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Abstract
Internalization and trafficking of cell-surface membrane receptors and proteins into subcellular
compartments is mediated by specific short-sequence signal motifs, which are usually located
within the cytoplasmic domains of these receptor and protein molecules. The signals usually
consist of short linear amino acid sequences, which are recognized by adaptor coat proteins along
the endocytic and sorting pathways. The complex arrays of signals and recognition proteins ensure
the dynamic movement, accurate trafficking, and designated distribution of transmembrane
receptors and ligands into intracellular compartments, particularly to the endosomal-lysosomal
system. This review summarizes the new information and concepts, integrating them with the
current and established views of endocytosis, intracellular trafficking, and sorting of membrane
receptors and proteins. Particular emphasis has been given to the functional roles of short-
sequence signal motifs responsible for the itinerary and destination of membrane receptors and
proteins moving into the subcellular compartments. The specific characteristics and functions of
short-sequence motifs, including various tyrosine-based, dileucine-type, and other short-sequence
signals in the trafficking and sorting of membrane receptors and membrane proteins are presented
and discussed.
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2. INTRODUCTION
Early and recent studies have demonstrated that ligand-receptor complexes are internalized
through the organized cellular endocytic pathways (1–9). It is thought that most ligand-
receptor complexes are concentrated in the clathrin-coated pits of the plasma membrane,
which are cleaved off to produce clathrin-coated vesicles (10–12). The vesicles rapidly lose
their coats, a change that facilitates their fusion with early endosomes, which are maintained
at a slightly acidic pH and function as platforms for many ligand-receptor complexes. The
bound ligand-receptor complexes are delivered to the lysosomes, where both ligand and
receptor are degraded (6, 8, 13, 14). Under certain conditions, however, the ligand is
delivered to lysosomes for degradation, while the receptor returns to the plasma membrane
to bind new ligand for additional rounds of internalization. This process is referred to as
retroendocytosis (8, 13, 15, 16). Alternatively, some endosomal and lysosomal proteins
traffic through the plasma membrane to their main destinations to maintain a steady-state
condition. In addition, endosomes and/or lysosomes can be accessed through the
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biosynthetic pathway, where newly synthesized acidic hydrolases with attached mannose-6-
phosphate groups can bind to mannose-6-phosphate receptors in the trans-Golgi network
(TGN), and be transported via an intracellular route to endosomes (17, 18). Eventually, the
receptor is destined to reach either lysosomes or the plasma membrane.

The proper and directed operation of the endocytic pathway of membrane receptors and their
bound ligand requires numerous important and critical sorting decisions along the endocytic
trafficking itinerary. At the plasma membrane, receptors may either remain at the cell
surface or be rapidly internalized into coated pits and vesicles (1, 19, 20). Subsequently, the
receptors can proceed and be delivered to the lysosomes or may recycle back to the plasma
membrane. Alternatively, involving the TGN, the receptors could be destined to go to
endosomes or the plasma membrane. This complex array of routing and trafficking decisions
is directed by a set of sorting-signal sequence motifs in the cytoplasmic domains of the
receptor molecules, which recognize the routing pathways and deliver receptors to their
intended locations in the intracellular compartments.

Numerous studies have demonstrated the role of carboxyl-terminus domain of various
membrane receptors and membrane proteins in mediating the adaptive changes, which
accelerate their trafficking and sorting from the cell surface into the intracellular
compartments (4, 5, 7, 21–25). It is believed that the carboxyl-terminal tail of a number of
membrane receptors and proteins is absolutely required for signaling and plays important
roles in meditating internalization, sorting, down-regulation and desensitization processes.
Recently, the short sequence signal motifs located in the carboxyl-terminal domain and their
roles in mediating the molecular mechanisms of receptor endocytosis and trafficking have
received considerable importance. However, more studies are needed to reveal the new
signal motifs of membrane receptors and membrane proteins, which direct internalization,
trafficking, and sorting events. This review focuses on the characteristic features and
specific functions of short sequence signal motifs involved in trafficking and intracellular
routing of membrane receptors or membrane proteins, which are either targeted to
endosomes, lysosomes, and/or related subcellular organelles or recycled back to the plasma
membrane.

3. MODULATION OF RECEPTOR TRAFFICKING AND SEQUESTRATION BY
SHORT-SEQUENCE SIGNAL MOTIFS

Trafficking of membrane receptors or membrane proteins between cellular organelles is
mediated through the membrane-bound vesicular structures. It has been demonstrated that
the targeting and sorting of individual receptor and membrane protein is directed by their
intrinsic sequence-based signal motifs in the endocytic and secretory pathways (3, 4, 7, 26–
30). It is envisioned that the receptor-mediated endocytosis of various ligand-receptor
complexes may involve sequential sorting steps through which ligand-receptor complexes
and membrane proteins could eventually be degraded, recycled back to the cell surface, or
released into the cell exterior (Fig. 1). Many of these events may take place sequentially.
The first step would be the noncovalent binding of ligand to cell-surface receptor proteins.
Subsequently, the receptors, through some intrinsic affinity or aggregation itinerary, travel
via the endocytic vesicles and delivered to the intended subcellular compartments (6, 8, 13,
26, 31, 32). During the sequential processes of endocytosis of ligand-receptor complexes via
the intracellular sorting pathway, the ligand-receptor complexes may proceed according to
one or more possibilities. The majority of ligand-receptor complexes are targeted to the
lysosomes, leading to degradation of the ligand-receptor complexes. During the endocytic
process of certain ligand-receptor complexes, the acidic pH of endosomes induces
dissociation of ligand from the receptor. However, in certain instances, ligand is dissociated
from the receptor in acidic vesicles referred to as endosomes, subsequently a population of
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receptor molecules may recycle back to the plasma membrane and ligand is transported to
the lysosomes (13). The recycling of endocytosed receptors back to the plasma membrane
may occur simultaneously with the process leading to the endosome-dependent pathway.
The release of intact ligand may occur through the process of retroendocytosis which
involves the fusion of receptor containing vesicles with plasma membrane. The release of
intact ligand by retro-endocytotic pathway has been exemplified for various hormones
including epidermal growth factor (33), insulin (34) transferrin (18, 35, 36), and atrial
natriuretic peptide (ANP) (13). .

