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THREE WAYS TO MAKE A VESICLE

Tomas Kirchhausen

Cargo molecules have to be included in carrier vesicles of different forms and sizes to be
transported between organelles. During this process, a limited set of proteins, including the
coat proteins COPI, COPIl and clathrin, carries out a programmed set of sequential
interactions that lead to the budding of vesicles. A general model to explain the formation of
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coated vesicles is starting to emerge but the picture is more complex than we had imagined.

Transport of proteins and lipids along the enpocyTic or
SECRETORY PATHWAYS iS @ hallmark of eukaryotic cells. The
membrane fluxes along these pathways are very large
and rapid. A risrosLasT kept in resting conditionsin a
tissue culture plate internalizes an amount of mem-
brane equivalent to the whole surface area of the cell in
one hour. Inside the cell, it often takes only seconds for a
carrier vesicle to move from the donor membrane to
the acceptor organelle. But intracellular traffic is not
only rapid, it is also very selective. Only a subset of the
proteins and lipids in the donor membrane are allowed
into the transport vesicle, effectively preventing the
homogenization of membrane components and per-
mitting membranous organelles to maintain distinct
identities throughout the life of the cell.

Considerable progress has been made towards under-
standing the molecular basis of membrane traffict-2. A
number of traffic pathways have been defined, their
major protein components identified and the structures
of several of the key components determined at atomic
or molecular resolution. The best studied traffic path-
ways are those that use carrier vesicles that are clearly
identifiable by their coats, made of the coatomer COPI,
of COPII, or of clathrin and its partners (FI1G. 1). During
the formation of a vesicle, a limited set of coat proteins
(TABLE 1) carries out a programmed set of sequential
interactions that lead to budding from the parent mem-
brane, uncoating, fusion with a target membrane and
recycling of the coat components. There are clear similar-
ities and differences between the ways that COPI, COPII
and clathrin coats handle these steps (TABLE 2).

The first group of reactions, leading to the specific
recruitment of coat components to the corresponding
donor membrane, form the initiation step. This step is

energy dependent and includes sorting of cargo to the
forming coat. Coat propagation, the second step in the
process, couples further addition of coat components
and additional recruitment of cargo with invagination of
the underlying membrane. When formation of the coat
ends, the vesicle buds by scission of the neck connecting
the deeply invaginated membrane to the donor surface.
This is a relatively simple step for COPI- and COPII-
coated vesicles but involves a significant amount of regu-
lation for clathrin-coated vesicles. Finally, during uncoat-
ing, the coat components are released so that membrane
fusion can occur between the naked vesicle and the target
organelle. This article discusses the emerging molecular
rationale for coated-vesicle assembly for, in order of
increasing complexity, COPII, COPI and clathrin.

Pathways of membrane traffic

COPI and COPII vesicles traffic between the endoplas-
mic reticulum (ER) and the Golgi complex — COPI
primarily from the Golgi to the ER and between Golgi
cisternae, and COPII from the ER to the Golgi (FIG.1).
The clathrin pathway has two major routes, from the
plasma membrane to the early endosome and from the
Golgi to the endosome. Other structures have been
observed in the cell that do not have COP or clathrin
coats. Internalization from the plasma membrane can
also occur via macropINocYTOSIS, PHAGOCYTOSIS and proba-
bly through caveoLag®. In the secretory pathway, poorly
understood tube-like structures connect the Golgi with
the plasma membrane and the ER%-3, In the endocytic
pathway, tubules emerge from early endosomes and
participate in recycling to the plasma membrane!4.
These carrier structures have been hard to study, partly
because they tend to be heterogeneous. In some cases,

NATURE REVIEWS | MOLECULAR CELL BIOLOGY

#2 © 2000 Macmillan Magazines Ltd

VOLUME 1 [ DECEMBER 2000 | 187



REVIEWS

Clathrin coats ( 7

Early endosome

Recycling endosome /

\ Late endosome
Clathrin coats /

)
o D)
O% Trans-Golgi
@)
o )
Lysosome

COPIl coats Cis-Golgi
COPI coats
N

< 5) Endoplasmic
@ reticulum (ER) O

Figure 1 | The major membrane traffic pathways that use carrier vesicles coated with
COPI, COPII and clathrin in eukaryotic cells. In the biosynthetic pathway, newly
synthesized molecules are transported from the endoplasmic reticulum to the Golgi and from
one cisterna of the Golgi to the next until they reach the trans-Golgi network. There, sorting
occurs, directing traffic to the plasma membrane or to endosomes. In the endocytic pathway,
macromolecules are internalized at the plasma membrane and forwarded to early endosomes,
from where they are either recycled to the plasma membrane through recycling endosomes or
forwarded towards degradation in late endosomes and lysosomes.

N\

they might be used for large-scale movement of selec-
tively captured membrane components'2*®. The most
important distinction between coated vesicles and other
forms of membrane carriers is the presence of an iden-
tifiable protein coat, which assembles at a particular
region of the membrane, locally deforming it. Although
the events required are similar — tubes,
macropinosomes and phagosomes also need to form,
pinch off, reach their target and fuse with it just like
coated vesicles — it is impossible to transfer our under-
standing of vesicle traffic to these other mechanisms.

CORPII

COPII components, and COPII-coated vesicles, were
originally discovered in the yeast Saccharomyces cerevisiae
using genetic approaches coupled with a cell-free assay
that measured the transfer of a marker protein from the
ER to the Golgi®®. This pathway has a mammalian coun-
terpart and most of the COPII components have been
identified (TABLE 1). Newly synthesized proteins destined
for secretion are sorted into COPII-coated vesicles at spe-
cialized regions of the ER, which in mammalian cells do
not contain membrane-bound ribosomes.

Biochemical analysis has led to a relatively detailed
model for the mechanism of COPII vesicle formation.
But as there is no structural information on any of the
coat components, it is hard to claim that we understand
the mechanism of even this relatively simple pathway in

PHAGOCYTOSIS
Actin-dependent process, by
which cells engulf external
particulate material by
extension and fusion of
pseudopods around each
particle.

CAVEOLA

Flask-shaped invagination at
the plasma membrane, possibly
involved in the uptake of
extracellular materials.

molecular detail. Nevertheless, there is good agreement
in the field that the major components have been identi-
fied and there is a good working model for the sequence
in which they act (FIG.2).

