
Endocytic membrane traffic in mammalian cells has an
essential role in delivering membrane components,
receptor-associated ligands and solute molecules to
various intracellular destinations. Until recently, the
models that described endocytic routes were relatively
simple, with the main pathways thought to lead to
degradation in lysosomes or recycling back to the
plasma membrane. Polarized epithelial cells also had
another branch point that led to TRANSCYTOSIS across the
cell. We now understand that endocytic trafficking
pathways are more complex and multifunctional than
the earlier simple models. Understanding the details of
these pathways is essential for analysing many normal
cellular processes. These complex itineraries also have
important roles in the intracellular targeting of thera-
peutic agents and in determining the intracellular fates
of pathogens and toxins. In this review, we describe the
main pathways and functions of endocytic recycling,
and summarize briefly the molecular mechanisms that
underlie these processes.

There are several mechanisms for internalizing mol-
ecules from the cell surface (FIG. 1). The most well-
understood endocytic process — receptor-mediated
endocytosis — involves the internalization of receptors
and their ligands by clathrin-coated pits1. Many of the
ligands are subsequently degraded in late endosomes or
lysosomes, whereas many of the receptors are re-used
up to several hundred times. This recycling of receptors
back to the plasma membrane was one of the first
characterized examples of recycling in a membrane-
trafficking pathway — a phenomenon that has now
been documented for many other steps of membrane
trafficking in both biosynthetic and endocytic pathways.
These recycling pathways are essential for maintaining

the proper composition of various organelles and for
returning essential molecules that carry out specific
functions to the appropriate compartments. It is now
appreciated that there are many different forms of
endocytosis and that there are complex and intercon-
nected pathways that can carry molecules to various
destinations within the endosomal system. This abun-
dance of compartments and pathways challenges our
ability to understand how the system operates to regu-
late the amount of various molecules in each compart-
ment. A schematic diagram of endocytic membrane
transport pathways that occur after receptor-mediated
endocytosis in non-polarized cells is shown in FIG. 2. In
this review, we focus on the recycling pathways that
start with clathrin-coated-pit internalization. However,
it should be noted that several of the non-clathrin-
coated-pit internalization pathways fuse with these
pathways2–5. A new type of membrane recycling that is
based on functional sequestration in invaginations of
the plasma membrane is also discussed briefly at the
end of the review.

In addition to maintaining the homeostatic regula-
tion of molecules in each of the compartments, the
transport rates of membrane trafficking can be altered
in response to signalling mechanisms to increase or
decrease the surface expression of molecules. Examples
of this regulation include a decrease in the surface
expression of many signalling receptors in response to
stimulation by their ligands (receptor downregula-
tion), or an increase in the surface expression of glu-
cose transporters in response to insulin. As discussed
below, the changes in vesicular transport rates that
underlie the changes in surface expression can be
brought about either by changing the trafficking of
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After endocytosis, most membrane proteins and lipids return to the cell surface, but some
membrane components are delivered to late endosomes or the Golgi. We now understand that
the pathways taken by internalized molecules that eventually recycle to the cell surface can be
surprisingly complex and can involve a series of sorting events that occur in several organelles.
The molecular basis for many of these sorting processes is only partly understood.
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TRANSCYTOSIS

The process in which materials
are transported across a
polarized cell by internalization
from one membrane domain
(for example, the basolateral
membrane), passage through
the endosomal/recycling system
and eventual delivery to the
other domain (for example, the
apical membrane).
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SORTING ENDOSOMES

Tubular–vesicular structures
that receive direct input from
coated-pit-derived endocytosis.
They have a key role in sorting
material for recycling or
degradation.
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Understanding endocytic recycling requires a
description of the various endocytic compartments, an
analysis of the transport pathways that link these com-
partments, characterization of the molecules that deter-
mine the properties of the compartments, and an
understanding of how the properties of an individual
cargo molecule determine its sorting at various branch
points in the trafficking route. At present, we have only a
partial understanding of these parameters. Much of
what is known at the molecular level about how pro-
teins are transported between membrane compart-
ments is derived from studies of transport through the
biosynthetic system and internalization at the plasma
membrane. Models that were developed from studies of
these pathways provide a framework for understanding
endocytic recycling at a molecular level. Discontinuous
transport between any two stable membrane compart-
ments involves several common features. These
include concentration of the cargo molecules to be
transported, formation of a transport intermediate
that is enriched in the cargo molecules, and fusion
with the proper target membrane compartment.
Studies of various transport processes have led to the
identification of proteins that control these different
steps (BOX 1), and the general molecular mechanisms
of vesicle formation, targeting and fusion have been
reviewed elsewhere (see REFS 11–16).

Organelles and endocytic recycling pathways
It is important to understand the basis, and limitations
of, models such as that shown in FIG. 2. First, the path-
ways shown are the main routes taken by certain mole-
cules. It is probable that none of the sorting mechanisms
is 100% efficient, so molecules will always be found, to
some extent, in alternative pathways. Second, all of the
compartments are dynamic, and it is probable that no
molecule is permanently resident in any compartment.
This is either because the individual molecules are trans-
ported into or out of the compartment through
transport vesicles, or because the compartment itself
changes over time (often referred to as ‘maturation’).
These properties make defining and identifying
organelles problematic. For example, many organelle
(or compartment) ‘resident’ proteins are, in fact, trans-
ported out of their main sites and are returned there by
various recycling (retrieval) pathways. This means that
the resident proteins actually move between many
organelles, and their average distribution is determined
by the net balance of transport into and out of each of
these organelles. A second problem is that many
organelles are actually not stable over time. For example,
as discussed below, SORTING ENDOSOMES mature into late
endosomes, and if there are any resident components of
sorting endosomes at all, they reside in less than 1% of
the volume of the compartment17. So, all — or nearly all
— of the properties of these endosomes are derived
from proteins and lipids that are delivered to it during
its brief lifetime.

The lack of truly resident proteins means that
there are generally no single, unique markers that can
be used to define an organelle. Instead, organelles can be

individual molecules or by changing the behaviour of
entire organelles.

