Vesicle Formation at the Plasma
Membrane and Trans-Golgi Network:
The Same but Different
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An elaborate vesicle transport system supports the active exchange of membranes and protein
cargo between the plasma membrane and the trans-Golgi network. Many observations suggest that
highly conserved mechanisms are used in vesicle formation and scission. Such similarity is found
both at the level of the receptor-ligand sequestration process that uses clathrin and associated
polymeric and monomeric adaptor proteins, and in the machinery used to deform and vesiculate

lipid membranes.

apparatus exhibit a yin and yang rela-

tionship centered on the sorting, pack-
aging, vesiculation, and transport of membranes
and protein cargo, either into (the PM) or out of
(the Golgi apparatus) the cell. Rather than being
antagonistic in function, these sister sites actually
represent a “membrane continuum” that shares
and exchanges a related functional machinery to
support its complex tasks (Fig. 1 and table S1).
Situated along this continuum are sorting stations,
including several types of sorting and recycling
endosomal compartments on one side and the
trans-Golgi network (TGN) on the other. All of
these compartments are in continuous com-
munication with each other and share many similar
structures and components. Here we focus on the
similarities, while also indicating some differences,
of this sorting and transport continuum.

The plasma membrane (PM) and the Golgi

Similarities in Protein-Sorting Mechanisms
at the PM and TGN

The selective sequestration and packaging of
protein cargo are key functions performed at
both the PM and TGN. Clathrin and its asso-
ciated coat proteins provide the central scaffold
on which many of these processes are organized
and are very similar at both sites (Fig. 1 and
table S1). Although most studies have focused
on clathrin-coated vesicle (CCV) formation at
the PM during endocytosis, marked similarities
have been noted at the TGN (/-3).

Of the clathrin-associated accessory proteins,
the heterotetrameric adaptor proteins (APs), as
well as the more recently identified monomeric
clathrin-associated sorting proteins, provide the
“first line” of cargo-sequestration specificity
on a widely distributed clathrin cage (4-6).
Four AP complexes have been identified, and
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they all exhibit a similar organization, consist-
ing of two large subunits (y/B1, a/p2, 8/83, and
€/p4), a medium subunit (nl1-4), and a small
subunit (c1-4). Despite the modest identity
among analogous subunits (20 to 40%), they
appear to be structurally similar and to assemble
into their respective AP complexes in a similar
manner. The AP complexes do, however,
display differences in cellular localization
patterns and mediate distinct vesicle-formation
processes. AP-1, AP-3, and AP-4 are generally
believed to function at the TGN and/or endo-
somes, whereas AP-2 functions at the PM (7).
Both functional and structural studies have firm-
ly established a role for AP-2 in protein sorting
and CCV formation at the PM; in comparison,
the roles of the other AP complexes in vesicle
formation are somewhat less clear (8, 9).
AP-mediated protein sorting depends on the
recognition of sorting motifs that are present in
the cytosolic domains of transmembrane pro-
teins (7, 10). There are at least three classes of
sorting motifs recognized by AP complexes.
The Asn-Pro-X-Tyr motif, which is found in the
cytosolic tails of the insulin receptor, epidermal
growth factor (EGF) receptor, and low-density
lipoprotein receptor, appears to be recognized
by AP-2 at the PM; however, this motif also in-
teracts with non—AP-2 clathrin adaptors to me-
diate internalization (4). Another tyrosine-based
motif, Tyr-X-X-&J (where @ is a bulky hydro-
phobic amino acid), found in transmembrane
proteins such as the transferrin receptor and
mannose-6-phosphate receptor, is recognized
by the p subunit of all four AP complexes,
and this motif can thus mediate receptor cargo
sorting at the PM, TGN, and endosomes. A
third motif, [Asp-Glu]X-X-X-Leu[Leu-Ile]
([DE]XXXL[LI)), is dileucine-based and resides
in the cytosolic tails of proteins targeted to endo-
somal and lysosomal compartments. In addition,
this motif has been implicated in basolateral
targeting in polarized epithelial cells. Dileucine-
based motifs are recognized by AP-1, AP-2, and
AP-3; however, each AP complex exhibits
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distinct preferences for certain [DE]XXXL[LI]
motifs. The affinity of interactions between the
AP complexes and a specific binding motif might
differ, depending on the context of the motif
within the protein, the membrane-organelle
environment, and the phosphorylation state of
the AP complex. Thus, a nascent receptor may
exhibit a distinct affinity for one AP complex
when leaving the TGN but demonstrate other
affinities for different AP complexes when
being internalized from the PM or recycled
from endosomes.