Biochemical and cell biological observations. Although
several as-yet-undefined membrane components are
presumably necessary for efficient operation of the
COPII pathway, vesicular transport can be minimally
reconstituted using three cytosolic components contain-
ing a total of five proteins: the Sec23p—Sec24p complex,
the Sec13p-Sec31p complex and the small GTPase
Sarlp (Rer.16). These proteins support a cargo-carrying
budding reaction from isolated ER membranes.
Deletion of the genes for most of these components is
lethal for yeast, highlighting the strict dependence on
this pathway for ER-to-Golgi traffic.

The events driven by these five cytosolic proteins,
together with the membrane components required for
targeting and fusion, are varied and complex (TABLE 2).
Cargo capture, deformation of the budding membrane,
scission to detach the forming vesicle from the donor
membrane and coat release before fusion of the vesicle
with the Golgi network all occur in this minimal system.
The GTP-binding protein Sarlp is particularly impor-
tant for the budding reaction because its activation initi-
ates coat formation; it also recruits part of the ‘label’
needed for correct vesicle targeting and fusion. The
GDP-bound form of Sarlp is normally cytosolic and is
recruited to the ER membrane upon interaction with
Sec12p, an ER-bound membrane protein that serves as
the guanine exchange factor (GEF) for Sarlp (REF.17).
Sarlp—GTP then facilitates the association of the
Sec23p—-Sec24p complex with cargo proteins.

The Sec23p-Sec24p complex is probably the com-
ponent responsible for cargo recognition®*® but the
sorting signals recognized by the complex remain to be
identified. Members of the p24 family of transmem-
brane proteins bind to Sec23p through a cytosolic
diphenylalanine motif. As these proteins are required
for efficient ER-to-Golgi traffic of some cargo
proteins®, it is thought that they might serve as cargo
adaptors?. In addition to recruiting the Sec23p-Sec24p
complex, the GTP-bound form of Sarlp activates
Sec23p to bind SNARE proteins involved in the speci-
ficity of targeting and in the fusion reaction of vesicles
with acceptor membranest®. ER membranes with
Sec23p-Sec24p and Sarlp can then recruit
Sec13p-Sec31p (Rer.16). The complex is likely to act as a
scaffold, very much like clathrin, to drive membrane
deformation and to complete vesicle budding.
Completing the cycle, Sec23p acts as a GTPase-activat-
ing protein (GAP) for Sarlp. Itis thought that, after
GTP hydrolysis, Sarlp—GDP is released, leading to
uncoating before fusion of the vesicle to the target
membrane and formation of a new coated vesicle. GTP
hydrolysis by Sarlp is thus a timer, triggering uncoating
at a suitable interval after coat formation.

Studies on live cells. The model describing the forma-
tion of COPII vesicles brings together a number of bio-
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Table | | Coat proteins and their main binding partners

Protein

COPII

Sarlp
Sec13p-Sec31p

Sec23p-Sec24p

COPI
ARF1
Coatomer

ARFGAP
ARFGEF
Clathrin
Clathrin

Adaptors
AP-1

AP 2

B-arrestin

Partners
Amphiphysin
AP180
ARF1

Auxilin

Dynamin
Endophilin

Epsin
Eps15

GGA

Intersectin
Synaptojanin

Synaptotagmin
Syndapin |

Uncoating ATPase

y-synergin

Mammalian

hSarlp

hSec13p
hSec31p

hSec23p
hSec24p
?

?

ARF1
a-COP
B-CoP

p'-CoP
y-COP
5-COP
e-COP
(-COP

ARFGAPs
ARFGEFs

HC

LCa/b

a2
B-arrestinl/2

Amphiphysin
AP180
ARF1
Auxilin1/2

Dynamin
Endophilin

Epsin
Eps15/15R

GGA

Intersectinl/2
Synaptojanin

Synaptotagmin
Syndapin |

Hsc70
y-synergin

Yeast

Sarlp

Sec13p
Sec31p

Sec23p

Sec24p/Isslp/Lstlp

Secl2p
Secl6p

yARF1/2/3
Retlp
Sec26p

Sec27p
Sec21p
Ret2p
Sec28p
Ret3p

Glo3p
Gealp/Gea2p

Chclp

Clclp

Apldp
Apl2p
Apmlp
Apslp
Apl3p
Apllp
Apm4p

Aps2p
None

Rvs161p/167p
yAP180
Arflp/2p
Auxlp

Entlp/2p
Panlp

Ggalp/Ggazp

Sjlip/3p

None
None

Ssalp/2p

Salient features

Small GTPase; Ras family

WD 40 repeats (B-propeller)
WD 40 repeats (B-propeller)

Sequence homology with Sec24p; GAP for Sarlp
Sequence homology with Sec23p

GEF for Sarlp

Membrane protein; forms a ternary

complex with Sec23p-Sec24p

Small GTPase; Ras family

WD 40 repeats (B-propeller)
Binds ARF1

weak sequence identity to B-AP
WD 40 repeats (B-propeller)
Binds members of p24 family
Weak sequence identity to p-AP
Weak sequence identity to o-AP
GAP for ARF

GEF for ARF

Subunits polymerize into a triskelion;
Atomic structures for several fragments
are known: a-zigzags and [3-propeller
Unknown function

y-AP, B-AP and a-AP sequences are related

olsequence weakly related to N-terminal portion of u’s

Atomic structure of C-terminal a-ear is known

Atomic structure of C-terminal B-ear is known

Atomic structure of part of u2 interacting with Ypp@
sorting motifs is known

02 sequence weakly related to N-terminal portion of p's

Atomic structure not solved but probably
similar to known a-arrestin structure

Binds clathrin, AP-2, dynamin
Binds clathrin; regulates size of neuronal vesicles
Helps recruit AP-1

Contains J domain and is cofactor for
Hsc70 uncoating ATPase; binds clathrin

Large GTPase; fission of necks in deeply
invaginated clathrin pits

Fission; membrane deformation by changes in lipid
composition at neck of deeply invaginated clathrin pit

Binds AP-2; located at rim of clathrin coated pits;
mainly excluded from clathrin coated vesicles

Binds y-synergin; traffic regulation from
Golgi to lysosome/vacuole

Phosphoinositide 5'-phosphatase; role
in coat release

Ca?* sensor; binds AP-2

Binds N-WASP; link to actin
network/signalling cascade ?