Endocytic recycling is also essential for maintaining
the distinction between apical and basolateral mem-
branes in polarized cells6. In fact, in hepatocytes, most —
but not all — newly synthesized apical membrane pro-
teins are first delivered to the basolateral membrane and
are subsequently delivered to the apical membrane by
endocytic routes7–9. In all epithelia, the correct return of
most proteins to the membrane from which they were
removed is essential for maintaining the membrane-pro-
tein composition of the apical and basolateral plasma
membranes. At the same time, a few molecules — such
as immunoglobulin receptors — must be transcytosed
efficiently after endocytosis. These extra sorting require-
ments in polarized epithelia require further sorting
mechanisms, which are reflected both in the different
properties of the endocytic organelles and in the differ-
ent molecular mechanisms that direct the trafficking of
individual molecules10.

Figure 1 | Modes of internalization. Several types of plasma-membrane deformation give rise
to the formation of sealed endocytic compartments, and the most well-characterized of these
begins with clathrin-coated-pit formation (BOX 1). However, in many cultured cells, as much as
half of the uptake of membrane and fluid can be by non-clathrin mechanisms. These non-clathrin
processes are generally more difficult to study, because they might not be concentrative and
often lack specific markers. Ruffling of membranes can lead to the formation of large endocytic
compartments (macropinosomes) when the tip of the ruffle fuses back with the plasma
membrane. This process generally occurs infrequently, but it can be stimulated by growth factors
and other agents129. Caveolae are 55–60-nm invaginations at the cell surface130 that are often
coated with the protein caveolin. Under certain conditions, caveolae can pinch off to form
vesicles, but this process also seems to be infrequent in unstimulated cells131. Phagocytosis is the
uptake of relatively large particles (300 nm to several µm in diameter) by an actin-dependent
process132. This process occurs most robustly in specialized cells such as macrophages, but
most cells are capable of low levels of phagocytosis. In macrophages, large diameter (up to 2 µm)
tubules (STEMs; surface-connected tubules entering macrophages) bud into the cytoplasm, and
these have a role in the uptake of large lipoprotein particles133. It should be noted that there are
further uptake mechanisms, such as non-clathrin-coated-pit uptake, for which markers are
lacking at present134. Modified with permission from REF. 1 © (1997) the American Physiological
Society.
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are delivered (FIG. 2). So, an organelle that is filled with
these ligands after a one- or two-minute incubation is
almost certainly a sorting endosome. It should, how-
ever, be noted that it is usually necessary to use more
than one characteristic to classify an endocytic organelle
experimentally.

The nomenclature for the endocytic system has not
been fully standardized — partly because of the difficul-
ties involved in developing simple ways to characterize
the organelles experimentally. The commonly used
term ‘early endosome’ actually describes two distinct
endosomal organelles — the sorting endosome and the
ENDOCYTIC RECYCLING COMPARTMENT (ERC; FIG. 2) . These
organelles are distinct, and throughout this review we
avoid using the general term early endosome and
instead use sorting endosome or ERC. Late endosomes
are endocytic organelles that no longer receive a direct
input of vesicles that have pinched off from the plasma
membrane, and are not on the main endocytic recy-
cling route. They are also a heterogeneous collection of
compartments with different properties, and the func-
tional consequences of this heterogeneity are not well
understood.

Sorting at sorting endosomes
At the plasma membrane, transmembrane proteins are
concentrated in clathrin-coated pits because they have
sequence motifs in their cytoplasmic domains that inter-
act with elements of the clathrin-coated pit (BOXES 2,3).
Therefore, the targeting of plasma membrane proteins
for rapid internalization through clathrin-coated pits is
based on protein–protein signal recognition. As dis-
cussed below, the predominant sorting mechanism in
the sorting endosome is based more on organelle geom-
etry than on the recognition of a specific sorting motif
in the cargo proteins.

Geometry-based sorting. After shedding their clathrin
coats, newly formed endosomes fuse with one another
and with pre-existing sorting endosomes. Sorting endo-
somes are peripherally located, tubular–vesicular struc-
tures that have a lumenal pH of ~6.0 (REFS 18,19). Sorting
endosomes accept incoming material for only about
5–10 minutes. After this time, they translocate along
microtubules, stop fusing with newly endocytosed vesi-
cles and become more acidic. They also start to acquire
acid hydrolases and take on the properties of late endo-
somes. These changes in sorting endosomes are referred
to as maturation.

The sorting endosome is the first main branch point
in the receptor-mediated endocytosis pathway and, as
its name implies, an important function of the sort-
ing endosome is to target molecules to their correct
destinations. There are three known destinations
after the sorting endosome — the plasma membrane,
late endosomes and the ERC (FIG. 2). As a conse-
quence of the low pH in the lumen of the sorting
endosome, many ligands are released from their
receptors and mix with internalized solute
molecules1. The uncoupling of receptors from their
ligands is the first step in endocytic sorting. As a result

identified that are relatively enriched in a collection of
proteins, even though each of these proteins is also
found in other compartments. These proteins might be
involved in the functions of the organelle (for example,
proteins that control vesicle docking and fusion) or they
might be cargo proteins (such as receptors or their lig-
ands). Organelles can also be classified on the basis of
their functional properties. For example, sorting endo-
somes are the first discernible organelles to which inter-
nalized transferrin and low-density lipoprotein (LDL)

ENDOCYTIC RECYCLING

COMPARTMENT

(ERC). A component of the
endocytic recycling system.
A large fraction of recycling
membrane components pass
through the ERC, which is
mainly composed of narrow
diameter tubules. In some cells,
the ERC is organized around the
microtubule-organizing centre.

