apparatus 

(Figure 3B). However, N-terminal extension with arbitrary 

sequences of at least eight residues rescued membrane 

targeting, despite the absence of any glycosylation motifs. 

Here, the N-terminal extension seems to stabilize the 

overall receptor conformation of the hY 
1
  and hY 

4
  recep-

tors. In contrast, complete deletion of the N-terminus was 

very well tolerated for the hY 
2
  and hY 

5
  receptors and no 

N-terminal extension was required for membrane integra-

tion. Consequently, it can be speculated that glycosyla-

tion does not play any role in the membrane targeting of 

Y receptors. Nonetheless, it cannot be excluded that the 

hY 
4
  displays a glycosylation within its ECL2 that might 

promote cell surface expression.  
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  Receptor oligomerization 

 It is very likely that the N-terminus or the putative eighth 

helix contribute to the organization of the correct recep-

tor conformation and thus are essential elements required 

for cell surface expression. Those structural elements 

may therefore favor receptor dimerization in the ER and 

promote transport to the membrane and/or enhance the 

membrane retention time, as has been shown for other 

GPCR (Salahpour et al. , 2004 ). However, the role of class 

A GPCR oligomerization is discussed controversially, since 

its physiological relevance is still in question (Gurevich 

and Gurevich , 2008 ). Oligomerization of GPCR is gener-

ally thought to be achieved by three types of interaction: 

 –  the most stable covalent cysteine-bridge like in 

metabotropic glutamate receptors; 

 –  coiled-coil interactions favored by the putative eighth 

helix, such as in GABA 
B
  receptors; and 

 –  non-covalent contacts between transmembrane 

helices that might lead to the domain swapping of the 

helices (Breitwieser , 2004 ). 

 Non-covalent interactions were recently evaluated in more 

detail: the crystal structures of different GPCR revealed 

that receptor protomers contact each other via two types 

of interfaces. While some receptors, such as rhodopsin 

and the  κ -opioid receptor, form less compact homodi-

mers via their transmembrane helices I, II and their intra-

cellular eighth helix, other GPCR such as CXCR4, tightly 

interact through its transmembrane helix V and VI also 

involving intracellular regions of helix III and IV (Filizola, 

2013; Katrich, 2013). Moreover, some receptors seem to be 

capable of interacting via both interfaces, as shown for 

the  μ -opioid receptor. 

 Although the crystal structures of Y receptors and the 

corresponding oligomerization interfaces have not been 

available up to now, Y receptor homodimerization at the 

cell membrane has been shown  in vitro  (Berglund et al. , 

2003a ; Dinger et al. , 2003 ) and  in vivo  (Estes et al. , 2008 ) 