Dissociation of clathrin from coats
Binds AP-1; unknown function

(AP, adaptor protein; ARF, ADP-ribosylation factor; ARFGAP, ADP-ribosylation factor GTPase activating protein; ARFGEF, ADP-ribosylation factor guanine
exchange factor; COP, coatomer protein; Eps15, EGF receptor pathway substrate clone 15; GAP, GTPase activating protein; GEF, guanine exchange
factor; N-WASP, neuronal Wiscott-Aldrich syndrome protein.)
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GREEN-FLUORESCENT PROTEIN
Autofluorescent protein
originally identified in the
jellyfish Aequorea victoria.

chemical and genetic observations. The first efforts to
visualize the budding of COPII vesicles in live cells
yielded surprising results. The stably expressed human
homologue of Sec13p and the transiently expressed
human homologue of Sec24p, both tagged with the
GREEN-FLUORESCENT PROTEIN (GFP), were detected by time-
lapse fluorescence microscopy??. They were found in

stable and nearly immobile bright spots associated with
ER sites devoid of ribosomes, presumably where COPII
vesicles form and bud.

Itis difficult to reconcile the stability of these spots
with a model in which the recruitment of cytosolic
Sec13p to the ER membrane is concurrent with forma-
tion and budding of COPII-coated vesicles. It is possible

Table 2 | Steps in coat formation

I. Initiation

1. GTPase activation and
membrane binding

2. Cargo and v-SNARE
recruitment

3. Start of coat assembly

. Propagation

[any

. Loss of GTPase

2. Further cargo
recruitment and coat
assembly

3. Membrane deformation
lll. Vesicle budding

IV. Uncoating

COPII

Sarlp—GDP is recruited
to ER by transmembrane
GEF (Sec12p) and
converted to Sarlp-GTP

a. Sarlp—GTP recruits
Sec23p-Sec24p complex
b. Sec23p-Sec24p binds
to members of the p24
protein family of possible
cargo receptors,

and together with

Sarlp binds v-SNARESs
(Betlp, Boslp)

Cytosolic Sec13p-Sec31p
complex binds to pre-
bound Sec23p-Sec24p

Sarlp—GTP hydrolysis
increased15-30-fold

by Sec23p; Sarlp-GDP
released and used in
further cycles

COPI

ARF1-GDP is recruited
to Golgi by soluble

GEFs (Gealp and Gea2p),
probably bound to Golgi
membranes, and is
converted to ARF1-GTP

a. ARFGAP binds to
ARF1-GTP and to the
transmembrane
KDEL-receptor

b. ARF-GTP

together with cargo
proteins containing
C-terminal KKXX

(or KXKXX) motifs recruit
cytosolic COPI coatomer

ARF-GTP hydrolysis
increased 1,000-fold by
ARFGAP and COPI;
ARF-GTP released and
used in further cycles
Hydrolysis rate

depends on sequence of
C-terminal motif in cargo

Growth of coats by sequential incorporation of other

coat elements

Membrane-bound cargo proteins diffuse laterally and
are captured by the forming coats

Clathrin

TGN

ARF1-GTP recruited to trans-Golgi membrane; mechanism
is unknown

Plasma membrane

?

TGN

a. ARF1-GTP recruits AP-1 adaptor to trans-Golgi membrane
b. AP-1 binds to membrane receptors containing Ypp@ and

LL motifs

Plasma membrane

a. ATP, GTP and phosphoinositides required to recruit AP-2 to

plasma and/ or endosomal membranes; mechanism is unknown
b. AP-2 binds to membrane protein synaptotagmin

c. AP-2 binds to membrane receptors containing Ypp@ and

LL motifs

Cytosolic clathrin recruited to pre-bound
AP-1 or AP-2 adaptors

Not known

Plasma membrane

a. Association of AP-2 with clathrin or with phosphoinositides
increases the affinity of AP-2 for Ypp@ motifs

b. B-arrestin recruits seven-transmembrane G-coupled
receptors to clathrin coats

c. Growing edge of clathrin lattice contains AP-2 bound to Eps15

Continuous process that is coupled to the growth of the coat

No other proteins

are required in vitro;
energy for membrane
scission provided by
coat polymerization

Spontaneous ? (following
GTP hydrolysis of Sarlp)

No other proteins

are required in vitro;
energy for membrane
scission provided

by coat polymerization

Spontaneous ? (following
GTP hydrolysis of ARF1
activated by ARFGAP

at time of cargo
recognition or by second
ARFGAP located close
to the target membrane)

a. Amphiphysin binds to clathrin and AP-2 and acts as a
dynamin receptor

b. Dynamin—-GDP is recruited to the neck of the budding vesicle
and polymerizes into a dynamin ring; dynamin-GEF is unknown
c. Endophilin is recruited to the ring. Membrane deformation
and fission is facilitated by the coupling of the acyl transferase
activity of endophilin and the neck constriction imparted by

the dynamin ring

d. Dynamin (in the rings) acts as its own dynamin-GAP; GTP
hydrolysis releases dynamin for another cycle

Plasma membrane

a. Hsc70-ATP and auxilin bind to clathrin coats and drive
disassembly, presumably by a clockwise twist imparted

on clathrin triskelions (regulation exists but the mechanism

is unknown)

b. A fraction of AP-2 can be dissociated from membranes by
Hsc70-ATP and an unknown cytosolic factor

c. Phosphorylation of AP-2 (3-subunit) prevents its association
with clathrin

d. Synaptojanin required for efficient release of coats

(AP, adaptor protein; ARF1, ADP-ribosylation factor 1; ARFGAP, ADP-ribosylation factor GTPase activating protein; Eps, EGF receptor pathway substrate; GAP, GTPase activating protein; GEF,

guanine exchange factor.)
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that Sec13p and other COPII components accumulate
in specific regions of the ER membrane, which can then
act as reservoirs for the subsequent assembly of a COPII
coat with the curvature needed for membrane fission
and vesicle budding. The relatively low expression level
of the described hSec13p—GFP would have made the
detection of single COPII vesicles (as opposed to
extended reservoirs) difficult. The development of algo-
rithms and detectors that can distinguish weak signals
from background noise and the generation of stronger
chromophores would much improve our ability to
analyse the dynamics of vesicular traffic.

