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Receptor-mediated endocytosis is a process whereby extracellular
macromolecules and particles gain entry to the intracellular en-
vironment (1-3). This process is common to virtually all eu-
karyotic cells except the mature erythrocyte. Cells use receptor-
mediated endocytosis for a wide variety of functions. The most
obvious of these activities is nutritional but others include host
defense, transport, and processing. Some of these are listed in
Table 1. At least seven broad classes of ligand receptor systems
involve receptor-mediated endocytosis (Table I). In general,
macromolecular ligands bind to specific cell surface receptors
which move to and cluster within specialized regions of the
plasma membrane termed “coated pits” (4). These 0.1-um diam
invaginations of the plasma membrane (5, 6) demonstrate a
characteristic fuzzy cytoplasmic border when viewed in the
transmission electron microscope (Fig. 1). This cytoplasmic coat
is composed of a family of proteins with the major species having
a molecular weight of 180,000 D, termed “clathrin” (7). In ad-
dition, these coat proteins generally include a pair of polypeptides
of 33,000-35,000 D (referred to as clathrin light chains), a group
of proteins of 100,000-110,000 D, a 50,000-D phosphoprotein,
and the variable presence of a 56,000 D protein (most probably
tubulin) (8). In vitro and presumably in vivo, clathrin proteins
self-assemble into a structure containing three heavy and three
light chains. This structure has been termed a triskelion, denoting
its three-legged appearance (9). When viewed as a rapid-freeze
etched image under the scanning electron microscope, the coated
pits and their progeny, the coated vesicles, appear as a cagelike
structure composed of a polygonal lattice of hexagons and pen-
tagons (10) (Fig. 2). The arrangement of the clathrin triskelions
in cages is suggested by the shape and lengths of the arms, which
appear to span two sides of the lattice. In all observed cage struc-
tures, three edges join at a vertex. Thus the assembly and packing
of clathrin into the hexagons and pentagons may be analogous
to the situation in spherical viruses (8, 11). In general, coated
pits comprise 1-2% of the plasma membrane surface area of
most cells (although certain types may contain much larger pro-
portions).

Once receptors are bound with their appropriate ligands
within the coated pits, the pits pinch off from the plasmalemma
and become coated vesicles (50-150-nm diam) (12). This
process of coated vesicle formation is simultaneous with the loss
of ligand and receptor from the cell surface (i.e., internalization).
Coated vesicles contain an abundance of both receptors and
structural proteins. Receptors appear to randomly reside among
the coated pits (13). Current data suggest that some coated pits
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exist deep within the cytoplasm and are physically attached to
the plasma membrane by a thin membraneous connection (14).
This structure, however, appears to be impermeable to large as
well as small molecules. Thus, for all practical purposes, these
coated structures define a vesicular domain separate from either
the extracellular environment or the cell cytoplasm.

Coated vesicles appear to be evanescent structures. Once the
coated pits have severed their connections with the extracellular
milieu, there is rapid disassembly of the clathrin coat and in-
creased availability of disassembled clathrin within the cytoplasm
(15). The disassembly and uncoating feature appears to be me-
diated by an ATP-dependent enzyme of 70,000 D, which results
in a stoichiometric complex of this uncoating ATPase and tri-
skelions (16). The resultant smooth-surfaced uncoated vesicles
together with their contents of ligands and receptors are now
delivered to the endosomal compartment (17). Several major
questions regarding internalization of receptor ligand complexes
remain unanswered: (¢) What information is present in the re-
ceptor molecule that causes it to cluster in the plane of the mem-
brane over the coated pit? (b) What is the signal for decoating
to commence? (c) Are there molecules present in the membranes
of uncoated vesicles which mediate recognition and fusion
events? (d) Is clathrin reutilized?

The endosomal compartment is composed of a network of
tubules and vesicles which may form a reticulum within the
peripheral cytoplasm of the cell (18-20). This complex structure
is the compartment in which many ligands dissociate from their
receptors and in which many receptors sort from one another.
This group of structures has been termed endocytotic vesicles,
endosomes, receptosomes, and compartment of uncoupling re-
ceptor and ligand (CURL).! This intracellular compartment is
similar but not identical in various cell types. For example, in
fibroblasts, individual units may exist, whereas in the highly
polarized hepatocyte, there appears to be both a peripheral and
a deeper (or Golgi-associated) CURL. Whether the peripheral
and deep CURL are interconnected remains to be established.
Both the endocytotic compartment (21, 22) as well as the coated
vesicles which deliver the ligand/receptor contents are acidified
by proton pumps that reside within the membranes of the re-
spective compartment(s) (23). The acidic nature of the endo-
somal compartment, which was first demonstrated by Tycko
and Maxfield (24), appears to be responsible for the dissociation
of most ligands and receptors and thus plays a central role in
directing various ligands and receptors to their appropriate des-
tinations. The requirement for acidification explains the effects
of weak bases which have been known for some time to block
receptor-mediated endocytosis (25) and to protect cells against

1. Abbreviations used in this paper: CURL, compartment of uncoupling

receptor and ligand; EGF, epidermal growth factor; PDGF, platelet-de-
rived growth factor.
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Table I. Classes of Receptor Ligand Systems