Internalization of macromolecules is usually carried out by two main structural devices
formed on the plasma membrane, which include clathrin-coated vesicles and caveolae. The
clathrin-mediated endocytosis is regarded as an established mechanism for the
internalization of cargo as well as a large number of membrane receptors and proteins from
the cell surface (4, 8, 9, 37–39). Moreover, the clathrin-dependent cargo usually contain a
short sequence motif such as [D/E]XXXL[L/I] and YXXQ, recognized by adaptor protein-2
(AP-2) and may contain Asn-Pro-X-Tyr sequence (NPXY) motifs, which are recognized by
the accessory clathrin adaptor proteins (4, 40). A clathrin-containing coated pit is formed by
deepening invagination and separation from the plasma membrane and yields a clathrin-
coated vesicle. The vesicle is clipped by the constriction of the vesicle neck involving the
mechanochemical force generated by dynamin (41). On the other hand, caveolae are
assembled by the protein caveolin, which is constituted in the endoplasmic reticulum and
then travels to the plasma membrane. Caveolae participate in the internalization of various
types of macromolecules and also function as docking sites for the assembly of intracellular
signaling networks (42–44). A number of cargo molecules are known to be internalized
involving caveolae such as transforming growth factor-beta receptor (TGF-β R),
ubiquitinated epidermal growth factor receptor, integrins, adenosine receptors, and
glutamate transporter (45–49). The functioning of caveolae largely depends on the cluster
structure of membrane lipids including cholesterol and gangliosides and such partitioning of
plasma membrane facilitates the cargo internalization via caveolae (50). Similar to clathrin-
mediated internalization, caveolae-dependent endocytic mechanism also requires dynamin
(51–53). Although, there is only limited similarity between clathrin-mediated and caveolae-
dependent internalization mechanisms, the Src-dependent phosphorylation of dynamin on
Tyr231 and Tyr597 residues enhances dynamin assembly, which facilitates both clathrin- and
caveolae- dependent internalization (53–55).

The short functional signal motifs have been instrumental in our understanding of the
endocytosis and intracellular trafficking of various forms of transmembrane receptor-ligand
complexes from the plasma membrane into intracellular compartments. To date, most of the
endosomal-lysosomal signals which have been characterized are contained within the
cytoplasmic domains of membrane receptor proteins. The signal motifs usually constitute
short linear arrays of amino acids, which are degenerate motifs of four to seven amino-acid
residues (4, 7). Among them, two or three amino acid residues usually are critical to the
functional characteristics of that particular sequence-signal motif. The critical functional
residues are most likely to be bulky hydrophobic amino acids. However, it has been
suggested that the charged amino acid residues are important determinants of specificity and
exhibit functional significance in the endocytosis and molecular trafficking of membrane
receptors and membrane proteins (4, 7). Interestingly, high performance algorithms for the
identification of short sequences should provide an extremely useful tool to search through
the genome databases for new signal motifs involved in the internalization and trafficking of
membrane receptors and proteins (56).

Earlier studies indicated that two major classes of endosomal-lysosomal trafficking and
sorting signals are tyrosine-based and dileucine-based signals (3). However, signals based
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on the charged amino acid residues, as well as acidic residues, also have critical functions in
the intracellular trafficking and sequestration of membrane receptors (57). The hallmark
characteristic of endocytic and trafficking signals, which specifies and distinguishes these
signals from other sequence motifs is their presence in the cytoplasmic domains, particularly
the carboxyl-terminal regions of transmembrane receptors. However, not all signal motifs
are short peptide sequences. In certain circumstances, the trafficking and sorting
determinants seem to be folded structures and the critical amino acid residues are not
particularly colinear. A compilation of membrane receptors and membrane proteins with
known signal sequence motifs is presented in Table 1. However, much work remains to be
accomplished to identify new motifs for internalization, trafficking, and intracellular
distribution of several types of membrane receptors and proteins.

3.1. Characteristic features and roles of NPXY-type signal-sequence motifs
In large part, the NPXY signal motifs mediate rapid internalization of membrane proteins,
including members of LDL receptors, beta-1 integrin, megalin, and beta-amyloid precursor
protein families, as well as receptor tyrosine kinases. These include members of the insulin
receptor and epidermal growth factor receptor family, as well as neurotrophin receptors (4,
58–61). The replacement of Asn, Pro, or Tyr residues with Ala in the LDL receptor largely
abolishes the receptor internalization. However, the replacement of Tyr with Phe has no
discernible effect on the internalization process. At its discovery, the low-density lipoprotein
(LDL) mutant receptor was shown to have normal ligand binding characteristics; however,
its defective receptor internalization pointed to a critical function of the cytoplasmic domain
in overall receptor endocytosis and trafficking (58, 62). Those initial studies were
instrumental in identification of the FXNPXY sequence motif as the first recognized
trafficking and sequestration signal of membrane receptors and proteins. The substitution of
a cysteine residue for a tyrosine residue in the NPXY motif of the cytoplasmic domain of the
LDL receptor in a patient with familial hypercholesterolemia rapidly abrogated the
internalization of this receptor protein (62). Later, it was demonstrated that in the NPXY
sequence motif, the critical residue is tyrosine (58). It has been suggested that
hypercholesterolemia results from a tyrosine-phenylalanine mutation in the NPXY motif of
LDL receptor (23, 58, 62).

Genetic defects in the autosomal recessive hypercholesterolemia (ARH) gene on
chromosome 1 have been mapped in patients with defects in either LDL receptor or the
proteinaceous component of LDL particles that binds the receptor. These patients show
remarkable level of circulating LDL-cholesterol components in an autosomal dominant
manner (63, 64). Evidence suggests that ARH displays the intrinsic ability to interact with
endocytic motif of LDL receptor as well as with the components of clathrin and AP-2 in the
internalization process (65–67). On the other hand, it has also been indicated that ARH may
not be solely responsible for LDL delivery in all cell and tissue types. The adaptor protein
disabled-2 (Dab 2) and ARH have been shown to exhibit remarkable similarities with regard
to structure-function relationship (67, 68). The Dab 2 participates as an intermediate adaptor
for LDL internalization; however, both Dab 2 and ARH might be functionally redundant
(65–67). The amino-terminal phosphotyrosine binding (PTB) domain of both ARH and Dab
2 physically binds and interacts with NPXY sequence of LDL receptor as well as with
membrane-bound phosphatidyl inositol 4, 5-bisphosphate (PtdIns (4,5) P2), which allows
cargo recognition at the cell surface (65, 67, 69–71). Since, ARH and Dab 2 bind to clathrin,
AP-2 adaptor, PtdIns (4, 5) P2, and the NPXY sequence, both ARH and Dab 2 are generally
termed as clathrin-associated sorting proteins (CLAPs). The existence of AP −2, ARH, Dab
2, transferrin, and LDL receptor in the varying clathrin structures has challenged the
presence of specialized clathrin coats for the segregated internalization involving the cargo-
specific coat assembly at the cell surface (12, 66, 72). Later studies showed that mutation of
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tyrosine to phenylalanine in the NPXY motif makes the LDL receptor unrecognizable by
Dab-2, which interacts with AP-2 in clathrin-mediated endocytosis of this receptor protein
(73).