Figure 2 | Endocytic recycling pathways. The model shows the post-endocytic itineraries of
several molecules. The transferrin receptor binds its ligand, diferric transferrin; the low-density-
lipoprotein receptor (LDLR) binds low-density lipoprotein (LDL); and the cation-independent
mannose-6-phosphate receptor (CI-MPR) binds lysosomal enzymes. All of these membrane
proteins concentrate into clathrin-coated pits, and their initial delivery site is sorting endosomes.
The transmembrane proteins furin and trans-Golgi network (TGN)38 also enter through clathrin-
coated pits. Most membrane proteins rapidly exit sorting endosomes and are either returned
directly to the plasma membrane or are transported to the endocytic recycling compartment (ERC).
Furin is retained in the sorting endosome as the sorting endosome begins to mature into a late
endosome, and furin is delivered to the Golgi from late endosomes. From the ERC, essentially all
of the LDLRs and transferrin receptors recycle to the cell surface. Transferrin, unlike most other
ligands (for example, LDL), is not released from its receptor in the acidic environment of sorting
endosomes. The two irons (Fe3+) are released from diferric transferrin at the acidic pH and
transported into the cytoplasm, but iron-free transferrin remains bound to its receptor until it is
returned to the cell surface. At the neutral extracellular pH, iron-free transferrin is released from the
receptor. About 80% of the internalized TGN38 and CI-MPR also returns to the cell surface, and
the rest is delivered to the TGN. The CI-MPR can go from the TGN to late endosomes, where any
ligand that is still bound can dissociate as a result of exposure to low pH. From the late
endosomes, furin and free CI-MPR can move to the TGN, and molecules in the TGN can be
delivered back to the cell surface . It is uncertain whether CI-MPR and furin are transported in the
same or different vesicles between the TGN and late endosomes. The t1/2 values are approximate
and cell-type dependent. They are based on the papers that are cited in the text. Modified with
permission from REF. 61 © (2003) the American Society for Cell Biology. 
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of maturation of the sorting endosome, these soluble
molecules, and a subset of membrane proteins and
lipids, are ‘delivered’ to late endosomes without actually
leaving the lumen of the organelle. This provides an effi-
cient means of delivering soluble components to the late
endosome without requiring a mechanism for concen-
trating the soluble proteins, as would be the case if the
soluble content moved from sorting endosomes to late
endosomes using a transport intermediate.

In the period of time before the maturing sorting
endosome translocates to the centre of the cell, most
recycled molecules are removed rapidly and efficiently. It
is believed that most of the membrane is removed by the
pinching off of narrow-diameter tubules17,20. The sur-
face-area-to-volume ratio of the tubules is greater than
that of the vesicular portion of the sorting endosome,
therefore the pinching off of tubules preferentially sorts
recycled membrane from the soluble molecules.
Consequently, in the absence of specific targeting infor-
mation, a membrane protein that has been internalized
into endosomes will be transported from the sorting
endosome with the bulk of the membrane. By con-
trast, as discussed below, the delivery of membrane
proteins to late endosomes requires specific targeting
information. So, the first step of endocytic sorting is
based largely on the geometry of sorting endosomes
(FIG. 3), and a membrane protein that is internalized
into an endosome will generally be diverted away from
late endosomes.

The maturation of sorting endosomes to late endo-
somes has been extensively studied in Chinese hamster
ovary (CHO) cells. In these cells, sorting endosomes
have a half-life of about 8 minutes, during which time
they continually receive newly endocytosed molecules
from the surface (by fusion with newly formed endo-
somes) and export recycling molecules by the fission of
tubules. For transferrin receptors and some fluorescent
lipid analogues, it has been shown that exit from the
sorting endosomes has a t

1/2
of 2 minutes or less, and

more than 95% of these molecules are removed from
the sorting endosomes before they mature17,20 (the
overall recycling efficiency for transferrin receptors is
greater than 99%). In this model, the overall efficiency
of sorting membrane from the soluble components is
determined by the amount of membrane in the
tubules and the iteration of the sorting process, with
several endosomes fusing with, and tubules pinching
off from, the sorting endosome before it matures to
form a late endosome.

The molecular mechanism of maturation and the
regulation of the timing of maturation are not fully
understood. The fusion of coated-pit-derived primary
endocytic vesicles with sorting endosomes is regulated
in part by Rab5, early endosome antigen 1 (EEA1) and
SNAREs21–23 (BOXES 1,4). Microtubules are required for the
‘delivery’ of molecules from sorting endosomes to
late endosomes24. Changes in the fusion compatibility of
endosomes (that is, the start of maturation) occur at
approximately the same time as the pH drops by about 0.5
units. Bafilomycin A1 — a vacuolar H+-ATPase inhibitor
— slows the progression from sorting endosomes to late

Box 1 | Clathrin-coated-vesicle formation at the plasma membrane

The formation of endosomes exemplifies the general process of vesicle formation. The
first step is the recruitment of the clathrin adaptor protein 2 (AP2) and clathrin to
the plasma membrane (see step 1 in the figure). The ARF6 GTPase might have a
regulatory role in this recruitment82. Adaptor proteins bind to coat proteins and to
specialized motifs in the cytoplasmic domains of membrane proteins, thereby linking
specific cargo to sites of coat assembly. Receptors link soluble extracellular ligands to
the site of cytoplasmic coat assembly by interacting with the adaptor proteins 
(step 2).

The pinching off of the clathrin-coated domain requires the action of accessory
proteins (steps 3 and 4). These include, but are not limited to, epsins and endophilin
(proteins that are thought to induce the bending of the membrane that is required
for vesicle budding)83–85, dynamin (a protein that is required for the fission of a
vesicle from a donor membrane)86, and amphyphisin, which binds endophilin,
clathrin, adaptor proteins and dynamin87,88. Epsins and epsin-homology-domain
proteins link certain receptors to coat complexes89. Many of the proteins that are
required for the formation of vesicles bind to phosphoinositides and, consequently,
lipid kinases and phosphatases have an important role in vesicle formation. Vesicle
formation has been reviewed elsewhere (REFS 11–16).

The coat is removed by an energy-consuming mechanism (step 5), which allows the
coat, the adaptor proteins and other proteins that are involved in vesicle formation to
be recycled90,91. The newly formed endosomes fuse with one another and with pre-
existing sorting endosomes in a process that requires SNARE and Rab proteins 
(step 6)92.