Variations of a Common Sorting Machine
There is substantial homology between the
protein-sequestration and -sorting machinery at
the PM and TGN. Superimposed on this con-
served process are several layers of regulation
and targeting that provide specificity. Because
clathrin, adaptor proteins, and many additional
linker proteins are widely used, what variations
then might provide distinction between the two
sites? It appears that different lipids and phos-
phoinositides (//—13); small guanosine triphos-
phatases (GTPases) (14, 15); and a second family
of adaptors, the GGAs [Golgi-localized, y-ear—
containing, adenosine diphosphate ribosylation
factor (ARF)-binding proteins] (/6, 17), work
together toward this end.

The classes of lipids that make up the lipid
environments at the PM and TGN are similar in
many respects, containing cholesterol, sphingo-
lipids, and phosphoinositides (/ /13, 18, 19). In
addition, lipid microdomains or rafts are present
at both sites [for site differences, see (20)]. Lipid
rafts are thought to mediate clathrin-independent
vesicle formation and have been proposed to
participate in sorting at the TGN in polarized epi-
thelial cells for the transport of apically localized
proteins (8, 27). Thus, although the ratio of these
lipids may differ to some degree at the two sites,
with cholesterol and sphingolipids being more
enriched at the PM than the TGN, the participa-
tion of membrane microdomains is maintained.

The use of inositol phospholipids during
vesicle formation also seems to be conserved,
however, phosphoinositides containing different
combinations of phospho-modifications on the
inositol ring appear to be preferentially gener-
ated at certain membranous sites, where they can
then participate in distinct vesicle-trafficking
pathways (11, 12). Whereas phosphatidylinositol
4,5-bisphosphate (PIP,) is more prominent at
the PM and binds to AP-2, phosphatidylinositol
4-monophosphate (PI4P) is more prominent at
the TGN and binds to AP-1. The delegation of
PI4P to the Golgi and PIP, to the cell surface is
less tidy than it may first appear, because PIP, has
been implicated not only in clathrin-dependent
and -independent vesicle formation from the
PM but also in the early formation of the phago-
cytic cup, Golgi intracisternal transport, and
“comet”-based vesicle formation from the TGN.
Thus, the same phosphoinositide appears to be
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essential in multiple distinct vesicle-
formation processes at the PM and the
Golgi. The lipid environment, therefore,
seems to be similar in some aspects be-
tween these two sites, although the exact
lipid composition of vesicles (formed
from the PM and TGN) most likely
exhibits differences. Although they are
important, lipids alone do not provide for
complete specificity; some additional
identity is provided by small GTPases.

The ARF family of small GTPases
plays an important role in regulating
vesicle formation in the secretory as
well as endocytic pathways (22). When
active in the GTP-bound state, ARF1
recruits the Golgi-associated adaptor
AP-1 to the TGN. Thus, TGN targeting
of AP-1 is achieved by interaction with
both the Golgi-enriched PI4P and active
ARF1. A similar dependence on ARF
family members for CCV formation
also exists at the PM in some instances.
For example, the ARF family member
ARF6, which resides primarily at the
PM, participates in clathrin-mediated
endocytosis in polarized epithelial cells
and interacts with the PM adaptor AP-2
to modulate CCV formation (23). A
general function for ARF6 in CCV for-
mation, however, is not present in all
cell types.

At the TGN, another family of adaptor
proteins, the GGAs, functions along with
the AP-based sorting system (16, 17).
Like AP-1, the recruitment of GGAs
to the Golgi is dependent on ARF1
(24). In addition, GGAs may function
along with AP-1 in the generation of
a subset of CCVs targeted to lysosomes.
In this regard, it is noteworthy that the
GGAs mediate the sorting of lysosome-
targeted proteins through binding to
dileucine motifs distinct from those rec-
ognized by AP-1. Whereas AP-1 binds
to [DE]XXXL[LI] motifs, GGAs bind
to Asp-X-X-Leu-Leu motifs.