The NPXY motifs recruit clathrin and adaptor protein molecules and act as cargo
recognition motifs for their delivery to endosomes and lysosomes (4, 23, 67). Several studies
have shown that NPXY motifs initially recruit AP-2 at the plasma membrane and activate
the mu2 subunit of AP-2, after which the beta-2 subunit of AP-2 binds clathrin at the cell
surface, leading to clathrin-mediated endocytosis (4, 23, 27, 40, 74–76). The NPXY motifs
have also been shown to recruit and interact with the phosphotyrosine domain of the adaptor
protein Dab-2 (73, 75). Interesting, Dab-2 directly interacts with the NPXY motifs and leads
to clathrin-mediated endocytosis by activating clathrin and AP-2 (23, 68, 77, 78). The AP-2
is composed of four subunits (alpha, beta2, mu2, and sigma2), which interact with NPXY
motifs of membrane receptors and membrane proteins in the process of internalization (4,
79). In essence, the NPXY minimal signal sequence is shared by a large number of proteins
containing this motif. However, in certain circumstances, the NPXY motif by itself is not
sufficient for internalization. For example, in some members of the LDL receptor family,
phenylalanine and aspartic acid residues are required before asparagine and provide a
functional sequence motif of FDNPVY for efficient internalization and trafficking processes
(58). Nevertheless, the LDL receptor and other membrane proteins that contain NPXY
signal motifs are internalized via clathrin-coated pits (80, 81). The FDNPVY sequence motif
binds to components of the clathrin coat and within this context, the NPXY residues adopt a
beta-turn structure (82). Furthermore, chimeric insertion of the FDNPVY sequence into the
transferrin receptor leads to rapid internalization, whereas insertion of only the NPVY
sequence does not enhance endocytosis of this receptor protein (83). Similarly, endocytosis
of beta-amyloid precursor protein is directed by a longer sequence motif, GYENPTY, in
which the first tyrosine residue seems to have a more critical role in internalization events
(84). Thus, either Phe or Tyr residue at this same position seem to have a critical function in
conjunction with the NPXY motif.

Membrane proteins such as megalin and LDL receptor-related protein-1 (LRP-1) contain
more than one copy of the NPXY motif (4, 23). Earlier studies indicated that the FDNPVY
sequence motif binds to purified AP-2 and that this binding is dependent on the Phe and Tyr
residues of the FDNPVY motif (74). Most NPXY signal motifs are located in the
cytoplasmic domain within 40–500 amino-acid residues. AP-2 and similar adaptor proteins
are located between the clathrin lattice and the plasma membrane, which are predicted to be
in an appropriate position to interact with cytoplasmic signal motifs (4, 23). Because of its
position in the cytoplasmic domain, the FDNPVY signal motif of the LDL receptor may
extend only 30–40Å from the transmembrane spanning region (85). However, the terminal
domain of clathrin is located almost 100 Å from the plasma membrane. Intriguingly, the
NPXY motif is required for endocytosis, although the extent of internalization of a protein
that contains this motif in the cytosolic intracellular domain does not depend on the context
of sequence of the NPXY motif (7). It has been reported that the mutations in the NPXY
motif disrupted the interaction between the cytoplasmic tail of the LDL receptor and sorting
nexin17 (SNX17), which contains FERM-like region (protein4.1, Ezrin, radixin, moesin)
(67, 86). These authors suggested that SNX17 functions in the internalization and cellular
trafficking of LDL receptor through interaction with the NPXY signal motif located in its
cytoplasmic carboxyl-terminal domain. On the other hand, it also has been reported that
NPXY motif in the LDL receptor did not mediate its interaction with SNX17 (87).

Previous studies have suggested that NPXY signals are not directly recognized by AP-2,
however, these signals interact with proteins containing the phosphotyrosine-binding (PTB)
domain, also known as phosphotyrosine-interacting (PTI) domain (23, 73, 88). The PTB
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domain recruits adaptor proteins such as insulin receptor substrate-1 (IRS-1) or Shc for
interaction with NPXY motifs (73, 89–93). In these circumstances, a tyrosine residue
usually functions as a phosphorylated amino acid. It has also been indicated that PTB
domain-containing proteins show potentially greater selectivity for NPXY signal motifs (73,
88). Several studies have demonstrated that proteins containing PTB domains such as Dab-1
and Dab-2 participate in LDL receptor internalization (94–98). Both Dab-1 and Dab-2
directly bind FXNPXY sequence motifs located in various members of the LDL receptor
family (73, 75, 99). However, overexpression of the PTB domain of either Dab-1 or Dab-2
impedes internalization of LDL receptor, leading to the accumulation of receptor on the cell
surface (68, 100). Another intriguing finding was that genetic disruption of Dab-2 and LDL
receptor family member megalin produced proteinuria in null mutant (-/-) mice as compared
with wild-type (+/+) littermates (68, 101). Since megalin functions in protein re-absorption
in renal proximal tubules, the in vivo results implicated the role of Dab-2 in the endocytosis
of megalin (68, 102–104). Both Dab-1 and Dab-2 contain signal motifs, which bind to
clathrin and AP-2 at the carboxyl-terminal to their PTB domain (65, 67, 73). Similarly,
Grb-2 has been shown to facilitate the internalization of epidermal growth factor receptor
protein (105). Nevertheless, further studies are needed to determine more definitive
functions of Dab-1and Dab-2 proteins and their interaction with NPXY motif in the
internalization of membrane receptors and membrane proteins. It has been shown that
NPXY motifs in the carboxyl-terminal domain of beta-5 integrin act as the molecular switch
for distinct biological processes of integrin activation, endocytosis, and sorting (4, 61, 106,
107) The NPXY motifs in the cytosolic tail of beta-1 integrin also function in the
recruitment of adaptor proteins and clathrin for endocytosis and act as sorting signals for
internalized cargo assembly (59).

3.2. Characteristic features and roles of GDXY-type signal-sequence motif
Recently, we found that the tetrameric sequence Gly920-Asp921-Ala922-Tyr923 (GDAY)
sequence motif in the carboxyl terminal-domain of guanylyl cyclase/natriuretic peptide
receptor-A (GC-A/NPRA) serves as an internalization signal for endocytosis of NPRA (57).
The residues Gly920 and Tyr923 constitute the important elements in the GDAY
internalization signal motif. However, it is thought that the residue Asp921 provides an
acidic environment for efficient signaling of GDAY motif during the GC-A/NPRA receptor
internalization process. It was found that single mutation Asp921 to alanine did not have a
major effect on receptor internalization, but did significantly attenuate the recycling of
internalized receptors back to the plasma membrane (57). On the other hand, mutation of
Gly920 and Tyr923 to alanine inhibited the internalization of NPRA, although these residues
had no discernible effect on the recycling of this receptor protein. These findings suggested
that the tyrosine-based GDAY sequence motif modulates the early internalization of NPRA,
whereas aspartic acid residue in the GDAY motif seems to mediate recycling or later sorting
of this receptor protein. If that is so, two overlapping motifs within the GDAY sequence in
the carboxyl-terminal domain of NPRA exert different but specific effects on endocytosis
and subsequent trafficking of this receptor protein. However, more studies are needed to
define the dual role of the GDAY motif in the events involved in the internalization,
sequestration, and recycling of NPRA (57, 108).