Vesicle formation and fusion along the endocytic pathway probably requires
assemblies of proteins that are similar to those involved in clathrin-coated-vesicle
formation. For example, there is evidence that a dominant-inhibitory dynamin
mutant inhibits transferrin-receptor cycling, which highlights a requirement for
dynamin in the formation of recycling vesicles93,94. The SNARE protein cellubrevin
(VAMP3) is required for the fusion of transferrin-receptor-containing vesicles with
the plasma membrane95. Several Rab proteins have also been shown to have a role in
specific steps of endocytic trafficking (see BOX 2).
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domain, which ultimately functions as a signal for tar-
geting the protein to invaginated membranes in late
endosomes/lysosomes. Ubiquitin is a 76-amino-acid
protein that can be covalently linked to lysine residues,
and ubiquitylation was first described as a mechanism
for targeting cytosolic proteins for degradation by the
proteasome. The details of ubiquitylation in mem-
brane-protein targeting are beginning to emerge, with
one important finding being that HRS (hepatocyte-
growth-factor-regulated tyrosine kinase substrate)
links ubiquitylated receptors to flat clathrin lattices in
endosomes28. This interaction might be important
for retaining ubiquitylated receptors in maturing endo-
somes, which would lead to their delivery to late
endosomes. In yeast, in a second sorting step, the
ESCRT (endosomal sorting complex required for
transport) protein complexes have been shown to rec-
ognize and sort ubiquitylated proteins for delivery to
the vacuole/lysosome lumen, and they use a mecha-
nism in which the limiting membrane of the endosome
invaginates into the late endosome29,30. It is probable
that a similar mechanism functions in mammalian
cells. So, ubiquitylation is a protein modification that
can regulate membrane-protein targeting. Furin and
some other membrane proteins are targeted to late
endosomes by a distinct mechanism, and furin traffick-
ing is discussed in a later section.

Transport to the plasma membrane. There are two
main routes back to the cell surface from sorting endo-
somes. Some recycling molecules are delivered directly
back to the plasma membrane and others are delivered
to a long-lived organelle — the ERC (FIG. 2). For some
fluorescent lipid analogues, about half of the molecules
in the sorting endosomes go back to the cell surface
through the direct return pathway with a t

1/2
of 2 min-

utes or less, and the rest go through the ERC31.
However, for technical reasons, it is difficult to analyse
the rapid recycling of membrane proteins, and it is not
known what fraction returns to the surface using the
direct route. In some experiments, the direct return of

endosomes and then to lysosomes25,26, which indicates
that changes in pH might be required for some of these
transformations.

Transmembrane-protein transport to late endosomes.
The targeting of transmembrane proteins to late endo-
somes/lysosomes from sorting endosomes has been
described for signalling receptors and, in this context, it
functions to terminate signalling, as well as to make the
cells unresponsive to further signal input until a new
complement of receptors has been synthesized27. The
first step in targeting a membrane protein for downreg-
ulation is often the ubiquitylation of its cytoplasmic

SNAREs

(soluble N-ethylmaleimide-
sensitive fusion protein (NSF)
attachment protein (SNAP)
receptors). SNARE proteins
function in cognate pairs, with
one set of the pair being
localized to the vesicle and the
other to the target membrane.
The resultant SNARE pair has a
role in the fusion of the bilayer.
Assembly of the proper SNARE
pair is also involved in
establishing the specificity of
fusion.

AP1/µ1B ADAPTOR COMPLEX

A form of adaptor protein 1
(AP1) that is expressed in
polarized cells and that has a role
in polarized endocytic recycling.

Box 2 | Coat proteins and endocytic recycling

There are three known coat complexes — clathrin, coatomer protein (COP)I and
COPII11,13,96. Clathrin functions at the plasma membrane and in transport between late
endosomes and the Golgi. Clathrin has been observed on endosomes94,97. Perturbation of
clathrin function using various methods has been shown to slow the internalization of the
transferrin receptor without greatly altering the rate or efficiency of its return to the
plasma membrane. This indicates that clathrin is not required for recycling to the cell
surface98–100, and is consistent with the observation that deletion of the cytoplasmic
domain of the transferrin receptor does not slow its recycling19,37. These truncated
receptors cannot interact with adaptor proteins and therefore are not concentrated in
clathrin-coated pits. Clathrin might have a role in the formation of transport vesicles94 or
in the organization and morphology of endosomes101, but it is not required to concentrate
transferrin receptors for their return to the cell surface in non-polarized cells.

COP complexes function in transport between the endoplasmic reticulum (ER) and the
Golgi, and in intra-Golgi transport102–106. COPI coat proteins have been localized to
endosomes. However, it is still unclear whether the COPI proteins are involved in
recycling back to the plasma membrane. The microinjection of antibodies against the
COPI protein β-COP did not alter the recycling of transferrin receptors to the cell surface.
However, analysis of a Chinese-hamster-ovary cell line that had a temperature-sensitive
mutation in the COPI protein ε-COP led to the proposal that COPI has a role in the
recycling of transferrin receptors back to the plasma membrane107. The fraction of
transferrin receptors that were on the cell surface was, however, not altered at the 
non-permissive temperature, as would be expected if the recycling had been slowed. One
difficulty in the attempt to assign a direct role for COP proteins in recycling is that they
are required for transport through the Golgi, so alterations in endocytic behaviour might
be a secondary effect of altered ER-to-Golgi transport.

Box 3 | Adaptors, other sorting proteins and endocytic recycling

Adaptor proteins bind the cytoplasmic domains of transmembrane proteins and recruit coat proteins to membranes. By
providing a link between cargo concentration and vesicle formation (through coat recruitment), they have a crucial role
in the sorting of membrane proteins12,108–111. One class of adaptors is the adaptor protein (AP) heterotetrameric
complexes14,108. AP1 is involved in trafficking between the trans-Golgi network and endosomes, AP2 functions with
clathrin at the plasma membrane, and AP3 is involved in the formation of specialized lysosome-related compartments
(for example, melanosomes). The function of AP4 is unknown at present. In addition to the AP family, the GGA (Golgi-
localized, γ-ear-containing, ARF-binding protein) family and PACS1 function in membrane-protein trafficking by linking
cargo proteins to transport vesicles.