using ultracentrifugation, bioluminescence and fluores-

cence resonance energy transfer (BRET/FRET) as well 

as Western blot techniques. Moreover, Y receptor dimers 

were found to be pre-associated with heterotrimeric G pro-

teins at the cell surface in a ratio of 2:1 or 2:2 (Estes et al. , 

2011 ; Kilpatrick et al. , 2012 ). Pre-association with G protein 

was also observed for other GPCR, such as the GABA-B 
2
  

receptor, and most likely occurs shortly after biosynthesis 

in the ER (David et al. , 2006 ). Thus, Y receptor homodi-

merization and pre-formation of the G-protein-receptor 

complex might be in fact a prerequisite for anterograde 

transport and full functionality of the receptor at the cell 

surface. In addition to homodimers, heterodimerization 

was observed for the Y 
1
  and Y 

5
  receptors (Gehlert et al. , 

2007 ), presumably due to the fact that these receptors are 

often co-expressed in the same tissues, and are located 

on the same but opposite and overlapping chromosomal 

region. When stimulating the Y 
1
 /Y 

5
  heterodimer, Gehlert 

et al. observed an increase in Y 
5
 -receptor internalization 

with respect to its mono- and homodimer (Gehlert et al. , 

2007 ). These results were contradicted by the findings of 

later studies by Bohme et al, showing that co-expression 

of Y 
1
 /Y 

5
  receptors did not influence Y 

5
  receptor endocyto-

sis (Bohme et al. , 2008 ).  Vice versa , the Y 
1
  receptor was 

found to be internalized alone after stimulation despite 

being co-expressed with the Y 
5
  receptor (Bohme et al. , 

2008 ). Moreover, while some groups report on Y receptor 

dimer dissociation upon agonist stimulation (Berglund 

et al. , 2003a ; Estes et al. , 2008 ), others have observed an 

increase in oligomerization following agonist-induced 

receptor activation (Gehlert et al. , 2007 ). Clearly, the role 

of Y receptor dimerization, as for many other class A 

GPCR, is still a matter of debate. Thus, further studies will 

be necessary to identify additional sequences and interac-

tion partners that promote Y receptor export and putative 

oligomerization to gain further insights into the exact traf-

ficking mechanisms.   

  Internalization and postendocytic 
trafficking of Y receptors 
 Extensive investigation revealed that many GPCR, upon 

agonist binding and activation, undergo receptor endocy-

tosis via clathrin-coated pits, resulting in down-regulation 

or altered receptor signaling. In brief, the common mech-

anism of GPCR internalization requires agonist-induced 

receptor activation followed by G protein-mediated signal-

ing. Subsequently, GRKs recognize and bind to the acti-

vated GPCR, thereby displacing the G protein from the 

receptor binding site (receptor desensitization). Once 

having bound, GRKs phosphorylate the active receptor 

at the serine/threonine residues within the C-terminus or 

ICL3, which enables the binding of Arr. Finally, Arr recruits 

the endocytosis machinery, such as adapter protein 2 

(AP2) or clathrin, and serves as a scaffold for components 

involved in further signaling cascades. Some internalized 

GPCR are reported to preferentially bind Arr3, from which 

they dissociate immediately after endocytosis ( ‘ class A ’  

receptor), while other GPCR bind Arr2 and Arr3 in the same 

manner and with higher affi nity ( ‘ class B ’  receptors). Dis-

sociation of Arr in combination with dephosphorylation 
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of GPCR promotes recycling and resensitization either via 

direct or indirect pathways. In contrast, prolonged Arr 

association and ubiquitination favors receptor traffick-

ing to lysosomes and subsequent degradation (Figure 2). 

In addition to the general internali zation process, which 

is briefly explained above, several more mechanisms and 

accessory proteins were found to be involved in GPCR 

signaling, trafficking, de- and resensitization. All of these 

findings point towards a coupling of receptor activity to 

the endocytic machinery and  vice versa  and emphasize 

the importance of comprehensive studies on GPCR traf-

ficking when modulating receptor activity. With respect 

to Y receptors, detailed knowledge about endocytosis and 

trafficking is rather limited. The Y 
1
  receptor subtype has 

been studied in the greatest detail and similar and com-

plementary results have been found. In contrast, traffick-

ing properties of the remaining three human Y receptor 

subtypes have been more controversial, especially for the 

Y 
2
  receptor. Taking the latest findings into account, it can 

be concluded that the hY 
1
 , hY 

2
  and hY 

4
  receptors are inter-

nalized quickly, while endocytosis of the hY 
5
  receptor is 

slow. Clearly, different structural components located in 

the ICL2, the ICL3 and the C-terminus were identified as 

contributing to the observed subtype-specific desensiti-

zation, Arr recruitment and trafficking behavior of the Y 

receptors. 