It is conceivable that the GDAY motif has a dual function in receptor internalization into the
cell interior and in subsequent recycling of internalized receptor back to the plasma
membrane. The mutations of Gly920 and Tyr923 to alanine in NPRA cDNA attenuated the
internalization of mutant receptors by almost 50% as compared with wild-type receptor (57).
However, the mutation of Asp921 to alanine had only a minimal effect on the internalization
of NPRA (Fig. 2). Thus it seems possible that the regulation of receptor internalization relies
largely on residues Gly920 and Tyr923 in the carboxyl-terminal domain of NPRA.
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Interestingly, on the other hand, mutation of Asp921 to alanine significantly attenuated the
recycling of internalized receptor back to the plasma membrane. These findings suggested
that the role of the NPRA cytoplasmic tail is important, being comparable to the thyrotropin-
stimulating hormone receptor, in that its disruption attenuates receptor internalization (109).
The point and deletion mutations within the carboxyl-terminal region of NPRA have a major
effect on internalization and recycling of this receptor protein (57, 110). To test whether
similar amounts of mutant receptors were available on the cell surface, HEK-293 cells
expressing either wild-type or GDAY/AAAA mutant NPRA were allowed to bind 125I-ANP
for 1 h at 4°C. After washing the free ligand, the cell surface bound 125I-ANP radioactivity
was determined. The results showed that the GDAY/AAAA mutant receptor displayed a
dose-response curve similar to that of wild-type receptor (Fig. 3). The recombinant
HEK-293 cells harboring both wild-type and GDAY/AAAA mutant receptors expressed
1.87×106±0.038×106 and 1.89×106±0.036×106 receptor sites/cell, respectively. The binding
affinity was comparable in both cell lines, with a Kd=2.4×10−8±0.025×10−8 M. The
independent HEK-293 recombinant cell lines containing wild-type, G920A, D921A, Y923A or
GDAY/AAAA receptors were utilized for the functional studies, and each clonal cell line
yielded comparable receptor binding characteristics (57).

Earlier, it was demonstrated that the GC-A/NPRA, an important receptor for ANP and brain
natriuretic peptides (BNP), is internalized and redistributed in a ligand-dependent manner
into subcellular compartments (111–116). As shown in Fig. 4, ligand-dependent endocytosis
and sequestration of NPRA involves a series of sequential sorting steps through which
ligand-receptor complexes could eventually be degraded, receptor recycled back to the
plasma membrane, and intact ligand released into the cell exterior (110, 113, 115). The
recycling of endocytosed receptor to the plasma membrane and the release of intact ANP
into the cell exterior occur simultaneously with the processes leading to degradation of the
majority of ligand-receptor complexes into lysosomes, which seems to be controlled by
receptor sequences in the carboxyl-terminal domain of GC-A/NPRA (57, 110). Furthermore,
a return in 125I-ANP binding in trypsin-treated cells indicated that 125I-ANP binding in
trypsinized cells is due to recycling of NPRA (57, 115). It should be noted, however, that, as
compared with cells expressing wild-type NPRA, HEK-293 cells expressing Gly920/A and
Tyr923/A mutant receptors exhibited a decrease of almost 35% in 125I-ANP-binding after
trypsin treatment. On the other hand, cells expressing Asp921/A or triple mutant GDAY/
AAAA receptor showed a more than 60% decrease in 125I-ANP binding after trypsin
treatment as compared with wild-type receptor (57). These earlier results provided the
evidence that, after trypsin treatment, the greater return of 125I-ANP binding in recombinant
wild-type HEK-293 cells expressing wild-type receptors is due to a large population of
internalized receptors and subsequent recycling to the plasma membrane as compared with
cells expressing GDAY mutant receptors. Also, after exposure of HEK-293 cells to ANP for
60 min at 37˚C, the 125I-ANP binding sites were decreased by almost 68% in cells
expressing wild-type NPRA, but only 30%–38% in cells expressing Gly920/A, Tyr923/A and
GDAY/AAAA mutant receptors (57). Those findings provided direct evidence that
treatment of cells with unlabeled ANP accelerated the disappearance of surface receptors,
indicating that ANP-dependent down-regulation of NPRA may involve the internalization of
ligand-receptor complexes and that GDAY mutant receptor is relatively more resistant to
ligand-mediated down-regulation.

Interestingly, guanylyl cyclase-B/natriuretic peptide receptor-B (GC-B/NPRB) has also been
shown to be internalized and recycled in hippocampus neurons and C6 glioma cells cultures
(117). These authors suggested that the trafficking of GC-B/NPRB occurs in the ligand-
dependent manner in response to C-type natriuretic peptide (CNP) stimulation. The
trafficking of NPRB has been suggested to involve a clathrin-dependent mechanisms. Our
recent work has suggested that the internalization of GC-A/NPRA involves clathrin-
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dependent pathways (118). The process of receptor internalization is severely diminished by
inhibitors of clathrin proteins such as chlorpromazine and monodensyl cadaverine.
However, interaction of the GDAY motif in GC-A/NPRA with clathrin adaptor proteins
remains to be established.

The internalization of platelet-activating factor is also regulated by a putative motif,
DPXXY (119), and that of type-2 vasopressin receptor by the NPXXY sequence (120).
Similarly, it has been suggested that the YXXL motif functions in endocytosis of LDL
receptor-related protein (121). A common feature of these internalization signal motifs,
including NPXY and GDAY, is the presence of a tyrosine residue at the end of the
tetrapeptide sequence (57, 119). Moreover, tyrosine residues in the mannose-6-phosphate
receptor and in the influenza virus hemagglutinin are also involved in endocytosis, even
though they are not present in the context of NPXY or YXRF consensus sequence motifs.
Therefore, if a universal internalization signal exists, it may not be based on a universal
amino acid sequence (4, 23, 119, 122, 123). It has been suggested that the critical
characteristics of all these sequences might be their specification of a particular
conformation, such as a tight beta-turn in protein structure (124). It also has been suggested
that the Gly920 residue constitutes the important element in conjunction with the Tyr923

residue of the GDAY internalization signal (57). Similarly, the Gly950-Pro951-Leu952-Tyr953

motif has been implicated in internalization of the insulin receptor, in which Gly950 and
Tyr953 residues have been shown to be critical components (125). These authors suggested
that a common internalization motif consists of four amino acids with an aromatic residue,
specifically a tyrosine in the fourth position. It has also been proposed that tyrosine
recognition signals form a small surface loop (126), but one differing in structure from that
proposed by others in terms of the positioning of tyrosine in the loop structure (4, 83).
Earlier studies have provided direct evidence not only that the NPXY sequence in the LDL
receptor forms a beta-turn structure, but that the peptides containing the NPXY motif
assume a reverse-turn conformation with Tyr in the fourth position of the turn (127). The
substitution of Tyr with residues known to be inactive in endocytosis resulted in disruption
of the beta-turn conformation. A similar approach was used to obtain evidence that the
PPGY sequence of the acid phosphatase in the cytoplasmic tail forms a type 1 beta turn with
the Tyr in the fourth position (128). All of these studies indicated that the presence of Tyr in
the fourth position of internalization signals is critical for receptor endocytosis.