In fibroblast cells, no adaptor protein has been shown to be required for the recycling of proteins that are rapidly and
efficiently returned to the cell surface (for example, the transferrin receptor). This finding is not unexpected based on the
lack of evidence for a direct role for clathrin in endocytic recycling. However, in polarized cells, the AP1/µ1B ADAPTOR

COMPLEX is involved in the efficient endocytic recycling of transferrin receptors and low-density-lipoprotein receptors to
the basolateral membrane112. These findings indicate that, at least in polarized cells, there are numerous pathways back 
to the plasma membrane, and that adaptor proteins are involved in targeting proteins to a specific pathway. In addition, a
family of phosphoinositide-binding proteins — the sorting nexins — that are involved in intracellular membrane
transport have been described113–116, although the molecular basis for their action is not well-characterized at present 
(for a review, see REF. 117).
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plasma membrane. Transferrin receptors and a fluores-
cent lipid analogue (C6-NBD-sphingomyelin) return
to the cell surface from the ERC with identical kinetics
(t

1/2
about 10 minutes)20. Transferrin receptors with

only a three-residue cytoplasmic domain show a signif-
icantly reduced endocytic rate at the plasma mem-
brane, but their intracellular itinerary after endocytosis
and the rate constant for their return to the plasma
membrane from the ERC are not measurably different
from wild-type receptors19,37. This indicates that, like
protein transport from the sorting endosome to the
ERC, protein-sorting determinants are not absolutely
required for the export of transmembrane proteins
from the ERC to the plasma membrane in non-polar-
ized cells (BOXES 2,3). Of course, in some cases, protein
determinants might be involved in regulating the recy-
cling of membrane proteins and, as is discussed in a
later section, molecules can be sorted within the ERC
using either protein- or lipid-based sorting mecha-
nisms. In polarized cells, protein-determinants (sort-
ing motifs) are required for the targeting of proteins to
the appropriate plasma membrane domain (basolat-
eral or apical).

The ERC and related organelles rival the Golgi in the
complexity of their sorting processes. The ERC is a long-
lived compartment, and therefore transport from the
ERC requires the formation of transport intermediates
— either vesicles or tubules. Regardless of whether or
not cargo is specifically concentrated in these interme-
diates, proteins are required to form the transport
intermediates. This machinery has not been completely
elucidated, although it is probable that similar mecha-
nisms to those that are used to form other transport
intermediates are used to form the recycling vesicles
(BOXES 2,3). For example, clathrin and its associated adap-
tor proteins have been observed on endosomes, and
perturbation of clathrin function can alter recycling
(BOXES 2,3). These results are, however, not inconsistent
with the proposal that the recycling of membrane pro-
teins is independent of a protein-sorting determinant in
non-polarized cells, because, in endosomes, clathrin
and its associated proteins might be required for vesi-
cle formation and not required for the selection of
most recycling cargo. Two examples of proteins that
specifically regulate transport from the ERC are Rab11
(BOX 4) and the Eps15-homology-domain protein
EHD1/Rme1 (REFS 38,39). Interestingly, transport to
both the trans-Golgi network (TGN) and the plasma
membrane are affected when the activities of these pro-
teins are altered38,40. It should be noted, however, that
there might be several routes from the endosomal sys-
tem to the TGN41, and that Rab6a′ (an isoform of Rab6)
might have a more essential role than Rab11 in trans-
port from endosomes to the TGN42.

Sorting in the endocytic recycling compartment
One type of sorting in the ERC is exemplified by the
endocytic trafficking of TGN38, a protein that has a
predominantly TGN distribution (FIG. 2). About 10% of
TGN38 is on the cell surface at steady state, and the sur-
face pool is internalized and returned to the TGN.

proteins or lipids to the cell surface has been reported
to have a t

1/2
of about 6 minutes (REF. 32), but these

rates were determined in experiments that involved
low-temperature steps, which might slow membrane
trafficking even after re-warming. The molecular dif-
ferences that determine whether the sorting of compo-
nents back to the plasma membrane occurs using the
direct or indirect recycling pathway are not known.
Furthermore, what determines the amount of mem-
brane that flows through these two pathways is also
unclear.

The endocytic recycling compartment
The ERC is mainly a collection of tubular organelles
with diameters of about 60 nm that are associated with
microtubules33–35. The distribution of the ERC varies
among different cell types. In some cell types (for
example, CHO cells), the ERC tubules are mostly con-
densed around the microtubule-organizing centre, but,
in other cells, ERC tubules are distributed more widely
throughout the cytoplasm36. The kinetics of recycling
from the ERC do not seem to be affected significantly
by the differences in distribution. As discussed below,
the ERC can sort molecules to several different destina-
tions, but most molecules in the ERC return to the

Figure 3 | The iterative, geometric sorting endosome. Sorting endosomes use a strikingly
simple mechanism to recycle most membrane components and to retain a large fraction of
solubilized ligands. Many primary endocytic vesicles (that is, coated-pit-derived vesicles) and
endosomes fuse with a sorting endosome. At the same time, narrow-diameter tubules bud out
from the sorting endosome, and carry away a large fraction of membrane components with
relatively little lumenal volume. Up to 80% of the membrane surface area of the sorting endosome
is in its tubules135,136. This geometrical mechanism is not sufficient to account for the high
efficiency of recycling in a single sorting operation. However, as tubule budding is repeated many
times during the lifetime of the sorting endosome, highly efficient recycling can be achieved using
this simple physical mechanism17. LDL, low-density lipoprotein; LDLR, low-density-lipoprotein
receptor. Modified with permission from REF. 17 © (1989) The Rockefeller University Press.
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One of the most significant sorting events in the
ERC/endosomes involves the trafficking of the insulin-
regulated glucose transporter GLUT4 in fat and muscle
cells47. Controlling the fraction of GLUT4 transporters
that are expressed on the cell surface regulates glucose
uptake into these cells. Insulin causes a rapid net
translocation of GLUT4 from the internal stores to the
plasma membrane. In fat cells, GLUT4 follows an endo-
cytic itinerary that is initially similar to the transferrin-
receptor pathway shown in FIG. 2 and, in the presence
of insulin, most of the GLUT4 can be found in com-
partments that also contain transferrin receptors.
However, in the absence of insulin, GLUT4 is trans-
ported from the ERC to a distinct compartment — the
INSULIN-REGULATED COMPARTMENT (IRC) — which does not
contain transferrin receptors48,49. The GLUT4 in the IRC
continues to cycle through the other compartments,
which include the plasma membrane under low insulin
conditions. This indicates that the accumulation of
GLUT4 in the internal pool is maintained by a dynamic
process, rather than by sequestering the transporters
into a regulated secretory compartment, from which
they can be released only after insulin stimulation. The
kinetics of GLUT4 trafficking are such that low insulin
concentrations result in GLUT4 being equally distrib-
uted between the ERC and the IRC. So, the ERC/endo-
somes are not only involved in the sorting of GLUT4 to
the specialized insulin-regulated pathway, they are also a
reservoir for insulin-recruited GLUT4.