  Y 1  receptor 

 The hY 
1
  receptor was found to be rapidly internalized 

upon agonist stimulation by different groups (Fabry 

et al. , 2000 ; Gicquiaux et al. , 2002 ; Bohme et al. , 2008 ; 

Ouedraogo et al. , 2008 ; Lindner et al. , 2009 ; Kilpat-

rick et al. , 2010 ; Lecat et al. , 2011 ; Lundell et al. , 2011 ), 

consistent with the results that were obtained for its 

orthologs in the rat (Holliday and Cox , 2003 ; Pheng 

et al. , 2003 ; Holliday et al. , 2005 ; Kilpatrick et al. , 

2012 ) or guinea pig (Parker et al. , 2001  , 2002b ). Several 

studies on the internalization mechanism revealed that 

the Y 
1
  receptor undergoes clathrin-dependent endocy-

tosis in an Arr3-dependent fashion and is transported 

back to the cell membrane, involving direct and indirect 

recycling mechanisms (Gicquiaux et al. , 2002 ; Berglund 

et al. , Pheng et al. , 2003b  ; Holliday et al. , 2005 ; Oue-

draogo et al. , 2008 ; Kilpatrick et al. , 2010 ; Lecat et al. , 

2011 ). Beside the interaction with Arr3, the Y 
1
  receptor 

was also found to bind efficiently to Arr2, suggesting 

that it belongs to the group of  ‘ class B ’  receptors (Oue-

draogo et al. , 2008 ; Kilpatrick et al. , 2012 ). As mentioned 

before, interaction with Arr is usually a prerequisite 

for activated and phosphorylated receptors. For the 

identification of phosphorylation motifs, C-terminally 

truncated mutants of the rat and hY 
1
  receptor (whose 

C-terminal sequences only vary in three distal residues) 

were investigated with respect to G protein coupling, 

Arr binding and internalization (Holliday et al. , 2005 ; 

Ouedraogo et al. , 2008 ; Lecat et al. , 2011 ). These studies 

showed that the truncation of the whole C-terminus is 

very well tolerated with respect to G protein signaling, 

supporting the idea that the formation of the correct Y 
1
  

receptor structure does not require the presence of the 

C-terminus (see also anterograde transport). In contrast, 

truncation of the C-terminus had a dramatic impact on 

receptor desensitization, internalization and Arr recruit-

ment. Detailed studies on point mutations clarified that 

individual serine/threonine residues within the C-termi-

nal (S/T)-(S/T)- Φ -H-(S/T)-(E/D)-V-(S/T)-x-T motif (where 

x represents any aa and  Φ  a bulky hydrophobic residue) 

are phosphorylated by GRK2, and thus are required for 

receptor desensitization and Arr recruitment (Holliday 

et al. , 2005 ; Ouedraogo et al. , 2008 ; Kilpatrick et al. , 

2010 , 2012) (Figure  4  ). Within this cluster, the number of 

serine/threonine residues rather than their actual posi-

tion was found to be crucial for efficient Arr binding, 

suggesting that multiple phosphorylation events occur 

within this sequence (Kilpatrick et al. , 2010 ). 

 Another sequence within the C-terminus, namely the 

Y-x-x- Φ  (YETI) motif, lays upstream of the serine/threo-

nine cluster. This tyrosine-based sequence is known to 

promote direct interaction with the  μ 2 subunit of AP2, 

thereby mediating internalization (Pandey , 2009 ). In fact, 

the YETI motif was found to induce constitutive clathrin-

dependent internalization of the Y 
1
  receptor once the 

downstream phosphorylation and Arr binding motif was 

absent (Holliday et al. , 2005 ; Lecat et al. , 2011 ). Interest-

ingly, mutation of the tyrosine residue (AETI) in com-

bination with the full length Y 
1
  receptor had no impact 

on internalization but impaired receptor reappearance 

at the plasma membrane after agonist-induced endocy-

tosis (Lecat et al. , 2011 ). Thus, the YETI motif within the 

C-terminus of the wild-type Y 
1
  receptor is believed to 

regulate receptor recycling rather than internalization. In 

addition, a second Y-x-x- Φ  (YIRL) motif is present in the 

ICL3 of the Y 
1
  receptor and further adapter protein inter-

action sequences based on dileucine (D/E)-X 
2-3

 -L-(L/I) or 

triple basic motifs (R/K)-(R/K)-(R/K) are predicted at the 

beginning of ICL2 (ERHQLI) and ICL3 (KRR), respectively 

(Pandey , 2009 ; Smith et al. , 2012 ). However, the impact 

of these motifs on receptor internalization, recycling and 

Arr binding has not been estimated yet and is therefore 

speculative. 
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 Beside the relevance of C-terminal sequences, a 