COPI

COPI-coated vesicles occur in various intracellular con-
texts® and this versatility of function seems to correlate
with a greater biochemical complexity compared with
CORPII vesicles (TABLE 1). Whereas COPII-dependent traf-
fic is unidirectional (from ER membranes to the Golgi),
the direction of COPI traffic is still a matter of controver-
sy. COPI-coated vesicles seem to function primarily in

Activation

Cargo capture

GTP
GDP:

Scission

retrograde transport from the ER-Golgi intermediate
compartment to the ER but they are also important in
forward transport within the cisternae of the Golgi.

The COPI coatomer is a complex of seven proteins
(a,B, B, Y, 0, € and ). COPI-coated vesicles efficiently
capture proteins carrying in their cytoplasmic carboxy-
terminal domain sorting signals of the form KKXX
(the dilysine motif) or KXKXX (X is any amino acid).
The KDEL receptor, a multiple-spanning membrane
protein that binds and retrieves lumenal proteins con-
taining the KDEL carboxy-terminal sequence, is also
transported along this pathway. The y subunit seems to
be the component responsible for cargo recognition
because it recognizes the KKXX and KXKXX motifs,
but it is not known whether it also recognizes the
KDEL receptor?*. Members of the p24 protein family
also interact with COPI coatomers in addition to
COPII and might facilitate the recruitment of COPI
coatomers to Golgi membranes?.

The initial event in the COPI pathway that leads to
recruitment of the coat requires the association of the

Coat assembly

QSeclzp f p24 : Cargo ééé SNARE

Clie/cgl/p\/> D Sec2ap D sarlp-GTP
() sect3p O Sec23p @ Sarlp-GDP

Figure 2 | The key steps in the formation of COPII-coated vesicles. Coat assembly is activated by the recruitment of
Sarlp-GTP to the membrane. This allows the binding of the Sec23p-Sec24p complex and the recruitment of cargo. The
Sec13p-Sec31p complex binds next, leading to membrane deformation. When the coat is complete, the vesicle buds. The
GTPase activity of Sarlp is enhanced by Sec23p, which acts as a timer, leading to inactivation of Sarlp and uncoating. (GAP,

GTPase activating protein.)
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MYRISTOYLATION

Covalent attachment of a
hydrophobic myristoyl group to
the amino-terminal glycine
residue of a nascent
polypeptide.

Activation

Cargo capture

0

DARFlGEF go ARF1-GTP
O ARF1GAP @ ARF1-GDP

f p24 :: Cargo é Cargo receptor
Soluble cargo

ééé SNARE

)
&

B VS

COPI coatomer

Figure 3 | The key steps in the formation of COPI-coated vesicles. Coat assembly is activated by the recruitment of
ARF1-GTP to the membrane. This allows the binding of the COPI coatomer and the recruitment of cargo. GTP hydrolysis is
slow when ARF1 is bound to its preferred cargo, allowing kinetic regulation of coat recruitment. Membrane deformation occurs
at the same time as coat recruitment. When the coat is complete, the vesicle buds. The GTPase activity of ARF1 is enhanced by
ARF1GAP, which acts as a timer, leading to inactivation of ARF1 and uncoating. (ARF1, ADP-ribosylation factor 1; ARF1GAP,
ADP-ribosylation factor 1 GTPase activating protein; ARF1GEF, ADP-ribosylation factor 1 guanine exchange factor.)

GTPase ARF1 (ADP-ribosylation factor 1) in its active
form to the membrane (FiG. 3, TABLE 2). The ARF protein
family has many members and targeting of ARF1 to the
correct membrane involves specific association with its
appropriate GEF. Several GEFs for ARF1 have been
identified, one of which (known as ARFIGEF, ARNO3
or GRP1) seems to be specifically associated with the
COPI pathway?. In contrast to the COPIl-associated
Sarlp, ARF1 is myristoviatep to allow its membrane
association. In the GTP-bound state, the myristoyl
group is exposed and ARF1 becomes membrane
bound. When the GTP is hydrolysed, the protein under-
goes a conformational change, developing a myristoyl-
binding pocket that covers the tail, solubilizing the pro-
tein. It has been suggested that the hydrolysis of GTP
and release of ARF1 from the membrane act as a timer,
triggering (as with Sarlp and COPII vesicles) the release
of the other coat components and preparing the vesicle
for fusion with its target membrane.

The rate at which ARF1 hydrolyses GTP depends on
its association with ARFGAP and the COPI complex?,
both of which are required for full GTPase activation.
An element of further regulation has recently been
uncovered in this step. A synthetic peptide containing
the carboxy-terminal FFXXRRXX sorting signal of the
p24 protein hp24a, which binds to COPI, markedly
reduces the ability of COPI to stimulate ARFGAP?,

However, other peptides that contain the FFXXKKXX
sequence and bind to the same site in COPI do not
affect the stimulation of GTP hydrolysis of ARF by
COPI (Fi1G.3). These data indicate that the inhibitory
peptides may represent preferred cargo. When these
peptides are present on a protein tail, the rate of GTP
hydrolysis will be slow even when some COPI has been
recruited to the membrane. Vesicles that capture pre-
ferred cargo will retain their ARF1 protein long enough
to complete coat assembly, whereas vesicles that capture
other proteins will not. This proposal suggests that cargo
selection is kinetically regulated: it depends not on dif-
ferent affinities of cargo for the coat but instead on a
dynamic regulation of the rate of coat release.

Although there is substantial confidence that most of
the major components of this pathway have been identi-
fied, there is still some way to go before we understand the
functions of each component. The structural characteri-
zation of the components of the pathway is just beginning
—the crystal structures of ARF1 and ARF1 complexed to
a domain of GAP have been determined but no part of
the COPI complex has yet been visualized. Structures for
these components are likely to emerge before long.