The GGAs also contain a protein
domain that binds ubiquitin (25, 26).
The ubiquitin modification appears to be
used as a mechanism to initiate the sort-
ing of nascent proteins at the TGN that
are to be targeted to the vacuole in yeast
(27, 28). Although such a mechanism
has not been demonstrated in mammali-
an cells, ubiquitin modification is used
by the endocytic machinery at the PM
to sort endocytosed proteins to endo-
somes and subsequently lysosomes for
degradation (27, 29, 30). Thus, ubiquitin
sorting signals may be used at both
vesicle-formation sites but are recog-
nized by different ubiquitin-binding pro-
teins: GGAs at the TGN and adaptor
proteins, such as Eps15 and Epsin, at the
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Fig. 1. The PM and Golgi apparatus as sister sites that communicate
via a tubular-vesicular membrane continuum. (A) Vesicle trafficking
between the PM (blue) and TGN (green) is shown as a continuum
indicated by the shift between blue and green and designed to
represent the communication of membranes and vesiculation machin-
ery between the two sister sites. The “T" symbols and solid black lines
along the outside of vesicles and organelles represent clathrin and
nonclathrin coats, respectively. The gray coloration of the endoplasmic
reticulum, cis-Golgi, and medial-Golgi is meant to indicate a sorting
and vesiculation machinery distinct from that used by the TGN and PM.
(B and C) Fluorescence micrograph of a cell costained for clathrin (B)
and the B subunits of AP-1 and AP-2 (0), indicating similarities in
coat-protein components present at the PM and TGN.

PM. Epsl5 was first identified in a
search for EGF receptor substrates (37)
and functions in CCV formation at the
PM (32). Epsin, on the other hand, was
identified as a result of its binding to
Epsl5 through Asn-Pro-Phe motifs
present in the C terminus of Epsin and
Eps15 homology domains present in the
N terminus of Eps15 (33). In addition to
binding to each other, both Epsl5 and
Epsin also bind to AP-2 (33-35) and con-
tain ubiquitin interacting motifs (UIMs)
(25). These UIMs mediate the binding
of Eps15 and Epsin to ubiquitinated EGF
receptors after ligand stimulation and are
also necessary for the ubiquitination of
the proteins themselves. Because Epsl15
and Epsin interact with each other, with
the components of the CCV-formation
machinery, and with ubiquitinated EGF
receptors, these attributes may provide a
means to sequester and sort activated
EGF receptors for internalization and
degradation (29, 30). In addition to func-
tioning at the PM, Eps15 has also been
localized to the TGN, where it binds to
AP-1 through the y-adaptin appendage
domain (36). Thus, Eps15 and GGAs,
in conjunction with AP-1, might medi-
ate the sorting of ubiquitinated cargo at
the TGN.

Lipid-Membrane Binding, Bending,
and Pinching

Membrane curvature and severing at the
PM and TGN after cargo sequestration
are essential aspects of vesicle forma-
tion and are dependent on the cumula-
tive contribution of lipids, proteins, and
lipid-protein interactions (37-39). As for
the coat-cargo sorting scaffold, the
vesiculation machinery is highly redun-
dant at both sites and uses many of the
same types of lipid-binding scaffold
proteins and classes of lipid-modifying
enzymes (Fig. 2 and table S1). Many of
these lipid-binding proteins contain one
of two motifs that are present from yeast
to mammals: the Epsin N-terminal
homology/AP180 N-terminal homology
(ENTH/ANTH) domain (40—42) and the
Bin-amphiphysin-Rvs161/167p (BAR) do-
main (43, 44).