proline residue located in the ICL2 was identified as acting 

in concert with the DRY motif as an Arr anchor in the 

5-HT 
2c

  receptor (Marion et al. , 2006 ). This proline residue 

can also be found in the ICL2 of the Y 
1
  receptor. However, 

none of the Y receptors displays a classical DRY motif, 

and substitution of the proline residue to an alanine only 

had a minor impact on Y 
1
  receptor internalization and Arr 

association (Ouedraogo et al. , 2008 ). In conclusion, the 

C-terminus seems to be most crucial for the regulation 

of Y 
1
  receptor desensitization and trafficking, as sum-

marized in Figure 4. However, it cannot be ruled out that 

further motifs within the three ICLs contribute synergis-

tically to receptor internalization and trafficking proper-

ties, binding either to Arr or to proteins of the endocytic 

machinery. 

 Clearly, those protein-receptor interactions depend 

on the conformation of both binding partners and the 

corresponding accessibility of consensus motifs exposed 

by the cytoplasmic receptor site. According to the hypoth-

esis of  ‘ functional selectivity or biased agonism ’ , differ-

ent ligands can promote discrete receptor conformations 

and thus favor one downstream effect over another, as it 

has been observed for several GPCR, including adrener-

gic receptors and the vasopressin V2 receptor (Rahmeh 

et al. , 2012 ). Interestingly, Pheng et al. reported that 

the peptidic ligand GR231118 induced sequestration of 

Y 
1
  receptor independent of G protein signaling (Pheng 

et al. , 2003 ), which points towards a biased agonism of 

this compound. It is worth noting that GR231118 was ini-

tially identified to have agonistic effects only for Y 
4
 , while 

displaying a classical antagonistic function towards Y 
1
  

(Schober et al. , 1998 ; Dumont and Quirion , 2000 ). In fact, 

Y 
1
  receptor internalization induced by GR231118 could 

not be confirmed in later experiments, even though the 

receptor species and cell types were consistent with the 

initial study (Tough et al. , 2006 ). One possible explana-

tion for this might be that internalization experiments 

by Pheng et al. were based on the internalization of the 

radio-labeled GR231118, while later studies focused on 

receptor redistribution subsequent to ligand stimulation. 

Thus, further investigations will be necessary to unravel 

how GR231118 is internalized and whether the Y 
1
  receptor 

can undergo biased signaling.  

  Y 2  receptor 

 For a long time, the internalization and postendocytic 

trafficking properties of the Y 
2
  receptor were controversial. 

hY1 (137)ERHQLIINP(145) (234)IYIRLKRR(241) (324)NKNFQRDLQFFFNFCDFRSRDDD YETI AM STMHTDVSKTS LKQASPVAFKKINNNDDNEKI(384)

hY2 (147)DRHRCIVYH(155) (242)IWSKLKN-(248) (329)NSNYRKAFLSAFRCEQRL DAIHSEVSVT FKAKKNLEVRKN SGPN DSFTEAT NV(381)

hY4 (138)ERHQLIINP(146) (237)IYRRLQRQ(244) (326)NTNFKKEIKALVLTCQQSAPLEESEHLPLSTVHTEVSKGSLRLSGRSNPI(375)

hY5 (138)VRYHMIKHP(146) (234)VCRSISCG(241) (429)NNGIKADLVSLIHCLHM(445)

arr2/3 AP2/rec 

ICL2

arr3 inhibitory arr3-indep. 

arr2/3 

C-terminusICL3

N BA

C

I II III IV V VI VII

hY1 hY2 hY4 hY5

60 min
Agonist 

Unstim.