Clathrin
Clathrin-coated vesicles are the most prominent of the
carrier vesicles and were the first to be discovered and
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Activation (TGN)

Activation (plasma membrane)

ATP
(Fy ADP+P;

Cargo capture

Coat assembly E Scission
GTP
S— GDP+P; o
DARFlGEF p ARF1-GTP Receptor Receptor é SNARE Docking )
(YPp9) (LL) complex P-2 % Clathrin

Dynamin

@ ARF1-GDP

(O Endophiin

é Amphiphysin

B~
AP-1

Q B-arrestin

Figure 4 | The key steps in the formation of clathrin-coated vesicles. At the trans-Golgi network, coat assembly is
activated by the recruitment of ARF1 to the membrane. It is not clear how coat assembly is activated at the plasma membrane.
One end of adaptor proteins bind to cargo molecules and the other end to other coat components, including clathrin. Clathrin
triskelions polymerize into hexagons and pentagons, forming a cage, which leads to membrane deformation. When the coat is
almost complete, dynamin (together with accessory proteins) pinches off the vesicle. Uncoating requires ATP hydrolysis by Hsc70
and auxilin. (AP, adaptor protein; ARF1, ADP-ribosylation factor 1; ARF1GEF, ADP-ribosylation factor 1 guanine exchange factor.)

studied>?-3L, The low-density lipoprotein (LDL) receptor
and many other plasma membrane proteins and their lig-
ands are internalized by the clathrin pathway for traffic to
endosomes, and clathrin-coated vesicles bud from the
trans-Golgi network (TGN) to fuse with endosomes. Yeast
cells also use a clathrin-based pathway for membrane traf-
fic, although its use in the secretory pathway seems to be
more prominent than its role in endocytosis®,

Recruitment of the clathrin coat. Clathrin is the most
abundant protein in the coat of these vesicles and it pro-
vides the scaffold that orchestrates protein sorting,
membrane deformation and budding®3". By contrast
to the COPI and COPI| vesicles, clathrin-coated vesicles
have a large variety of associated proteins (TABLE 1). SO
far, more than 25 proteins have been identified as part-
ners in the endocytic pathway alone>®, The functions of
most of these proteins still have to be elucidated
(TABLE 2). Vesicles that form at the TGN carry heterote-
trameric AP-1 adaptor protein complexes, whereas vesi-
cles that form at the plasma membrane carry related
AP-2 complexes. AP-1 and AP-2 adaptors bind to cer-
tain sorting signals (FDNPVY, tyrosine-based Ypp@d

motifs and dileucine motifs) found in the cytosolic tails
of a large number of membrane proteins. The non-
visual arrestins are a second type of adaptor, which
recruits seven-transmembrane-helix G-protein-cou-
pled receptors at the plasma membrane to clathrin-
coated vesicles. This occurs by direct contacts with the
cytosolic side of the G-protein-coupled receptors, with
clathrin and with AP-2 (RerFs 39-41). Adaptors also inter-
act with a number of other proteins involved in
clathrin-coated-vesicle function?, and they recruit
clathrin to the membrane, initiating coat formation.

As with the COPI and COPII systems, the recruit-
ment of clathrin coat components to the appropriate tar-
get membranes is nucleotide dependent (FIG.4). The role
of ARF1 in the clathrin pathway is similar to, but not the
same as, its role in the COPI pathway. In both cases, ARF1
helps to recruit key coat components but, in the clathrin
pathway, it is involved only in the recruitment of AP-1to
Golgi membranes*-%5; ARF1 does not seem to act as a
timer for uncoating as it does for COPI. In vitro recruit-
ment of AP-2 to the plasma membrane, endosomes and
lysosomes also requires the activation of cytosolic com-
ponents by ATP and GTP, but the identity of the
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Synaptotagmin
Figure 5 | Network of protein-protein and protein-lipid interactions involved in clathrin
coat formation at the plasma membrane. Proteins that bind to phosphoinositides are
represented here in direct contact with the plasma membrane, although this interaction might
be transient. Often, two or more interactions have been detected, leading to the idea that these
proteins might operate as coincidence detectors. (AP, adaptor protein; Eps15, EGF receptor
pathway substrate clone 15; N-WASP, neuronal Wiskott-Aldrich syndrome protein; R,
transmembrane receptor; R7, seven-transmembrane-helix G-protein-coupled receptor.)

nucleotide-binding or -hydrolysing protein(s) is still
obscure*®’, It has been proposed that the membrane
protein synaptotagmin, a Ca?* sensor, is required for AP-2
recruitment, perhaps as part of a set of postulated dock-
ing proteins required for efficient recruitment. The
interaction between AP-2 and synaptotagmin is
nucleotide independent but it is enhanced by peptides
bearing the YQRL tyrosine-based endocytic signal*. As
synaptotagmin is primarily found in brain tissues, its role
in clathrin-coat formation might be more as a coinci-
dence detector than as a general docking protein.

A simple model for clathrin-coat formation, which
covered most of the evidence until very recently, was
that the AP complexes have two essential functions:
they bind to certain sorting motifs in receptor tails and
they recruit clathrin to the membrane to initiate coat
formation. Although this model is still logical and
plausible, two new reports that genetic knockouts of all
of the AP proteins in yeast do not show the expected
profound defects in vesicle formation or membrane
traffic force a re-examination of its details***. If the AP
proteins are performing the functions of cargo selec-
tion and coat initiation at all, there must be a second
protein or set of proteins available to take over these
functions when required. Genetic knockouts of p- or
a- subunits of the AP proteins in multicellular organ-
isms such as Drosophila melanogaster® and
Caenorhabditis elegans®2® are not lethal, whereas, in
mice, knockouts of the p1 or y- subunits of AP-1 are
embryonically lethal®%. These data indicate that the
severity of the deletion is compounded by the cellular
context in which AP function is hindered. The unex-
pected outcome of some of these genetic experiments

JDOMAIN

Approximately 73 amino-acid
region found in DnaJ-like heat
shock proteins, which
catalytically activates proteins
of the Hsc70 family.

should be taken as a cautionary note that the biochemi-
cal studies used to propose models are still not suffi-
cient to take into account all of the functions exerted by
these coat proteins.

Regulation of vesicle formation. Amphyphysin®,
epsin®"%8, synaptojanin® and Eps15 (EGF receptor path-
way substrate clone 15)%4 are some of the many acces-
sory proteins found in association with clathrin coats at
the plasma membrane. They not only interact with
clathrin but also have binding sites for AP adaptors, for
proteins such as the large GTPase dynamin (itself
involved in the budding step) and even for specialized
lipids such as phosphoinositides. Although the func-
tions of many of these proteins are still not known, it is
becoming increasingly clear that they are part of a net-
work of complex molecular switches and contacts that
regulate various aspects of clathrin-mediated traffic
(FIG.5). On the basis of biochemical characteristics, many
of these proteins seem to function as coincidence detec-
tors, needing two or more simultaneous relatively weak
interactions to exert their function. For example, AP-2
and [-arrestin have binding sites for clathrin, for cargo
recruitment and for each other-62-%6, Simultaneous
interactions probably occur between these molecules
when they are recruited to the clathrin coat, providing a
control point for synchronizing the concentration of
cargo into endocytic vesicles.