Ligand Receptor Cell types References
Cell nutrients LDL (cholesterol) LDL-R all 70
transferrin (iron) transferrin-R all 71-72
vitellogenin vitellogenin-R egg 73
transcobalamin (B,,) TC-II-R all 74
Growth factors and hormones insulin insulin-R adipocyte I
hepatocyte 76
EGF EGF-R epithelial 77-78
PDGF PDGF-R epithelial 79-80
luteinizing hormone/follicle-stimulating hormone/ gonadotropin-R gonadal 81
human chorionic gonadotropin
Viruses influenza ? 82-83
Toxins diphtheria ? 27, 84
pseudomonas exotoxin ? 27
ricin ? 27
Protein clearance systems mannosylated proteins mannose-R macrophage 85
asialoglycoproteins ASGP-R hepatocyte 86-87
a-2-macroglobulin-protease a-2M-R fibroblast 88
macrophage
Fc Fc-R macrophage 34
modified lipoproteins scavenger-R macrophage 89
Transcellular systems IgA IgA-R epithelial 61
1gG IgG-R gut epithelial 62
Protein processing antigen (lysozyme) Ia macrophage 90
lysosomal enzymes M-6-P-R fibroblast 91-92
f-met-leu-phe chemotactic peptide-R granulocyte 93
parathyroid hormone PTH-R macrophage 94-95

diphtheria toxin and certain viruses. Ligands, such as influenza
virus, penetrate into the cell cytoplasm following pH-mediated
fusion of their coat proteins with the limiting membrane of the
sorting compartment (26). Toxins, such as diphtheria toxin and
ricin, also appear to gain access to the cytoplasmic compartment
by penetrating the endosomal membrane (27). Ricin, a plant
toxin consisting of two polypeptide chains connected by disulfide
bonds, binds receptors through its B chain while the A chain
traverses the membrane. Diphtheria toxin operates by a similar
mechanism except that the endosomal pH gradient is required
for toxin translocation. The proton pump responsible for acid-
ification is present in endosomal membranes. The pump is elec-
trogenic and operates most efficiently in the presence of a per-
meant anion (e.g., C17). There may be anion channels present
in endosomal membranes. It is also likely that a carrier for Fe*?
is present in endosomal membranes because transferrin, which
is rapidly internalized, releases its iron upon acidification. Apo-
transferrin remains receptor-bound and recycles with its receptor
back to the cell surface (28-30) while the released Fe*? is in-
corporated into cytosolic proteins. A major question, apart from
how the proton pump operates, is whether the pump is a per-
manent resident of endosomal membranes or whether it recycles
to and from the cell surface. The evidence, although indirect,
would favor the latter. A second question is whether the endo-
somal pump and lysosomal pump are one and the same or dif-
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ferent molecules. Recent evidence suggests that the two may be
different (31).

The uptake of ligand into cells via a variety of receptor sys-
tems often proceeds linearly with time over extended periods,
even in the absence of protein synthesis. It is now appreciated
that the receptor molecules for most of these systems recycle
back to the cell surface from the acidic intracellular compart-
ments. This then allows a single receptor molecule to direct the
cellular uptake of up to 300 ligand molecules per lifetime (32-
33). Many receptors (e.g., low density lipoprotein [LDL], trans-
ferrin, and asialoglycoprotein) are efficiently recycled, whereas
others such as the insulin receptor or Fc receptor recycle much
less efficiently (34). The recycling of the virus and toxin receptors
is not defined at present. A complete cycle can occur in as little
time as 8-10 min (32, 33, 35). Physiologically, this may have
enormous consequences. For example, during development, a
single avian oocyte may accumulate more than 1 g of protein
per day (36). »

Recently it has been shown that some internalized receptor-
ligand complexes remain associated and return to the surface
intact. These complexes are capable of dissociating but appar-
ently never enter an acidic compartment (37). Recycling of ligand
molecules such as this has been demonstrated for mannosylated
proteins (38), asialoglycoproteins (39), and LDL (40). This pro-
cess, also termed retroendocytosis or diacytosis, delivers unde-



Figure 1. Transmission electron micrograph of hepatic parenchymal cell demonstrating coated pit. An endothelial cell lies to

the right of the hepatic parenchymal cell. (Courtesy of Dr. H. J. Geuze).

Figure 2. A freeze etch view of the inside of
a fibroblast plasma membrane showing a
forming coated vesicle. The characteristic
basketlike structure is shown. (Reprinted
from Heuser and Evans [10]).
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Figure 3. Model for receptor-mediated endocytosis. L1-L4 and R1-
R4 refer to different ligands and their corresponding cell surface recep-
tors. Receptor ligand complexes are rapidly internalized into an intra-
cellular sorting compartment referred to as CURL (see text). The
compartment is acidic and contains an electrogenic proton pump
along with an anion (A~) channel or transporter. Some ligands (L;)
(e.g., asialoglycoproteins and mannosylated glycoproteins) are sepa-
rated from their receptors under acidic conditions. Others (L;) (e.g.,
transferrin and IgG) remain bound to their receptors under acidic con-
ditions. Both R, and R; are segregated and rapidly recycled to the cell
surface. In polarized cells, receptor ligand complexes (R,-L,) may tra-
verse the cell. Ligands, such as hormones (L;) (e.g., insulin and EGF),
may move with their receptors to multivesicular endosomes and then

to secondary lysosomes where degradation occurs. Receptor degrada-
tion may be involved in hormone signalling. Still other ligands (L,)
(e.g., diphtheria toxin) may traverse the membrane and enter the cyto-
plasm under the acidic conditions of CURL.

graded ligand back to the cell surface. The physiologic function
of this alternative pathway, if one exists, is not certain at present.