 Figure 4      Internalization motifs within human Y receptors. 

 (A) Position and sequence of identified and putative motifs are displaced. Motifs within boxes were identified as being responsible for 

either receptor internalization or postendocytic trafficking. Underlined letters represent key residues in postulated or identified consensus 

sequences. (B) Localization of human Y receptor fused to the enhanced yellow fluorescent protein at the C-termini in living HEK293 cells 

prior to (unstimulated) or after agonist stimulation. hY 
1
 , hY 

2
  and hY 

5
  were stimulated with 1    μ  m  pNPY, while hY 

4
  was stimulated with 100 n m  

hPP for 60 min. Scale bar: 10  μ m; indep., independent; rec, recycling.    
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Early radio-ligand binding studies on the guinea pig Y 
2
  

receptor revealed that this receptor subtype does not 

undergo sequestration (Parker et al. , 2001 ). Similar studies 

on the human and rhesus receptor, respectively, con-

firmed that Y 
2
  is resistant to endocytosis and shows only 

a weak interaction with Arr3 (Gicquiaux et al. , 2002 ; Ber-

glund et al. , 2003b ; Ouedraogo et al. , 2008 ). In contrast, 

Bohme et al. clearly showed that the hY 
2
  receptor desen-

sitizes and undergoes fast internalization in response to 

agonist stimulation comparable to rates observed for the 

hY 
1
  and hY 

4
  receptors (Bohme et al. , 2008 ). Recent studies 

confirmed those results and revealed that internalization 

of the hY 
2
  receptor strongly depends on the agonist con-

centration used in the experiment (Lundell et al. , 2011 ). 

In addition, Parker et al. reported that the internalization 

rate observed for hY 
2
  is much higher than for its ortholog 

in the guinea pig (Parker et al. , 2008 ). It is worth noting 

that the C-terminal sequence of the guinea pig Y 
2
  receptor 

displays significant differences with respect to the serine/

threonine cluster in comparison to other species, includ-

ing humans. In a chimeric approach Bohme et al. showed 

that both the ICL3 and the C-terminus of the hY 
2
  receptor 

can individually promote endocytosis of the usually non-

internalizing hY 
5
  receptor, thereby clearly demonstrat-

ing that these structural components determine agonist-

induced internalization (Bohme et al. , 2008 ). In addition, 

recent studies on Y 
1
 /Y 

2
  chimeras revealed an enhanced 

internalization rate of the Y 
1
  receptor when its C-terminal 

sequence is exchanged with the Y 
2
  receptor C-terminus 

(Lundell et al. , 2011 ). 

 Detailed investigation of the molecular mechanism 

underling Y 
2
  receptor internalization unraveled three key 

motifs within the C-terminus responsible for the regula-

tion of hY 
2
  receptor trafficking (Walther et al. , 2010 ). The 

first motif within the very distal C-terminus, namely D-S-

x-T-E-x-T (DSFTEAT), was found to promote Arr3-depend-

ent internalization subsequent to GRK2 phosphorylation. 

A second motif, D-x- Φ -H-(S/T)-(E/D)-V-(S/T)-x-T, that 

resembles the phosphorylation motif of the Y 
1
  receptor, 

was found in the more proximal C-terminus, compris-

ing residues DAIHSEVSVT. This sequence also induces 

agonist-mediated internalization, but surprisingly in 

an Arr3-independent manner (Walther et al. , 2010 ). The 

Arr3-independent internalization mechanism was only 

observed when all further distal C-terminal parts were 

truncated. Conversely, the presence of the intermediate 

basic sequence FKAKKNLEVRKN impeded Arr3-inde-

pendent receptor internalization, presuming that this 

inhibitory motif masks the proximal internalization motif 

D-x- Φ -H-(S/T)-(E/D)-V-(S/T)-x-T in the full-length receptor 

(Walther et al. , 2010 ). Moreover, the proximal motif was 

also found to promote Y 
2
  receptor recycling rather than 

internalization in the wild type receptor, similar to the 

function assigned to the YETI motif in the Y 
1
  receptor. 