Uncoating. The heat shock protein Hsc70 and auxilin, a -
DOMAIN-CONtaining protein, are responsible for clathrin
disassembly®™" through an ATP-dependent reaction,
which is presumably subject to regulation. The uncoating
mechanism is therefore fundamentally different in the
COPI or COPII and clathrin pathways. In both COP
pathways, uncoating results from a change in the proper-
ties of coat components in response to GTP hydrolysis in
Sarlp or ARFL. In the clathrin pathway, Hsc70 and aux-
ilin, proteins that do not participate in the process of coat
assembly, are required to achieve the same effect. The
most plausible reason for this difference is a requirement
for independent control over various steps in the clathrin
pathway and over various distinct uses of clathrin vesicles.

Vesicle fission. The mechanism of vesicle fission also
seems to be more complex in the clathrin pathway. In the
COPI and COPII pathways, vesicle fission is intrinsic to
the completion of coat assembly. Deformation and fission
of the membrane requires energy and, for the COPs, this
energy comes primarily from the energy of association of
the coat proteins as the coat forms. In the case of clathrin,
the energy of deformation probably also comes from coat
assembly, but the fission step requires enzymatic activity
from a GTPase, dynamin. Dynamin is recruited to coated
pits and, under conditions that interfere with its GTPase
activity, dynamin forms a collar or ring around the neck
of the budding vesicle. Whether this protein acts as a
mechanochemical transducer to generate fission (the ‘boa
constrictor’, ‘blue collar’ or ‘pinchase’ model)”*-7, as a
recruiter to attach other proteins that are directly respon-
sible for the fission step (the ‘rattlesnake’ or ‘white collar’
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a clathrin cage at 21-A resolution was obtained by electron microscopy®. The clathrin
triskelion is a puckered and relatively rigid molecule®. The proximal® and distal® leg domains
of the clathrin heavy chain have similar a-zigzag atomic structures, and the globular terminal
domain of the clathrin heavy chain is a B-propeller®.

SH3 DOMAINS

(Src homology region 3
domains.) Protein sequences of
about 50 amino acids that
recognize and bind sequences
rich in proline.

model)2™ or as a combination of both is still a matter
that needs to be resolved.

Lipid-modifying enzymes such as endophilin, synap-
tojanin and phospholipase D are also involved in vesicle
formation®®7476-"8, Endophilin is an acyltransferase that
interacts with dynamin and that generates lysophospha-
tidic acid by fatty acyl transfer from arachidonic acid or
palmitic acid™. The current view is that this reaction pro-
duces a negative curvature at the neck of the vesicle, which
is postulated to facilitate pinching-off of the membrane in
the fission step”®. Synaptojanin acts in the endocytic
pathway to remove the 5-phosphate from phosphatidyli-
nositol-4,5-bisphosphate, probably modulating the
recruitment of phosphoinositide-binding proteins such as
AP-2, B-arrestin and dynamin to the plasma membrane.
Phospholipase D produces phosphatidic acid, modulating
membrane curvature and increasing the concentration of
the second messenger diacyl glycerol™. The relative
importance of these different enzymatic activities is not
yet clear but, once again, there is obviously a greater com-
plexity in the clathrin pathway than in the COP pathways
and greater potential for regulation.

Visualization at medium and high resolutions.
Considerable progress has been made in the visualiza-
tion of some elements of the clathrin coat using a
combination of X-ray crystallography and electron
microscopy*-#:-%, This information has allowed us to
understand the molecular basis of some of the inter-
actions that are known to occur within the coat,
including sorting and coat formation. Because of the
size and complexity of many of the coat components,
the first atomic views are of recombinant fragments
from adaptors, amphiphysin, dynamin, epsin, Eps15
and clathrin*-81-91,

The p subunit of AP complexes is the portion of the
adaptor that recognizes short peptides bearing Ypp@d
sorting signals®. Detection of this interaction led to fur-
ther experiments based on combinatorial approaches®%
that established rules of engagement between Yppd
sorting signals and p-subunits found in different APs.
These observations were rapidly followed by the deter-
mination of the atomic structure of a fragment of the p2
subunit of AP-2, either alone or in association with short
peptides bearing the endocytic signals YQRL from
TGN38 or YRAL from the EGF receptor®,

For several reasons, these atomic models have had a
large effect on our understanding of the mechanism of
sorting. First, they show that the structure of p2 does
not change on interaction with peptides bearing sorting
signals, arguing that this portion of the adaptor is rela-
tively rigid. Second, they show that the sorting signals
adopt an extended conformation on binding to p2, and
they therefore help to explain the basis of specificity in
the recognition of sorting signals by different p-sub-
units. Third, they will facilitate the implementation of
mutagenesis studies by aiding in the design of p-vari-
ants for in vivo and in vitro studies. Structures have also
been determined of fragments corresponding to the
globular carboxy-terminal ‘ears’ of the a- and B-
adaptins of AP-288791 the EH domain of Eps15 (REFs
85,86), the sH3pomain of amphiphysin 2 (Rer. 90), part of
the ENTH domain of epsin® and the pleckstrin-homol-
ogy domain of dynamin®, As with p2, these structures
will probably facilitate the design and interpretation of
functional experiments.

The structural studies of clathrin and its partners
have had a clear and important effect on the way that
we now think about coat formation, and provide a basis
for understanding the mechanism of coat formation
and the interaction between clathrin and adaptors. The
crystal structures of two large fragments of the clathrin
heavy chain, comprising about half of its total mass, are
now known®# (FiG. 6). One fragment contains the glob-
ular amino-terminal domain of the heavy chain linked
to a segment, about 100 A long, that joins this domain
to the distal portion of the clathrin leg. The atomic
structure of the amino-terminal domain was shown to
be a seven-bladed B-propellers! with a groove between
blades 1 and 2 that accommaodates the clathrin box*, a
short motif found in proteins that interact with clathrin
(for example, B-arrestin and APs)>¢2, The structure of
the amino-terminal domain bound to a clathrin-box
peptide is consistent with the inward orientation of the
amino-terminal domains within a coat revealed by fit-
ting the atomic structure of the amino-terminal
domain and linker to the lower-resolution model of a
clathrin coat obtained by electron microscopy®.