Two kinetically distinct routes that lead from the
ERC directly back to the cell surface have been charac-
terized in CHO cells, and this shows that specialized
recycling pathways are not limited to differentiated
cell types. Transferrin receptors, C6-NBD-sphin-
gomyelin and other constitutively recycled molecules
are rapidly returned to the cell surface with a t

1/2
of

about 10 minutes. One cargo protein of the slow
pathway (t

1/2
~30 minutes) is the transmembrane

Using a hybrid construct that consisted of an extracel-
lular interleukin-receptor-α-chain domain (Tac) and
the cytoplasmic domain of TGN38, and by labelling
surface receptors with high affinity anti-Tac mono-
clonal antibodies, it was shown that Tac–TGN38 passes
through the ERC en route to the TGN43. The sorting of
TGN38 from the ERC to the TGN is an example of a
process that is not very efficient in a single step, but that
nevertheless achieves a high overall efficiency.
Approximately 80% of the Tac–TGN38 in the ERC
returns to the cell surface with kinetics that are very
similar to those for the recycling of transferrin recep-
tors. So, on average, a TGN38 molecule at the plasma
membrane will recycle several times before it is deliv-
ered to the TGN. A predominantly Golgi steady-state
distribution is achieved because the endocytic recycling
is fast compared with the exit rate from the Golgi back
to the cell surface.

Shiga toxin, which binds to a glycolipid (globotriao-
sylceramide), is also transported from the ERC to the
TGN by a pathway that is very similar to that taken by
TGN38, which indicates that lipid-based sorting occurs
in the ERC44. Further evidence for this comes from an
examination of the endocytosis and recycling of glyco-
sylphosphatidylinositol (GPI)-anchored proteins, such
as the folate receptor or decay-accelerating factor. In
CHO cells, both of these GPI-anchored proteins enter
the ERC. However, whereas transferrin receptors or
C6-NBD-sphingomyelin return to the surface with a
t

1/2
of about 10 minutes, the GPI-anchored proteins

return with a t
1/2

of about 30 minutes45. When cellular
cholesterol levels are reduced by about 30%, the recy-
cling rate of the GPI-anchored proteins is increased
threefold and matches the rate constant for the return
of transferrin receptors. These data provide evidence
for a role for LIPID MICRODOMAINS in sorting in the ERC. It
should be noted that, in CHO cells, the ERC membrane
is the main intracellular cholesterol repository46.

LIPID MICRODOMAINS

Localized membrane regions
that differ from surrounding
regions  in their lipid
composition and order. There
are probably many types of lipid
microdomain that coexist within
the same membrane bilayer. One
type of microdomain is a lipid
raft.

INSULIN-REGULATED

COMPARTMENT

A specialized endosomal
compartment found in fat and
muscle cells. This poorly
described compartment is the
site of storage of the glucose
transporter GLUT4. Insulin
recruits GLUT4 to the plasma
membrane from this
compartment.

Box 4 | Rab proteins and endocytic recycling

Rab proteins are a family of more than 60 small GTPase regulatory proteins, and members of this family have key
regulatory roles in most membrane-transport steps. A great deal is known about Rab function in the endosomal system.
Rab5, one of the most well-characterized Rabs, is involved in the formation and function of the sorting endosome. Rab5
together with early endosome antigen 1 (EEA1)118–120 — a phosphoinositide-binding protein — regulate fusion between
primary endocytic vesicles and sorting endosomes. More recently, it has been appreciated that the effects of Rab5 are not
limited to regulating fusion, but that it also has a role in controlling endosome dynamics by recruiting microtubule
motors to endosomes. In fact, one of the main roles of Rab5 might be to recruit various protein components and thereby
establish specific membrane domains (regions) in endosomes121–123.

Rab4, Rab5 and Rab11 have roles in regulating recycling. These Rabs have been localized to single endosomes, in
which case they segregate to distinct regions of the membrane and probably define specialized functional membrane
domains122. Rab4 and Rab5 are localized to sorting endosomes and some Rab4 is also associated with the endocytic
recycling compartment (ERC). Rab4 seems to have a role in recycling membrane from the sorting endosomes, which
perhaps includes direct recycling back to the plasma membrane, although the exact site(s) of its action has not been
described124. Rab11, which is localized to the ERC and trans-Golgi-network (TGN) membranes, has a role in recycling
back to the plasma membrane125,126. In conditions of perturbed Rab11 function, the transferrin receptor remains
concentrated in the ERC, which indicates that transport from the ERC is blocked. The transport of Shiga toxin from
the ERC to the TGN and the transport of the glucose transporter GLUT4 from the ERC to the insulin-regulated
compartment both require Rab11 function, which indicates that Rab11 is required by numerous sorting pathways
that begin at the ERC40,48. The mechanism(s) by which Rab11 regulates transport from the ERC is, however, not
known.
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gradually53. After delivery to the TGN, furin can cycle
between the Golgi and late endosomes. The net rate of
export back to the cell surface is low, in part because
much of the furin is involved in this internal recycling.