 By comparing the Y 
1
  and Y 

2
  subtypes, it becomes 

clear that the regulation of receptor trafficking strongly 

depends on sequences within the C-terminus. Impor-

tantly, consensus sequences and exact mechanisms seem 

to vary between those two Y receptor subtypes. However, 

each receptor displays one primary phosphorylation motif 

within the C-tail that functions as a molecular switch, 

thereby regulating Arr recruitment and internalization. In 

addition, a second latent internalization motif is present 

that controls receptor recycling and, apart from that, 

becomes involved in receptor endocytosis under the con-

dition that the primary motif is missing. 

 Interestingly, while all other Y receptors possess a 

proline residue within the ICL2 for the proposed Arr inter-

action, the Y 
2
  receptor displays a histidine at this posi-

tion. Replacing this histidine with proline resulted in an 

enhanced Arr binding and internalization of the Y 
2
  recep-

tor (Marion et al. , 2006 ; Kilpatrick et al. , 2010 , 2012), sug-

gesting that Arr also recognized motifs within the ICL. 

Clearly, the role of additional trafficking sequences within 

the cytoplasmic region of the Y 
2
  receptor requires further 

investigation. 

 Beside C-terminal residues, the N-terminus of the 

receptor has been found to contribute to receptor inter-

nalization properties. Even though hY 
2
  receptor export 

is not affected when the entire N-terminus is truncated, 

ligand binding, receptor activation, and consequently 

the internalization process were drastically impaired 

(Lindner et al. , 2009 ). Importantly, elongation of the first 

transmembrane residues by any eight aa rescued recep-

tor activation and internalization, suggesting a sequence-

independent, stabilizing effect of the N-terminus towards 

the ligand-binding pocket and/or the active receptor con-

formation (Lindner et al. , 2009 ). Similarly, Parker et al. 

confirmed that the Y 
2
  receptor N-terminus is not directly 

involved in agonist binding (Parker et al. , 2008 ). However, 

this group discovered an acidic and proline-rich motif 

within the N-terminus contributing to receptor internali-

zation. By mutating one aspartic acid residue within this 

motif to alanine, the receptor internalization was found 

to be accelerated. Since no other receptor characteristic 

was affected by this alanine substitution, it was suggested 

that the acidic motif within the N-terminus of the Y 
2
  recep-

tor binds to components of the extracellular matrix. This, 

in turn, might affect Y 
2
  receptor internalization kinetics 

(Parker et al. , 2012 ). 

 In conclusion, the hY 
2
  receptor is internalized in an 

Arr3-dependent manner, but higher agonist concentration 
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seems to be required to promote receptor endocytosis 

(Walther et al. , 2010 ; Lundell et al. , 2011 ). Even though the 

serum concentration of NPY and PYY might be too low to 

drive receptor internalization in the periphery, local con-

centrations in the synaptic gap might be high enough to 

induce hY 
2
  endocytosis in the brain. That the Y 

2
  receptor 

desensitization might indeed have an important physi-

ological relevance was impressively shown by Ortiz et al. 

 (2007) . Here, a stabilized PYY(13 – 36) analog was observed 

to reduce food intake in mice. In a long-term study, 

however, food intake returned to the control level after 

3 days of daily drug administration. This might be due to 

receptor desensitization or down-regulation.  