Similarly, seven transmembrane G-protein-linked receptors have a homologous motif,
NPXXY. Mutation of this sequence to NPXXA resulted in a complete loss of agonist-
induced receptor sequestration (129, 130). The conserved tyrosine was required for
internalization of vasopressin receptor; the NPXXY sequence represented a general
sequestration motif for seven transmembrane G-protein-linked receptors (120). However,
there are certain exceptions to this rule, for example, the sequence motif YXXF (Tyr-X-Arg-
Phe) in which the critical Tyr residue is included at the amino-terminal first position, and
provides general consensus of YXXphi motifs for internalization of mannose-6-phosphate
receptors, insulin-like growth factor receptors, and transferrin receptors (4, 124, 126).

3.3. Characteristic features and functions of YXXphi-type signal-sequence motifs
The tyrosine-based YXXphi signal motifs, which are found in the carboxyl-terminus
domains of various membrane receptors and membrane proteins, have been extensively
characterized, which participate in the internalization and trafficking processes. The
YXXphi sorting signals direct the targeting of integral membrane proteins by interacting
with the mu1, mu2, mu3, and mu4 subunits of adaptor protein complexes AP-1, AP-2, AP-3,
and AP-4, respectively (4, 7, 76, 131–134). The YXXphi motif was initially identified as a
clathrin-dependent sorting signal in the cytoplasmic tail of the transferrin receptor (83, 124,
135). In the YXXphi signal motifs, Y is the tyrosine residue, X is any amino acid residues,
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and phi is an amino acid residue with large bulky hydrophobic side chains. Many membrane
receptors and membrane proteins contain YXXphi signal motifs, which are used more
broadly than are the NPXY motifs. The YXXphi signal sequences have dual specificity,
such as an endocytic functional motif and direct trafficking within the endosomal and/or
secretory pathways (4, 7, 23, 136–138).

YXXphi motifs are present in the cytoplasmic domains of several transmembrane receptors
and proteins such as transferrin and asialoglycoprotein receptors. The tetrapeptide sequence
YXXphi is the minimal signal motif, which provides trafficking and sorting information to
transmembrane receptor proteins (135). In this tetrapeptide sequence motif, the Y residue is
critical for the signal. In most conditions, it cannot even be substituted for by other aromatic
amino acid residues, since the phenolic hydroxyl group of the tyrosine is essential for
generating the endocytic and trafficking signal. The two X residues are also considered to
contribute to the specificity and potency of the signals for the endocytic and sorting events.
The phi position in the tetrapeptide sequence is thought to accommodate a varying number
of amino acid residues containing bulky hydrophobic side chains (139, 140). It is also
thought that the identity of amino acid residues at the phi position confers the specificities
and properties of the trafficking and sorting signals (139). In certain instances, the YXXphi
signal motifs also direct lysosomal sorting and contain acidic residues at the X position
(140). Furthermore, this tetrameric YXXphi motif may also involve a glycine residue
preceding the tyrosine residue (YGXphi). Substituting alanine in place of glycine interferes
with lysosomal targeting, but does not affect endocytosis (141). The YXXphi signal motifs
with internalization specificity are usually located within 10–40 amino acid residues from
the transmembrane spanning domain, but not at the carboxyl-terminus of the endocytotic
receptors and other membrane proteins (142). Furthermore, the tetrameric YXXphi motifs
for lysosomal targeting are usually located at six to eight amino acid residues from the
transmembrane spanning domain at the carboxyl-terminal of the membrane receptors and
proteins (4, 142).

Thus, it needs to be emphasized that the tetrameric YXXphi signal motifs participate in both
receptor internalization and trafficking, as well as lysosomal targeting of the membrane
receptor and proteins (140, 143, 144). Originally, it was suggested that YXXphi signals are
recognized and interact with AP-1 and AP-2 complexes (132, 145). Thus, it is thought that
most YXXphi signal motifs, characterized thus far function largely as internalization signals.
The AP-2 interacts with tetrameric YXXphi signal motif and signifies its effect in the
internalization process (142). It has been demonstrated that mutations in X residues, which
substantially decrease the interaction with AP-2, have little effect on the internalization
process (146). However, both tyrosine and phi residues are important in internalization and
trafficking events (147). The previous findings have indicated that the presence of a glycine
residue before the critical tyrosine residue of YXXphi signals helps to recognize the
lysosomal membrane proteins (148). It has been suggested that the YSGL motif interacts
with currently unknown intracellular proteins and governs constitutive internalization of
chemokine-CXCR3 receptor protein (149). These results have been supported by the
findings that YXXphi signals such as the YKKL motif within the carboxyl-terminal of other
G-protein-coupled receptors such as the protease-activated receptor-1 (PAR-1), governs the
constitutive internalization in a clathrin- and dynamin -dependent manner, although
independently of the beta-arrestin system (76, 150).

3.4. Characteristic features and roles of dileucine-dependent signal-sequence motifs
Dileucine (LL)-based sequence motifs are known to have a broad range of functions in the
endocytosis and trafficking of various membrane receptors and membrane proteins (4, 151–
154). The dileucine motif is also recognized by AP complexes similar to tyrosine-based
motifs such as NPXY and YXXphi signal motifs, which control the trafficking of various
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membrane proteins involving both endocytic and secretory pathways. Early studies using
deletion analysis determined that the CD3-gamma chain of the T-cell antigen receptor
confers on its ability to be rapidly internalized and delivered to the lysosomes (151). A
segment of the receptor containing DKphiTLL sequence was found to be critical for both
internalization and delivery of receptor to the lysosomes. Nevertheless, both leucine residues
as well as other amino acid residues were dispensable for the function of DKphiTLL motif
in endocytosis and delivery to lysosomes (151). It has also been shown that the deletion of
LLHV and HLLPM amino acid sequences from the carboxyl-terminal regions of
mannose-6-phosphate receptors impaired their trafficking from TGN to endosomes (153,
155).

The LL motif is characterized by four to seven amino acid residues, which precede dileucine
residues. The dileucine residues usually are preceded by a polar residue and a negatively
charged amino acid residue, which may be aspartic acid, glutamic acid, or phosphoserine.
The LL sequence motif is usually context-dependent and it is characteristically surrounded
by polar and/or charged amino acid residues. However, a particular sequence before
dileucine residues is not absolutely required. Although dileucine motifs with acidic amino
acid residues are constitutively active, those LL motifs that contain serine residue are
activated by phosphorylation (152). In certain circumstances, some membrane receptors or
membrane proteins contain more than one dileucine motif; one of the leucine residues can
be substituted for tyrosine-based signal motifs. The LL signal motifs also have a broad range
of functions and several transmembrane proteins contain dileucine-based sorting signals (4,
153, 156). In CD3 and mannose-6-phosphate receptors, dileucine signals correspond to a
distinct class of LL signal that includes [DE] XXXL[LI] and DXXLL motifs. Like YXXphi
motifs, the [DE]XXXL[LI] signals are critical in rapid internalization and targeting to
endosomal-lysosomal compartments. These features of dileucine-type signal motifs suggest
that they can be recognized at the plasma membrane as well as in the intracellular locations
(24, 154, 157).