As the name implies, the ENTH do-
main was originally identified as a protein
module present in Epsin. Subsequent-
ly, the ANTH domain was identified
in the brain-specific AP180 protein,
which mediates CCV formation. A non-
neuronal homolog of AP180, termed
clathrin-assembly lymphoid myeloid leu-
kemia protein, that contains an ANTH
domain and is involved in CCV forma-
tion also exists. Both the ENTH and
ANTH domains bind to inositol phos-
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pholipids, exhibiting a preference for PIP,, but
through somewhat different mechanisms (47, 42).
Outside of the ENTH/ANTH domains, these pro-
teins are divergent, but all contain motifs sup-
portive of a role in endocytic CCV formation
(42). Although the mechanism by which ANTH

domain—containing proteins deform membranes
is not totally clear, more information is known
about ENTH proteins. The ENTH domain of
Epsin is thought to bind to PM regions rich in
PIP, and, through membrane insertion, to sup-
port membrane deformation in synergy with

Amphiphysin \

XEndophiIin

EndophilinB

Fig. 2. Common membrane-tubulating proteins at the PM and
TGN. (A) Similar protein players are used to bind and deform lipids
at both the PM and TGN. Along with conventional clathrin coats
and adaptors, a variety of BAR and F-BAR/EFC domain—containing
proteins bind and deform membranes into tubules, in preparation
for vesiculation in concert with the large GTPase Dyn and the actin
cytoskeleton. (B and C) Electron micrographs of negative-stained
liposomes tubulated in vitro by the addition of purified BAR
domain—containing proteins present at the PM [amphiphysin | in
(B)] and TGN [endophilin B in (Q)]. (D and E) Fluorescence micro-
graphs indicating the tubulating action of the BAR domain—
containing proteins amphiphysin 1 (D) and endophilin 3 (E) within
the confines of living cells upon their overexpression. Insets show
higher magnifications of the boxed regions, emphasizing the mas-
sive membrane tubulation induced by these proteins. Different
family members of both of these tubulating proteins have been
localized to either the PM or TGN. [(B) and (C) are reproduced from
(52) with permission from The Rockefeller University Press; (D) is
reproduced from (44) with permission from the American Asso-
ciation for the Advancement of Science; and (E) is reproduced from
(57) with permission from Elsevier.]
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other effector proteins, such as
AP-2 and clathrin (39, 45).
Some proteins containing
ENTH/ANTH domains support
clathrin-mediated endocytosis,
whereas other ENTH/ANTH
domain—containing proteins, such
as Epsin-related (EpsinR) and
HIP1/HIP1-related (HIP1R), are
involved in CCV formation at
the TGN or TGN and PM, re-
spectively (40, 42, 46). EpsinR,
also known as Enthoprotin and
Clint, has a clathrin-binding mo-
tif, like Epsin; but rather than an
AP-2-binding motif, EpsinR con-
tains an AP-1/GGA2-binding
motif and exhibits a slight pref-
erence for the TGN-enriched
PI4P, making this modified Epsin
well suited for TGN function.
HIP1/HIP1R, on the other hand,
is involved in CCV formation
(both at the PM and TGN) and
provides a link between CCV for-
mation and actin dynamics (47).
A second recently identified
protein domain with membrane-
binding properties is the BAR
domain (43, 44). This domain is
present in many proteins with
roles in membrane dynamics,
including membrane tubulation
and ruffling. In its simplest form,
the BAR domain functions as a
membrane curvature—sensing
module, meaning that the exact
curvature of a membrane affects
the binding of proteins with this
type of BAR domain (44). How-
ever, some proteins contain an
N-BAR domain, where an un-
structured amphipathic helix is
also present N-terminal to the
BAR domain. The presence of
this amphipathic helix in addi-
tion to the BAR domain seems to
allow these proteins to both sense
and induce membrane curvature,
presumably toward vesicle forma-
tion and scission. Amphiphysin,
which contains an N-BAR do-
main, is able to bind and tubu-
late membranes both in vitro
and in vivo (Fig. 2, B and D)
and is involved in CCV forma-
tion during endocytosis. Amphi-
physin may function at late stages
of vesicle formation, when a

REVI

membrane tubule or neck would be generated
just before severing of the vesicle from its do-
nor membrane (37). Other proteins containing
BAR domains have been identified that also
play a role in endocytosis, including endophilin
and sorting nexin 9 (43, 44, 48-50). At the TGN,
variants of amphiphysin and endophilin are
present and exhibit functions independent of en-
docytosis (57-53). Sorting nexin 9, in contrast,
has been demonstrated to bind to both the o
subunit of AP-2 (48, 49, 54) and the y subunit of
AP-1 (49, 55). Thus, a series of related ENTH/
ANTH and BAR domain—containing proteins
with membrane-deforming properties has been
superimposed on the clathrin-adaptor sorting
machinery to initiate the tubulation and vesicu-
lation of sequestered cargo from both the PM
and the TGN.