  Y 4  receptor 

 Similar to the Y 
2
  receptor, studies on Y 

4
  receptor desensiti-

zation and trafficking revealed opposing results. Initially, 

the hY 
4
  receptor was reported to be resistant to agonist-

promoted desensitization and internalization when being 

expressed in Chinese hamster ovary cells (Voisin et al. , 

2000 ). In contrast, several other groups independently 

showed that the Y 
4
  receptor is rapidly internalized and 

subsequently transported back to the cell surface, most 

probably via the indirect recycling pathway (Parker et al. , 

2001, 2002a ; Tough et al. , 2006 ; Bohme et al. , 2008 ). The 

determined internalization and recycling rates were either 

comparable or slightly slower than those observed for 

the Y 
1
  receptor. With respect to the exact internalization 

mechanism, Y 
4
  receptor endocytosis was found to be pro-

moted by Arr3, suggesting a clathrin-dependent process 

(Berglund et al. , 2003b ). In these studies, however, Arr3 

recruitment was less pronounced for the Y 
4
  than for the 

Y 
1
  receptor, supporting the idea that Y 

4
  receptor inter-

nalization and recycling rates might indeed be slightly 

prolonged. 

 In addition to these findings, the rate of Y 
4
  receptor 

sequestration was found to be highly sensitive to agonist 

affinity and efficacy, i.e., full agonists induced a higher 

internalization rate than partial agonists (Parker et al. , 

2002a ; Tough et al. , 2006 ). This is in agreement with the 

common mechanism of GPCR activation followed by 

sequestration, as described above, and underlines the fact 

that the endogenous Y 
4
  ligands generate two conforma-

tions, which are equally important for G protein and GRK/

Arr binding. It is worth noting that the Y 
4
  receptor and its 

ligand PP emerged last and presumably quite quickly in 

evolution, leading to greater divergences in peptide and 

receptor sequences across mammalian species (Yulya-

ningsih et al. , 2011 ). Thus, a combination of receptors and 

ligands originating from different species was observed to 

result in a decreased internalization rate due to reduced 

peptide efficacy (Tough et al. , 2006 ). 

 Very little information is available about consen-

sus sequences that drive internalization and recycling 

processes of the Y 
4
  receptor. As the Y 

4
  receptor is most 

closely related to the Y 
1
  receptor, it is not surprising that 

a variant of the serine/threonine cluster, which is known 

to promote Arr binding and internalization of the Y 
1
  recep-

tor subtype, also occurs within the distal C-tail of the Y 
4
  

receptor (STVHTEVSKG). Further sequences that might 

be involved in Y receptor trafficking include the proline-

based Arr-binding motif and the tyrosine-based AP-inter-

action sequence within ICL2 and ICL3, respectively. Even 

though, all these motifs are present in the Y 
4
  receptor, 

their role in internalization and trafficking is still a matter 

of investigation.  

  Y 5  receptor 

 The regulation of Y 
5
  receptor trafficking is not well under-

stood. Microscopic studies using EYFP-fused receptors 

and radio-ligand internalization experiments revealed an 

extremely slow internalization rate for both ligand and 

receptor (Parker et al. , 2003 ; Bohme et al. , 2008 ). Nonethe-

less, the receptor was still found to desensitize in inositol 

phosphate (IP)-accumulation assays (Bohme et al. , 2008 ). 

The relatively small fraction of internalized receptor was 

even smaller in the presence of phenylarsine oxide, an 

inhibitor of clathrin-coated pit formation (Parker et al. , 

2003 ), suggesting a clathrin-dependent internalization 

mechanism. Studies on Arr recruitment are rather limited 

but we were unable to detect a pronounced Arr recruit-

ment subsequent to Y 
5
  receptor stimulation in our lab (data 

unpublished). Contrasting with this, BRET studies showed 

that the Y 
5
  receptor can recruit Arr3 after stimulation, even 

though the signals were much lower than observed for the Y 
1
  

receptor (Berglund et al. , 2003b ). 