Interestingly, dileucine motifs usually function in the regulation of protein trafficking in
both endocytosis and the secretory pathway (158, 159). It has also been shown that LL
motifs in the cytoplasmic tail of GABA receptor can act at the level of the TGN to control
the expression of receptor on the cell surface (159). The LL motif present in the amino-
terminus region of glucose transporter 8 (GLUT 8) has been suggested to regulate
intracellular sequestration in various cell systems (160–163). In those early studies, mutation
of the dileucine motif showed increased expression of Glut 8 on the cell surface. The
endocytosis of GLUT 8 by co-expression of the dominant-negative mutant of dynamin,
enhanced the accumulation of transporter on the cell surface and GLUT 8 constantly
recycled between distinct intracellular vesicles and the cell surface via the dynamin-
dependent pathway (162). These results suggested that amino-terminus dileucine motifs in
Glut 8 transporter constitute a docking site that is responsible for endocytic processes.

In fact, the dileucine- and tyrosine-based motifs have been indicated as endocytic signals for
various membrane proteins and receptors (4, 160, 164). Both LL- and tyrosine-based signals
interact with clathrin-associated adaptor protein complexes (APs), which help recruit
membrane proteins into clathrin-coated pits and finally into clathrin-coated vesicles (79).
During endocytosis, AP-2 plays a central function in the formation of clathrin-coated
vesicles. However, the recognition of LL-based signals by adaptor proteins has still not been
well characterized. The earlier studies have shown that certain dileucine motifs bind to mu
subunits of APs, but that some [DE] XXXL[LI] motifs interact with the gamma and sigma1
subunits of AP-1 , as well as with delta and sigma 3 subunits of AP-3 (165–167). On the
other hand, certain LL-based signals may be recognized by additional adaptor proteins such
as a group of clathrin-binding monomeric adaptor proteins (4). Recent studies have
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demonstrated that the LL-based sorting motif in GLUT 8 transporter protein interacts with
the beta2-adaptin subunit of AP-2 clathrin adaptor protein complexes (160). The recruitment
of GLUT 8 within the endocytic machinery seem to be enhanced by direct interaction of the
dileucine sequence motif with beta 2-adaptin, and the endocytosis could be the main step at
which the GLUT 8 transporter is regulated. Similarly, a splice variant of high-density
lipoprotein (HDL) receptor, which is known as a scavenger receptor II (SR-BII), is
internalized via clathrin-containing endocytic vesicles (168). The SR-BII receptors contain
the dileucine motif in the carboxyl-terminal domain, which acts as an endocytic signaling
motif for internalization and sequestration of HDL receptor proteins into intracellular
compartments.

The putative dileucine motif of SR-BII seems to be somewhat unusual, as it carries a serine
residue after the dileucine repeat motif. This motif lacks the preceding acidic amino acid
residues conforming to the well-defined consensus dileucine motifs [DE]XXXL(LI) and
DXXLL (168). Also, numerous studies have found that the original variant of the HDL
receptor, SR-BI, has a function in the endocytosis of HDL, but one involving a nonvesicular
mechanism (169–172). Furthermore, dileucine-based signal motifs have been identified in
various other vesicular transport membrane proteins such as the vesicular acetylcholine
transporter (VAchT), vesicular GLUT 1 (VGLUT1), and tyrosinase (154, 173, 174). In
particular, the dileucine-based motif has been shown to be sufficient for both internalization
and synaptic vesicle targeting during VAchT trafficking and sorting (154).

The dileucine signal motif [D/E]XXXL[L/I] has been shown to function in the
internalization of various membrane receptors and membrane protein molecules (4, 166).
The acidic amino acid residues at position −4 and/or −5 from the first invariant leucine
residue are considered to be critical in endosomal as well as lysosomal targeting. However,
the second leucine residue can be substituted with an isoleucine residue without a significant
loss in targeting function. The dileucine DXXLL signal motifs participate in the recycling of
membrane proteins between the TGN and endosomes (4). In addition, DXXLI motifs have
been implicated in sorting of mannose-6-phosphate receptors from the TGN to the
endosomal system. The retrograde transport from endosomes to the TGN is regulated by
acidic clusters involving different sequences and retromer complex (4, 175, 176).
Nevertheless, some transmembrane proteins contain [D/E]XXXL[L/I] motif and/or YXXphi
signal, both of which have been shown to function in internalization and subcellular
trafficking events. Several [D/E]XXXL [L/I] signal motifs interact and/or bind to mu
adaptins as well as beta subunits of APs (55, 165, 167, 177, 178). Previously, it was
indicated that the complexes of clathrin adaptors AP-1 and AP-2 harbor the dileucine
recognition sit (179, 180). Interestingly, a recent crystallographic study has demonstrated
that the AP-2 adaptor core binds with the dileucine motif of CD4, and has suggested that the
interaction between a dileucine-motif-containing-protein molecule and AP-2 complex is
dynamic in nature (181). Interestingly, The [D/E]XXXL[L/I] motifs also bind to AP-1 and
AP-3, and might be activated by posttranslational modification such as phosphorylation and/
or activation of accessory adaptor protein molecules (166, 182, 183). Furthermore, the
dileucine motifs have also been implicated to function in AP-2-mediated lysosomal targeting
of membrane receptors (184).

The DXXLL-based sorting motifs present in the carboxyl-terminal tail of mannose-6-
phosphate receptors are recognized by ADP-ribosylation-factor (ARF)-dependent clathrin
adaptor proteins, usually referred to as GGAs (Golgi-localizing, gamma-adaptor homology
domain, ARF-binding protein). The GGAs are a family of proteins involved in protein
trafficking from the Golgi to the endosomes and/or lysosomes (4, 185–188). It has been
documented that GGAs display a critical function in packaging of mannose-6-phosphate
receptors into clathrin-coated vesicls in the TGN, which could be regulated by the
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phosphorylation state of GGAs (131, 186, 189). Thus, to ascertain the function of dileucine-
based signals in relation to [D/E]XXXL [L/I] or DXXXL motifs, it should be emphasized
that the former are recognized by heterotetrameric adaptor complexes such as AP-1, AP-2,
AP-3, and AP-4, which later bind GGA adaptor proteins (4, 147, 148, 190–192).

3.5. Characteristic features and functions of other trafficking motifs
In addition to the motifs mentioned above, some other interesting short-sequence motifs play
important roles in the internalization and trafficking processes of several membrane
receptors and membrane proteins. Beta-amyloid precursor protein (beta-APP) contains a
YENPTY sequence motif near the carboxyl-terminus, which directs its internalization (193,
194). After endocytosis, beta-APP is delivered to endosomes and a population of
internalized molecules is recycled back to the cell surface. At the same time a fraction of the
beta-APP molecules is also delivered to the lysosomes for eventual degradation. The
internalization and intracellular sequestration of the newly synthesized glucose transporter 4
(GLUT4) is regulated by both the FQQI and SLL motifs (195). However, after the initial
internalization process from the plasma membrane to the intracellular compartments, the
SLL signal sequence does not seem to be involved in the intracellular routing of the GLUT4
into the specific cellular compartments. It has been reported that the amino-terminal FQQI
motif is required for internalization of GLUT4; however, other studies have suggested that a
combination of additional motifs is also required (196–200). On the other hand, several
other studies have indicated that SLL motifs along with acidic cluster sequence in the
carboxyl-terminal domain are required for both endocytosis and intracellular sequestration
of GLUT4 in insulin-responsive storage compartment (201–203).