A cytoplasmic-domain bipartite motif determines
furin trafficking52. First, a typical tyrosine-based motif
(YKGL) and a leucine–isoleucine motif direct furin
internalization through clathrin-coated pits54,55. These
sequences might also be involved in the transport of
furin from the TGN to endosomes, although not much
is known about this pathway at the molecular level. The
second element of the motif — a casein-kinase-II-phos-
phorylated acidic-cluster motif (SDSEEDE, in which the
serines can be phosphorylated) — regulates furin traf-
ficking from endosomes to the TGN54,56,57. The phos-
phorylated motif binds the PACS1 adaptor protein58,59.
PACS1 also binds the adaptor protein 1 (AP1)–clathrin
complex, and thereby links phosphorylated furin to AP1
transport vesicles58,59. PACS1 function is not limited to
furin trafficking, as it can function in the transport of
several proteins from endosomes to the TGN52. The
binding of furin by PACS1 seems to have a role in deter-
mining whether furin that is internalized from the plasma
membrane is transported from endosomes back to the
cell surface or is transferred to the TGN (the latter is
dependent on phosphorylation and PACS1 binding). The
distribution of furin between the TGN and endosomes
can therefore be regulated rapidly by modulating the
phosphorylation state of the serine residues in the acid-
cluster motif, which adds an extra level of complexity to
furin trafficking.

The cation-independent mannose-6-phosphate
receptor (CI-MPR) further illustrates the complexity
and individuality of membrane-trafficking
pathways60. Like furin, this molecule also passes
through the TGN, late endosomes and the plasma
membrane (FIG. 2). The Golgi-to-late-endosome traffic
delivers newly made lysosomal enzymes to late endo-
somes, and the plasma-membrane receptors can cap-
ture and internalize enzymes that have been secreted.
As CI-MPR moves among the same organelles as
furin in CHO cells, it might seem probable that it
would follow a similar trafficking itinerary. However,
the CI-MPR follows an initial itinerary from the
plasma membrane that is nearly indistinguishable
from TGN38 (REF. 61). After the sorting endosome, it
goes to the ERC and, from there, a high fraction of
CI-MPR returns to the cell surface. However, during
each cycle of internalization, a fraction also goes to the
TGN and late endosomes. As with furin, the net rate
of CI-MPR return to the cell surface is low, because
much of it is involved in the intracellular Golgi-to-
late-endosome recycling loop. CI-MPR trafficking is
determined by an acidic-cluster–dileucine motif and
aromatic-residue-based motifs60,62–66. Transport of
CI-MPR from the TGN to endosomes is mediated by
the interaction of the acidic-cluster–dileucine motif
with GGA2 (Golgi-localized, γ-ear-containing, ARF-
binding protein 2)67–70. The GGAs are a recently
described family of adaptor proteins that regulate traf-
fic between endosomes and the TGN71–73. It is uncertain

insulin-regulated amino peptidase (IRAP)50,51. IRAP is
transported in the same way as GLUT4 in adipocytes,
but it is naturally expressed in many other cell types.
The recycling of IRAP in fibroblasts is increased by
insulin. In CHO cells, IRAP is sorted from the trans-
ferrin receptor in the ERC and is returned to the
plasma membrane in distinct transport vesicles,
which shows that there are at least two distinct path-
ways to the plasma membrane from the ERC49. The
targeting of IRAP to the slow recycling pathway is
dependent on a cytoplasmic acidic-cluster–dileucine
motif, which also functions as an internalization
motif. The adaptor that binds the acidic-
cluster–dileucine motif of IRAP and targets it to the
slow recycling pathway has not been identified.

Complex recycling itineraries
Most proteins that cycle between the cell interior and
the cell surface accumulate in the ERC, because this
is the slow step in their return to the plasma membrane.
TGN38 and furin are examples of proteins that continu-
ally cycle to the cell surface, but that are found predomi-
nantly in the TGN. The recycling route for TGN38 has
already been described. Similar to TGN38, furin is
cleared rapidly from the cell surface through clathrin-
coated pits and is delivered to sorting endosomes (FIG. 2).
However, furin is retained in these endosomes as they
begin to mature into late endosomes52. Furin is then
transferred to the TGN by a process that seems to occur
abruptly — organelles that contain furin do not lose it

MEMBRANE-ORDER

PARAMETERS 

These parameters describe the
organization and dynamics of
lipids in a bilayer. Highly 
ordered lipids have tight packing
and restricted motion of the
hydrocarbon core.

LIPID RAFTS

One type of lipid microdomain
that is characterized by a
relatively high content of
cholesterol, sphingomyelin and
glycosphingolipids. These
microdomains are resistant to
solubilization by non-ionic
detergent because of their tight
packing. They resemble liquid-
ordered domains that are found
in model membranes, which are
characterized by tight packing
and the high lateral mobility of
lipids within the bilayer.

Box 5 | Mechanisms for sorting lipids

Lipids can be sorted very efficiently whenever a vesicle or tubule buds from a parent
organelle, but the general principles for lipid sorting are not fully understood. Three
properties are key to lipid sorting — headgroup interactions, lipid shape and 
MEMBRANE-ORDER PARAMETERS (that is, the fluidity and packing density of the hydrocarbon
core).

Lipid headgroups can interact with other lipids or with proteins. One possible
mechanism for sorting glycolipids is based on headgroup interactions with lectins127, but
it has been difficult to provide direct evidence for this. Headgroup interactions between
lipids could facilitate the formation of microdomains, which might be preferentially
included or excluded from vesicles or tubules as they form. Lipid interactions with a
protein might cause the lipid to be sorted on the basis of the characteristics of the protein,
and such mechanisms are important for the trafficking of some
glycosylphosphatidylinositol-anchored proteins128.

The general shapes of lipids, with their long axis orientated perpendicular to the bilayer,
can be characterized as cylinders, cones or inverted cones. Lysophospholipids — which
have a larger cross-sectional area at the headgroup than the tail — are examples of
inverted cones. Lipids such as phosphatidic acid or phosphatidylserine, which have a
smaller cross-sectional area at the headgroup than the tail, are approximately cone
shaped. Based on their geometry, a cylinder (for example, phosphatidylcholine with a
single cis-unsaturated bond) would fit well in a planar bilayer, whereas cone-shaped and
inverted-cone-shaped lipids would fit best in membranes of opposing curvatures. It is
noteworthy that, in many cases, the formation of vesicles or tubules is accompanied by
sharp local changes in membrane curvature. Lipids with different shapes are
preferentially included or excluded from these curved regions.