The second crystallized fragment maps to the oppo-
site end of the leg, and corresponds to a linear stretch
of about 100 A derived from the proximal leg, the
region involved in the interaction with light chains®.
Comparison of the two structures reveals that the
extended segments are similar. They contain a
polypeptide chain folded into an ‘a-zigzag a series of
short, apposed a-helices that run back and forth,
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roughly perpendicular to the overall direction of the
leg. The parts of the leg not contained in the crystal
structures are known to have a high a-helical content
and they are also believed to contain a-zigzags. The a-
zigzag is not a completely rigid fold, as shown by a
modest variability of curvature in the linker segment
seen in the crystals of the fragment containing the
amino-terminal domain and the linker. The extent of
this flexibility is sufficient to accommodate the changes
required for the formation of pentagons and hexagons
in the facets of the coat, particularly at the joints
between the proximal and distal legs.

Electron microscopy studies of clathrin triskelions
and coats have revealed how the legs interact within a
surface lattice®2%°7% (see online animation). This has
led to a model that explains how a coat can form by the
sequential addition of soluble clathrin molecules to the
assembling lattice®®. The model highlights the idea that
the addition of triskelions can happen at various loca-
tions on the lattice but that rearrangement of elements
in a preformed coat (from hexagons to pentagons or
vice versa) is topologically impossible®. That is, a bud-
ding coated pit must form by the sequential incorpora-
tion of coat elements (clathrin, adaptors, and so on) and
not by the direct transformation of a pre-existing flat
array into a curved coat. Flat arrays®, which abound at
the plasma membrane and in the TGN, could act as
dynamic reservoirs, similar to the relatively stable
COPII reservoirs on ER membranes discussed above,
disassembling at their margins to provide triskelions for
de novo coat formation in the immediate vicinity.

Studies in live cells. Time-lapse fluorescence microscopy
has been used to observe GFP-tagged clathrin in
Dictyostelium!® and mammalian®®® cells. In
Dictyostelium, the endogenous clathrin heavy chain was
replaced with heavy chain tagged with GFP at its car-
boxyl terminus. Bright spots appeared at the plasma
membrane, the perinuclear region and the cytosol that
were highly mobile and seemed to move in synchrony,
like a swirl following the internal motions of the cell.
The highly mobile spots persisted for 30 seconds or less
and their disappearance could reflect uncoating or
movement away from the plane of focus. Thus, the
results from this experiment do not resolve the question
of whether the observed dynamic behaviour reflects the
budding cycle of a clathrin-coated vesicle.

In mammalian cells, transient expression of GFP-
tagged clathrin light chain A resulted in bright spots
associated with the plasma membrane and bright
patches located in the perinuclear region®. The bright
spots were stable most often, very much as described
above for Sec13p-GFP. Occasionally, it was possible to
observe smaller and weaker spots emanating from loca-
tions at the plasma membrane close to the brighter
ones. The proposed interpretation of the data was that
all the spots represent various stages in the process of
budding of coated pits and formation of coated vesicles.
A word of caution is needed, however. The expected
level of replacement of the endogenous light chains by
LCa—GFP by transient expression is limited. It is possi-

ble that the bright, stable spots represented the large, flat,
hexagonal flat arrays of clathrin acting as potential reser-
voirs for coated-vesicle formation, rather than vesicles
themselves. The smaller coated pits and vesicles (with
<60-100 triskelions in the coat) would be harder to
detect and, in general, the intensity of the fluorescence
signal would probably have been close to the detection
limits (5-10 GFP molecules per location).

Where are we heading and what can we expect?
Current research is attempting to define the remaining
components that participate in the COPI, COPII and
clathrin pathways. Structural and functional compar-
isons between the elements of each of these systems
have proved to be very useful. Efforts to understand
other routes of traffic are just starting to bear fruit, using
a combination of genetics and biochemistry. Soon, there
should be a better understanding of how molecules
move between all membrane-bound intracellular com-
partments, whether by coated vesicles or by
vesiculo—tubular structures. With the complete list in
hand, it should be possible, for any given pathway, to do
the appropriate biochemical characterization and to
obtain a mechanistic description, at atomic resolution,
of the interactions that regulate the traffic.

These pathways are strikingly complex and have a
large number of components and an even larger number
of interactions and regulating steps that are used to con-
trol proper membrane flow. Until recently, it was thought
that relatively simple genetic manipulations such as gene
disruptions would provide direct clues to the function of
any given protein component. However, the multicom-
ponent character of the coated-vesicle-based pathways
frequently allows compensation, sometimes to the extent
that only a weak cellular phenotype is manifest, even in a
multiple knockout. In some cases, it will be possible to
obtain important and useful information by overex-
pressing defective proteins or molecules modified to a
fixed state of their normal cycle. However, other forms
and techniques for selective dissection are needed,
including the development of improved methods for
visualizing small vesicles and molecules as they form and
move inside live cells, and the discovery and use of small
molecules that can enter cells and act acutely and specifi-
cally on given steps of a selected pathway.

&) Links

DATABASE LINKS Sec23p | Sec24p | Sec13p | Sec31p |
Sarlp | Secl12p | Emp24 | COPI coatamer | KDEL receptor
| ARF1| ARNO3 | ARFGAP | LDL receptor | clathrin | AP-
1| AP-2 | arrestins | synaptotagmin | amphiphysin | epsin
| synaptojanin | Eps15 | dynamin | Hsc70 | endophilin |
phospholipase D | EH domain | ENTH domain |
Pleckstrin homology domain

FURTHER READING For a more detailed description of
clathrin’s binding partners, see Slepnev, 1. V. & Camilli, D.P.
Accessory factors in clathrin-dependent synaptic vesicle
endocytosis. Nature Rev. Neurosci. 1, 161-172 (2000).
[Contents page]

ENCYCLOPEDIA OF LIFE SCIENCES Clathrin-coated
vesicles and receptor-mediated endocytosis

196 | DECEMBER 2000 | VOLUME 1

#2 © 2000 Macmillan Magazines Ltd

www.nature.com/reviews/molcellbio



REVIEWS

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Wieland, F. & Harter, C. Mechanisms of vesicle formation:
insights from the COP system. Curr. Opin. Cell Biol. 4,
440-446 (1999).

Lewin, D. A. & Mellman, I. Sorting out adaptors. Biochem.
Biophys. Acta - Mol. Cell Res. 1401, 129-145 (1998).
Barlowe, C. Traffic COPs of the early secretory pathway.
Traffic 1, 371-377 (2000).