The ionotropic P2X4 receptor contains a non-canonical tyrosine-based motif YXXGL,
which is important for internalization and sorting of this receptor protein (204, 205). Site
directed mutagenesis experiments have revealed that mutation of YXXGL motif in the
receptor caused reduction in the internalization and a dramatic increase in the expression of
receptor on the cell surface (205). A five-amino acid residue motif, which is characterized
by GTALL sequence in the carboxyl-terminus tail of leutinizing hormone (LH) receptor
directs the ligand-receptor complexes from a degradative to recycling pathway (206). The
GTALL motif also shows sequence homology to carboxyl-terminus tetrapeptide sequence
motif DSLL, which has been suggested to participate in the internalization of β-adrenergic
receptors (207). Using site-directed mutagenesis, later it was suggested that only the first
two amino acid residues Gly and Thr of the GTALL motif seem to be important for the
recycling of the internalized LH receptor (208). The VXXSL motif has also been shown to
be necessary for the expression of voltage-gated K+ channels (209). The deletion of the
VXXSL motif may contribute to genetic defects in expression of K+ channels. The site-
directed mutagenesis studies have shown that the crucial motif sequence may constitute [V/
L]XXSL and thus leucine residue can be replaced by valine. It was noted that inverting the
sequence of VXXSL motif or replacing the identified residues with alanine can disrupt the
surface expression of the channels (209).

Interestingly, the Gag proteins from human immunodeficiency virus type 1 (HIV-1) as well
as other retroviruses contain short sequence motifs, which promote the interaction with
multi-vesicular bodies (MVBs) and directly interface with the endocytic machinery. HIV-1
Gag contains IL signal, which directs the internalization of Gag into the intracellular
compartments (210). The mutation of Ile and Leu residues to alanine blocked the
internalization of Gag protein. Those previous studies indicated that trafficking of Gag
occurs from the plasma membrane into the MVBs, and also interacts with endosomal
proteins (210–212).
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The transmembrane glycoprotein CD44 is largely localized in the basolateral domain of
polarized epithelial cells and functions as a principal receptor for matrix components such as
glycosaminoglycans (213–215). The basolateral localization of CD44 is modulated by its
carboxyl-terminal domain and the truncation of the carboxyl tail results in the localization of
this protein in the apical membrane (214, 216, 217). The carboxyl-terminal domain of CD44
is highly conserved and is required for its localization in the basolateral membrane (218).
Site-directed mutagenesis experiments revealed that a minimum of 5 amino acid residue
sequence, HLVNK, plays a critical role in the correct localization of CD44 in the plasma
membrane (217). These authors suggested that HLVNK sequence motif plays a dual role
either as a TGN sorting signal for the localization of CD44 in the basolateral membrane or
as an internalization motif necessary for the transcytosis of CD44 in the apical membrane.
Nevertheless, transcytosis usually requires the recruitment of membrane proteins into the
coated pits; however, it has been previously suggested that CD44 does not seem to be
internalized via coated pits either in the basolateral or apical sub-domains of the plasma
membrane (219).

4. CONCLUSIONS AND PROSPECTIVE VIEW
In the recent years, much has been learned about the function and mechanisms of endocytic
pathways responsible for the trafficking and molecular sorting of membrane receptors and
their ligands into intracellular compartments. Substantial evidence supports the notion that
the expression and cellular activity of membrane receptors is accomplished by the insertion
of receptors into the plasma membrane, ligand binding, and the movement of ligand-
receptor complexes through the endocytic pathway via clathrin-coated pits, clathrin-
independent pathways, and/or caveolae into the subcellular compartments. Assessment of
the stoichiometric distribution of the membrane receptors and proteins from the cell surface
to the intracellular compartments has provided the definitive means of directly determining
the dynamics of translocation, trafficking, and redistribution of biologically active receptor
molecules. In this dynamic process, the membrane receptors with bound ligand or activated
membrane proteins are usually rapidly internalized and delivered to the endosomes. Within
the endosomes, the trafficking molecules are either directed to lysosomes, where the ligand-
receptor complexes or membrane proteins are degraded, or recycled back to the plasma
membrane, where the receptors can bind new ligand. It has been established that specific
short-sequence motifs located in the intracellular cytoplasmic domain of various membrane
receptors or membrane proteins govern and promote the internalization, trafficking, and/or
sorting into the subcellular compartments.

This review delineates and provides the current concept of the function of various specific
short-sequence signal motifs, which inherently control the endocytosis, trafficking, and
sorting processes of many membrane receptors or membrane protein molecules. These
processes include the interaction of ligand-receptor complexes, which can govern the rate at
which the receptor traverses the intracellular compartments; the intrinsic regulation of
receptor or protein, which must be adequately processed for appropriate routing in various
subcellular compartments; and protein-protein interactions during the intracellular
trafficking. As a result, the efficient internalization and subsequent intracellular sorting of
cell-surface transmembrane receptors and other membrane proteins is mediated by specific
signal motifs, which usually are present in the cytoplasmic domains of targeted molecules.
The internalization and sorting signal motifs usually are short linear sequences of amino
acids, which are recognized by various interacting proteins and direct itinerant routing
protein molecules to facilitate endocytic and/or biosynthetic products to their intended final
destinations. The internalization and sorting-signal motifs include tyrosine-based sequences
such as NPXY, GDXY and YXXphi, dileucine-based motifs (LL and LL/I), as well as single
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amino acid-specific sequences most often located in the carboxyl-terminal domains of the
targeting membrane receptors or membrane protein molecules.

The specific routing path followed by membrane receptors or membrane proteins may be
cell- and tissue- specific. The cellular regulation and expression of targeted protein
molecules involve intracellular trafficking and movement into subcellular compartments.
However, we still do not fully understand the cellular pathways and routing of receptor
trafficking, as well as the rate at which these proteins traverse the distance into the cell
interior, which influences the specificity and sensitivity of the cells to ligand-receptor
complexes. Similarly, the actions of specific receptor biosynthesis and subcellular assembly
responsible for receptor trafficking and function remain to be determined. It is particularly
important that we continue to define the function of short-sequence motifs in biosynthetic
cargo assemblies and the regulatory actions of these assemblies in receptor endocytosis,
trafficking, sequestration, desensitization/inactivation, down-regulation, and metabolic
degradation of specific membrane receptors or membrane proteins. Indeed, the function of
short-sequence signal motifs in protein-protein interactions among all the trafficking
pathways of specific membrane receptors and proteins remains to be established.
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PTB domain phosphotyrosine-binding domain