Vesicle Scission

The actin cytoskeleton, in tandem with an
extended family of membrane-tubulating and
-severing proteins, may provide the final mechan-
ical action to liberate nascent vesicles from both
sister sites (Fig. 3 and table S1) (46, 47, 56-61).
Several actin-binding proteins, some of which
also have lipid-binding properties, participate in
the act of deforming both the PM and TGN do-
nor membranes in concert with the large GTPase
dynamin (Dyn) (56-59, 61, 62). Dyn is well
known for its role as a molecular pinchase that
assembles as an oligomeric complex in the
form of spirals on lipid tubules and at the neck
of nascent vesicle buds to help mediate the
scission process upon GTP hydrolysis (63—-65).
Once thought to function exclusively in clathrin-
mediated endocytosis at the PM, Dyn has since
been found to mediate multiple forms of vesicle
formation and to function at many cellular or-
ganelles, including the TGN (66). Conserved
Dyn-independent fission mechanisms also exist
at the PM and TGN, one example of which is
vesicle formation mediated by C-terminal binding
protein 3/brefeldin A-ribosylated substrate
(CtBP3/BARS) (67). In epithelial cells, CtBP3/
BARS mediates the Dyn-independent fission
of basolateral transport carriers from the TGN
and fluid-phase endocytosis; however, the exact
mechanism of fission is unclear.

A subset of actin-regulatory proteins bind the
proline-rich domain (PRD) of Dyn and also have
membrane-deforming properties (56, 57). These
proteins contain a Fes/CIP4 homology (FCH)
domain adjacent to a region that shares some
homology with the C-terminal half of the BAR
domain; thus, this domain was termed F-BAR
for FCH and BAR (57) and EFC for extended
FC (56). As for BAR domain—containing pro-
teins, F-BAR/EFC domain—containing proteins
exhibit membrane tubulation activity both in
vitro and in vivo. Further, many of these proteins
bind to Dyn through a Src-homology 3 (SH3)
domain—PRD-based interaction to support mem-
brane tubulation and vesiculation (57). Just as
some BAR domain—containing proteins are
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Fission
machinery

Clathrin

Fig. 3. The vesicle fission machinery and an associated actin cytoskeleton act
in concert to liberate nascent vesicles from both the PM and TGN. (A) A
complex actin cytoskeletal network centered around proteins involved in mem-
brane fission functions together with the clathrin-based sorting and budding

present at the PM and TGN, the F-BAR/EFC
domain-containing protein syndapin, also called
PACSIN, has been implicated in vesicle forma-
tion from both the PM and TGN (61, 68). Thus,
these studies implicate a synergistic action among
Dyn, actin, and F-BAR/EFC domain—containing
proteins during vesicle formation from both of
these sister sites.

Vesicle formation at either the PM or TGN
might include a dynamic structural scaffold on
which the membrane can be tubulated and vesic-
ulated by a protein complex containing several
actin- and lipid-binding proteins. Thermody-
namically, this scission process is no small task.
Thus, it is not surprising that a tag team approach
that uses multiple structural and lipid-deforming
proteins, as well as force-generating enzymes,
would be required to work together in concert to
liberate nascent vesicles from a stable membrane
bilayer.

Future Directions

The similarities between the clathrin-based ve-
siculation machinery at both the PM and TGN
are strong. Although differences do exist, it is
clear that a central theme of vesicle formation
has evolved within the continuum of the two
related but distinct sorting stations. With the
rapid and overwhelming identification of many
previously unrecognized adaptors, lipid-binding
and -modifying enzymes, and cytoskeletal com-
ponents, the task is now to define how all of
these players interact with each other within the
confines of a living cell, how they are reg-
ulated during the endocytic and secretory pro-
cesses, and how they malfunction during human
disease.
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