Finally, different types of lipids have varying propensities for forming
microdomains, for example, LIPID RAFTS. Well-ordered, densely packed lipids are
resistant to the bending that is required for the formation of highly curved
membranes. So, the preference of lipids for highly ordered microdomains can also
affect their inclusion in transport intermediates.
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PECAM in endothelial cells that becomes available for
binding to PECAM on monocytes that are crossing the
endothelial monolayer81 (FIG. 4). It was also observed
that molecules of PECAM on the endothelial cells
could recycle between the sequestered pool and the
accessible pool. Although this process seemed much
like an endocytic recycling process, the sequestered
PECAM molecules did not colocalize with transferrin
or with other endocytic tracers. In fact, it could be
shown that all of the sequestered PECAM was actually
in compartments that were open to the extracellular
space. Using electron microscopy, these compartments
could be seen to be morphologically similar to clusters
or chains of caveolae, although the compartments
could not be stained with anti-caveolin antibodies.
This new recycling process shows that there are many
ways to regulate the expression of molecules on the cell
surface (FIG. 4).

precisely where the endocytosed enzymes dissociate
from CI-MPRs. This might occur in the sorting
endosomes, or it might occur only after the recep-
tor–enzyme complexes enter the late endosomes after
passing through the ERC and the TGN.

Endocytic recycling of lipids
In addition to the protein components of the mem-
brane, lipids are also internalized and then delivered to
various intracellular destinations. As mentioned above,
a high fraction of internalized C6-NBD-sphingomyelin
is recycled to the cell surface through an itinerary that is
morphologically and kinetically indistinguishable from
recycling transferrin receptors20,74. This is consistent
with the hypothesis that most internalized molecules
recycle back to the cell surface in the absence of a posi-
tive sorting signal, because the tubules that bud out
from the sorting endosome have a high surface-area-to-
volume ratio. However, many internalized lipids are
delivered to other branches of the endocytic pathways,
and this sorting helps to maintain the distinct lipid
compositions of various organelles. The mechanisms
for the endocytic sorting of lipids are only partially
understood75,76, and they depend on the properties of
both the head groups and the hydrophobic portions of
the lipids (BOX 5). It seems that lipid sorting occurs at
every step in which a vesicle or tubule buds from a par-
ent organelle, and that lipid composition and sorting
can influence protein sorting. It will therefore be impor-
tant to develop a deeper understanding of the mecha-
nisms involved in lipid sorting.

Cholesterol is, of course, a very important lipid con-
stituent of membranes. The cholesterol content of
membranes in mammalian cells can range from being
just a few percent of the total lipids to being nearly stoi-
chiometrically equivalent to phospholipids. Because
cholesterol can desorb rapidly from membranes in the
presence of appropriate acceptors77, it can move
between compartments as part of a lipid bilayer or by
diffusion through the cytoplasm in association with car-
rier proteins78. Both vesicular and non-vesicular mecha-
nisms are used to transport cholesterol in cells, and this
makes the analysis of cholesterol trafficking particularly
difficult. Some other lipids are also transported by non-
vesicular transport in association with carriers. This
type of pathway is essential for the delivery of lipids to
organelles such as mitochondria, which do not engage
in vesicle-mediated transport with other organelles.
Interestingly, in fibroblasts and non-polarized HepG2
hepatoma cells, the ERC is the main intracellular site
of cholesterol accumulation, and sterol can be deliv-
ered from the plasma membrane to the ERC by an
ATP-independent, non-vesicular process79,80. In polar-
ized epithelia, cholesterol is enriched in the apical mem-
branes, and transport to this membrane domain can
also occur by ATP-independent processes80.

Reversible membrane sequestration
In a recent study of the cell–cell adhesion molecule
PECAM (platelet–endothelial-cell adhesion molecule),
it was observed that there was a sequestered pool of

Figure 4 | Functional recycling without removal from the
plasma membrane. Endothelial cells express surface
adhesion molecules that facilitate the transmigration of white
blood cells at sites of inflammation. One of these adhesion
molecules, PECAM (platelet–endothelial-cell adhesion molecule),
has a crucial role in supporting monocyte transmigration, and
it also functions as a homotypic adhesion molecule that links
adjacent endothelial cells to one another. Endothelial cells
maintain a reservoir of PECAM that is functionally
sequestered away from the cell surface, but that can be
made available at the plasma membrane very rapidly when a
monocyte is squeezing between adjacent endothelial cells.
The pool of sequestered PECAM molecules can exchange
slowly with the surface pool. In the resting state, this reservoir
of PECAM is inaccessible to antibody binding, and it does not
participate in endothelial cell–cell adhesion. Although this
movement of PECAM between a sequestered pool and a
surface pool shares many functional properties with
endocytic recycling, sequestered PECAM is never fully
removed from the cell surface. Instead, the PECAM reservoir
is in a reticulum of small, surface-connected invaginations
that resemble caveolae, but that lack the caveolin protein81.
This system allows a pool of the PECAM molecules to be
available only when it is needed to support monocyte
transmigration. Modified with permission from REF. 137 ©
(2003) Elsevier.
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been mapped, and this knowledge — together with
technical advances in quantitative real-time imaging, the
availability of reporters for these pathways that can be
labelled with green fluorescent protein, and new meth-
ods for disrupting the functions of proteins (for exam-
ple, small molecular inhibitors and small interfering
RNAs) — indicates that in the near future we will have a
more complete understanding of the molecular mecha-
nisms of endocytic recycling.

Conclusion and perspective
The analysis of endocytic recycling pathways is a rich
arena for continued studies of the molecular mecha-
nisms of membrane transport. Our understanding of
endocytic recycling has lagged behind that of biosyn-
thetic pathways, in part because of the complexity that is
inherent in the endosomal system, which is composed
of many compartments that are connected by numer-
ous pathways. However, most of the pathways have now
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