PTI domain phosphotyrosine-interacting domain

GC-A guanylyl cyclase-A
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ANP atrial natriuretic peptide
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NPRB natriuretic peptide receptor-B
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Figure 1.
Diagrammatic representation of intracellular pathways of receptor-mediated endocytosis and
trafficking: The ligand binding to specific cell surface receptor leads to a selective
recruitment of ligand-receptor complexes into clathrin-coated pits. The coated pit represents
a small area of the plasma membrane, which invaginates and pinch-off into vesicle in the
cytosol. Coated pits and vesicles also trigger the recruitment of adapter proteins for example
AP-2 and other interacting protein molecules. The caveolin pathway also internalizes the
cargo complex, independent of clathrin-coated pits and the surface of caveolae is coated by
caveolin. Both clathrin- and caveolin-dependent routes require dynamin protein to achieve
the fission of the membrane invaginations and vesicle internalization. The ligand-receptor
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complexes within the cargo entering via the clathrin and caveolin pathways are usually
directed to early endosomes. From the endosomes, the receptors and ligands are sorted to
various subcellular locations, where the internalized molecules are either routed to
degradative compartments such as the late endosomes, and/or lysosomes, or recycled to the
plasma membrane via recycling endosomes. The recycled molecules can participate in
several rounds of endocytosis. Alternatively, the internalized cargo molecules may be
sequestered in endosomes for a longer period of time and continue to spark signaling events.
Some early and late endosomes also contain membrane structures in the lumen, which are
referred to as multi-vesicular bodies (MVBs). The endosome and lysosome system can also
transmit and receive cargo from trans-Golgi network (TGN) involving vesicular
intermediate carriers. The key proteins involved in the trafficking of molecules at different
locations have been indicated such as AP-1, AP-1A, AP-1B, AP-2, AP-4, Dab-1, Esp15,
GGA, PACS-1, and TIP.
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Figure 2.
Requirements of GDAY sequence for Internalization of guanylyl cyclase/natriuretic peptide
in HEK-293 Cells: Mutagenesis of Gly-Asp-Ala-Tyr (GDAY) sequence of guanylyl cyclase/
natriuretic peptide receptor-A (GCA/NPRA) and expression of both wild-type and GDAY/
AAAA mutant receptors in human embryonic kidney-293 (HEK-293) cells. (A) Alanine
substitutions at amino acid residues 918–925. (B) Alanine substitutions indicating two
residues in different combinations in GDAY motif. Confluent HEK-293 cells expressing
either wild-type or mutant receptors were washed twice with 2 ml of assay medium
(Dulbecco’s modified Eagle’s medium containing 0.1% bovine serum albumin) and then
exposed to 125I-ANP at 4˚C for 1 h in the absence or presence of unlabeled ANP. After
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which, the cells were washed four times with assay medium and reincubated in 2 ml of fresh
medium at 37˚C. After 10 min internalization and incubation period, the internalization of
ligand-receptor complexes was quantified. Figure has been reproduced from the previous
publication and has been adapted with the permission (57).
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Figure 3.
Competition binding of 125I-ANP in HEK-293 cells expressing wild-type or GDAY/AAAA
mutant receptors: Confluent HEK-293 cells were cultured in 6 cm2 dishes and incubated in
2 ml of assay medium with 1 nM 125I-ANP and increasing concentrations of unlabelled
ANP at 4 °C for 1 h. Cells were washed four times, each with 2 ml of assay medium to
remove the unbound radioligand, and then dissolved in 1 M NaOH. Specific 125I-ANP
radioactivity was determined in the solubilized cell extract and the binding curves are
derived from the specific binding data. The non-specific binding was determined by using
100-fold excess molar concentrations of unlabelled ANP. The Kd values and receptor
densities (Bmax) were determined from the binding competition and by Scatchard analysis
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of the 125I-ANP binding data. Figure has been reproduced from the previous publication and
has been adapted with the permission (57).
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Figure 4.
Schematic representation of internalization, recycling and intracellular degradation of
membrane receptors in intact cells: The schematic diagram shown postulates the
stoichimetric kinetics of internalization, subcellular sequestration, recycling, and ultimately
metabolic turnover of ligand-receptor complexes from cell surface to cell interior and back
to the plasma membrane. The scheme depicts that after synthesis: a) the receptor is inserted
in the plasma membrane, b) the ligand-receptor complex enters the cell via coated pits, and
c) the complex is processed intracellularly through endosome, lysosome, and/or
chloroquine-insensitive pathways. Sorting of bound ligand-receptor complexes into the
intracellular compartments may occur by i) lysosomal degradative metabolic pathway, ii)
endosomal dissociation metabolic pathway, and/or iii) release through the chloroquine-
insensitive pathway. The cardiac hormone atrial natriuretic peptide (ANP) and its
biologically active membrane receptor have been exemplified. Figure has been reproduced
from the previous publication and has been adapted with the permission (13).
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Table 1

A number of important short-sequence motifs required for internalization and trafficking of various membrane
receptors and membrane proteins

Membrane Receptor/Protein Signal Motifs

Three-Letter
Amino Acid Code

Single-Letter Amino
Acid Code

1. Beta-adrenergic receptor Asp-Ser-Leu-Leu DSLL

2. Beta-amyloid precursor protein Tyr-Glu-Asn-Pro-Thr-Tyr YENPTY

3. CD-Mannose-6-phosphate receptor Tyr-Lys-Tyr-Ser-Lys-Val YKYSKV

4. CD44 His-Leu-Val-Asn-Lys HLVNK

5. CI-Mannose-6-phosphate receptor Tyr-Ser-Lys-Val YSKV

6. Guanylyl cyclase/ natriuretic peptide receptor-A Gly-Asp-Ala-Tyr GDAY

7. GLUT4 Phe-Gln-Gln-Ile FQQI

8. Igp-A/lamp-1 Gly-Tyr-Gln-Thr-Ile GYQTI

9. Igp-B/lamp-2 Gly-Tyr-Glu-Gln-Phe GYEQF

10. LDL receptor Phe-Asp-Asn-Pro-Val-Tyr FDNPVY

11. LH receptor Gly-Thr-Ala-Leu-Leu GTALL

12. Lysosomal acid phosphatase Gly-Tyr-Arg-His-Val GYRHV

13. Mannose phosphate receptor Phe-Glu-Asn-Thr-Leu-Tyr FENTLY

14. Polymeric Ig receptor Tyr-Ser-Ala-Phe YSAF

15. P2x receptor (ATP-gated ion channel) Tyr-Glu-Gln-Gly-Leu YEQGL

16. TGN38 Tyr-Gln-Arg-Leu YQRL

17. Transferrin receptor Tyr-Thr-Arg-Phe YTRF

18. T-cell receptor (CD3) Tyr-Gln-Pro-Leu YQPL

19. Fc receptor Leu-Leu LL

20. MHC class II invariant chain Leu-Ile LI

The degenerate short tetra or hexa peptide sequence motifs usually contain tyrosine or phenylalanine residues, followed by hydrophobic or
aromatic residues. Some sequences also contain acidic residues in conjunction with required tyrosine. Certain membrane receptors make use of the
dileucine-type of signal motifs, which are essential for internalization and trafficking of membrane receptors and membrane proteins into
subcellular compartments. GLUT4, glucose transporter 4; LDL, low density lipoprotein; LH, leutinizing hormone; TGN, Trans-Golgi network
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