The signals which govern receptor recycling lie both with
the ligand as well as within the receptor. Receptors will internalize
and recycle in the absence of their ligand but often at a slower
rate (“constitutive recycling”) (41-43). Ligand binding to re-
ceptors may trigger one of many regulatory events. Binding of
insulin (44), epidermal growth factor (EGF) (45), and platelet-
derived growth factor (PDGF) (46) to their respective receptors
initiates both autophosphorylation of the receptor molecule (on
its cytoplasmic tail) and internalization. Phosphorylation of
transferrin receptor (47) also may signal receptor movement al-
though the ligand, transferrin, does not appear to regulate this.
The adrenergic receptor is phosphorylated and this modification
correlates with loss from the cell surface (presumably intracellular
sequestration) (48, 49). The phosphorylation state and regulation
of many other recycling receptors are currently being investi-
gated.

The structure of the receptor molecules may confer cellular
signals for internalization and/or recycling. The primary amino
acid sequence is now known for at least six receptors involved
in receptor-mediated endocytosis (LDL receptor [50], EGF re-
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ceptor [51], asialoglycoprotein receptor [52, 53], insulin receptor
[54, 55], IgA receptor [56], and transferrin receptor [57, 58]).
There does not appear to be any substantial similarity between
any two receptors in terms of orientation in the membrane,
primary sequence, or modification. Nonetheless, study of human
genetic mutants of the LDL receptor has begun to shed consid-
erable light on the role of receptor structure and function. For
example, it has been found that the LDL receptor, when syn-
thesized without its cytoplasmic tail or transmembrane portion,
is secreted and thus is not capable of internalization (59). Sim-
ilarly, deletion mutations or single amino acid mutations in the
cytoplasmic tail of the receptor also result in absence of LDL
receptor internalization (60).

Additional sorting cues appear to be involved in the receptor-
mediated endocytosis, uptake, and transcellular passage of IgA
(61) or IgG (62) in epithelial cells including the neonatal gut.
IgA, when bound to its receptor at the blood front (basolateral
cell surface), is endocytosed together with its receptor and tar-
getted to the apical cell surface, where the IgA is secreted co-
valently bound to the extracytoplasmic portion of its receptor
(i.e., secretory component). A major unanswered question is
how receptors are clustered and sorted within the endocytotic
CURL compartment for transport to the cell surface. Is clathrin
involved and is this targetting process similar to clustering on
the surface? Is membrane potential involved in receptor clus-
tering? Is transient chemical modification, e.g., phosphorylation
or acylation, of the receptor molecule involved? Some receptors,
e.g., EGF-R, appear not to recycle and are “down-regulated” in
response to ligand. Others, such as transferrin receptors, are
down-regulated when cells do not require ligand. In the case of
transferrin, down-regulation occurs when cells have sufficient
iron stores or when the need for iron is reduced, e.g., following
maturation of a reticulocyte into an erythrocyte. What is the
fate of receptors which are down-regulated? Experiments with
ligand bound to gold colloid or ferritin indicate that such en-
docytosed markers pass through CURL and then reside tem-
porarily in multivesicular endosomes. Receptors that are tar-
getted to lysosomes may be selectively invaginated into the mul-
tivesicular endosome which ultimately fuses with primary or
secondary lysosomes. An interesting variant of this kind of
mechanism has been found with reticulocytes bearing transferrin
receptors. When reticulocytes mature into erythrocytes, trans-
ferrin receptors are “down-regulated”. With each passage through
the normal transferrin receptor cycle, a certain number of re-
ceptors pass into multivesicular endosomes. Normally, these
structures would be expected to fuse with secondary lysosomes;
however, in the reticulocyte, for reasons yet unclear, multives-
icular bodies which contain transferrin receptors fuse with the
plasma membrane (63-64). The released blebs which can be
recovered contain sufficient transferrin receptors to account for
down-regulation. How transferrin receptors are selectively culled
away from the normal recycling pathway is unknown.

Thus, following internalization, receptors appear to follow
multiple pathways in cells (Fig. 3). The pathway may vary de-
pending upon the structure of the receptor and the cell type
involved. Understanding these pathways and elucidation of their
mechanisms has already shed new light on the structural bases
for inherited disorders (60, 65), the phenomenon of drug desen-
sitization (66), and hormone-mediated down-regulation (67). It
is likely that continued development in this area will have an



impact in therapeutics by providing a basis for site-directed tar-
getting of immunotoxins (68) and drugs (69).
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