 Comprehensive studies are necessary to unravel the 

structural determinants that modulate and inhibit Y 
5
  

receptor internalization. It is reasonable that these struc-

tures being distinct to all other Y receptors, namely the 

long ICL3 and the short C-terminus, have an impact on 

Y 
5
  receptor trafficking. The Y 

5
  receptor chimera bearing 

either the ICL3 or C-terminus of the Y 
2
  receptor showed an 

accelerated internalization rate (Bohme et al. , 2008 ). Still, 

it cannot be determined whether this effect is due to the 

deletion of inhibitory segments lying in the Y 
5
  receptor 

ICL3 and C-terminus or to the addition of internalization 

motif present in the Y 
2
  receptor sequence. Thus, further 
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studies are required to estimate the mechanisms underly-

ing Y 
5
  receptor trafficking. 

 Taking everything into account, it can be concluded 

that Y receptor subtypes internalize with rates in the 

following order: Y 
1
   >  Y 

2
    ≥   Y 

4
   >    >  Y 

5
 . All receptors seem to 

undergo clathrin-mediated endocytosis, involving Arr in 

case of the Y 
1
 , Y 

2
  and Y 

4
  receptors. The three latter receptors 

were also found to be recycled subsequent to endocytosis.   

  Conclusion and future directions 
 The NPY system has frequently been shown to be a prom-

ising target for the treatment of several diseases, with an 

emphasis on obesity and cancer. Beside the Y 
1
  receptor-

selective agonist for breast cancer diagnosis (Khan et al. , 

2010 ), various Y receptor agonists and antagonists have 

been developed for therapeutic applications. Among 

those are several Y 
5
  receptor antagonists designed for 

antiobesity medication. Two such antagonists, MK-0557 

and Velneperit, have already been tested in Phase II trials, 

but failed to show a clinically-meaningful effect (Sato 

et al. , 2009 ). In contrast, another antiobesity approach 

using the dual Y 
2
 /Y 

4
  receptor peptidic agonist Obinepitide 

(produced by 7TM Pharma) caused a significant reduction 

in food intake during Phase I and II trials. Despite this 

desired clinical outcome of Obinepitide, side-effects were 

reported such as nausea (Sato et al. , 2009 ). 

 Thus, the development of specific agonists, antago-

nists and even biased ligands is still a major issue when 

using GPCR as drug targets. However, the examples pro-

vided above emphasize that engineering specific ligands 

acting on GPCR can only be the first step in the develop-

ment of well-tolerated drugs with high potentials. 

 Here, we report on specific Y receptor-trafficking pro-

cesses, such as anterograde transport, internalization and 

recycling, which clearly intervene with receptor response 

and signaling. These processes might be responsible 

for the undesired side effects. They can influence the 

response via the modulation of cell surface availability of 

receptors. In order to understand and avoid desensitiza-

tion mechanisms and drug resistance, it will be crucial to 

unravel the mechanisms of subcellular receptor traffick-

ing. Also for the receptor-mediated uptake of cytostatic 

compounds for cancer therapy, it will be essential to elu-

cidate internalization or degradation pathways and their 

regulation. Intervention in alternative signaling path-

ways related to internalization might open further pos-

sibilities of specifically modifying Y receptor signaling. 

Consequently, intracellular receptor trafficking should be 

included in a second step in drug development. 

 With respect to the Y receptor system, it is to be noted 

that despite the formation of one multiligand/multipep-

tide system, each Y receptor subtype apparently has a 

distinct molecular mechanism responsible for the regula-

tion of its export or internalization. This provides the pos-

sibility to specifically modulate the localization/signaling 

of one subtype receptor while leaving others unaffected. 

Surely, further studies will be helpful in generating an 

overall picture that, in combination with subtype-selec-

tive ligands, will provide a powerful tool in the engineer-

ing of highly effective and long-acting pharmaceuticals 

that address Y receptors.   
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