Kirchhausen, T. Adaptors for clathrin mediated traffic.
Annu. Rev. Cell. Dev. Biol. 15, 705-732 (1999).
Kirchhausen, T. Clathrin. Annu. Rev. Biochem. 69,
699-727 (2000).

Rothman, J. E. & Wieland, F. T. Protein sorting by transport
vesicles. Science 272, 227-234 (1996).

Schekman, R. & Orci, L. Coat proteins and vesicle
budding. Science 271, 1526-1533 (1996).

Springer, S., Spang, A. & Schekman, R. A primer on
vesicle budding. Cell 97, 145-148 (1999).

Anderson, R. G. The caveolae membrane system. Annu.
Rev. Biochem. 67, 199-225 (1998).

Hirschberg, K. et al. Kinetic analysis of secretory protein
traffic and characterization of Golgi to plasma membrane
transport intermediates in living cells. J. Cell Biol. 143,
1485-1503 (1998).

Toomre, D., Keller, P., White, J., Olivo, J. C. & Simons, K.
Dual-color visualization of trans-Golgi network to plasma
membrane traffic along microtubules in living cells. J. Cell
Sci. 112, 21-33 (1999).

Polischchuk, R. S. et al. Correlative light-electron
microscopy reveals the tubular—saccular ultrastructure of
carriers operating between the Golgi apparatus and
plasma membrane. J. Cell Biol. 148, 45-58 (2000).
Presley, J. F. et al. Golgi membrane dynamics. Mol. Biol.
Cell 9, 1617-1626 (1998).

Gruenberg, J. & Maxfield, F. R. Membrane transport in the
endocytic pathway. Curr. Opin. Cell Biol. 7, 552-563
(1995).

Volchuk, A. et al. Megavesicles implicated in the rapid
transport of intracisternal aggregates across the Golgi
stack. Cell 102, 335-348 (2000).

Explores the consequences of acutely changing the
size of cargo on the dynamics and morphological
characteristics of membrane traffic along the
secretory pathway.

Barlowe, C. et al. COPII: a membrane coat formed by Sec
proteins that drive vesicle budding from the endoplasmic
reticulum. Cell 77, 895-907 (1994).

First demonstration that coat components are used
to drive vesicular traffic from the endoplasmic
reticulum towards the Golgi.

Barlowe, C. & Schekman, R. SEC12 encodes a guanine
nucleotide exchange factor essential for transport vesicle
formation from the ER. Nature 365, 347-349 (1993).
Springer, S. & Schekman, R. Nucleation of COPII vesicular
coat complex by endoplasmic reticulum to Golgi vesicle
SNAREs. Science 281, 698-700 (1998).

Peng, R. W., De Antoni, A. & Gallwitz, D. Evidence for
overlapping and distinct functions in protein transport of
coat protein Sec24p family members. J. Biol. Chem. 275,
11521-11528 (2000).

Schimmoller, F. et al. The absence of Em24p, a
component of ER-derived COPII-coated vesicles, causes
a defect in transport of selected proteins to the Golgi.
EMBO J. 14, 1329-1339 (1995).

Kaiser, C. Thinking about p24 proteins and how transport
vesicles select their cargo. Proc. Natl Acad. Sci. USA 97,
3783-3785 (2000).

Stephens, D. J., Lin-Marg, N., Pagano, A., Pepperkok, R.
& Paccaud, J. P. COPI-coated ER-to-Golgi transport
complexes segregate from COPII in close proximity to ER
exit sites. J. Cell Sci. 113, 2177-2185 (2000).

Hammond, A. T. & Glick, B. S. Dynamics of transitional
endoplasmic reticulum sites in vertebrate cells. Mol. Biol.
Cell 11, 3013-3030 (2000).

Harter, C. et al. Nonclathrin coat protein y, a subunit of
coatomer, binds to the cytoplasmic dilysine motif of
membrane proteins of the early secretory pathway. Proc.
Natl Acad. Sci. USA 93, 1902-1906 (1996).

Dominguez, M. et al. gp25L/emp24/p24 protein family
members of the cis-Golgi network bind both COPI and
COPII coatomer. J. Cell Biol. 140, 751-765 (1998).
Franco, M. et al. Arno3, a Sec7-domain guanine
nucleotide exchange factor for Adp ribosylation factor 1, is
involved in the control of Golgi structure and function.
Proc. Natl Acad. Sci. USA 95, 9926-9931 (1998).
Goldberg, J. Structural and functional analysis of the ARF-
1ARFGAP complex reveals a role for coatomer in GTP
hydrolysis. Cell 96, 893-902 (1999).

Goldberg, J. Decoding of sorting signals by coatomer
through a GTPase switch in the COPI coat complex. Cell
100, 671-679 (2000).

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Kinetic model for the regulation of COPI coats that
couples cargo with coat formation.

Roth, T. F. & Porter, K. R. Yolk protein uptake in the oocyte
of the mosquito Aedes aegypti. L. J. Cell Biol. 20,
313-331(1964).

Kanaseki, T. & Kadota, K. The ‘vesicle in a basket’. A
morphological study of the coated vesicle isolated from the
nerve endings of the guinea pig brain, with special
reference to the mechanism of membrane movements.

J. Cell Biol. 42, 202-220 (1969).

Pearse, B. M. F. Coated vesicles from pig brain:
purification and biochemical characterization. J. Mol. Biol.
97, 93-98 (1975).

Payne, G. S. & Schekman, R. A test of clathrin function in
protein secretion and cell growth. Science 230,
1009-1014 (1985).

Seeger, M. & Payne, G. S. A role for clathrin in the sorting
of vacuolar proteins in the Golgi complex of yeast.

EMBO J. 11, 2811-2818 (1992).

Lemmon, S. K. & Jones, E. W. Clathrin requirement for
normal growth of yeast. Science 238, 504-509 (1987).
Tan, P. K., Davis, N. G., Sprague, G. F. & Payne, G. S.
Clathrin facilitates the internalization of seven
transmembrane segment receptors for mating
pheromones in yeast. J. Cell Biol. 123, 1707-1716 (1993).
Kirchhausen, T. Coated pits and coated vesicles — sorting
itall out. Curr. Opin. Struct. Biol. 3, 182-188 (1993).
Smith, C. J. & Pearse, B. M. F. Clathrin: anatomy of a coat
protein. Trends Cell Biol. 9, 335-338 (1999).

Jarousse, N. & Kelly, R. B. Selective inhibition of adptor
complex-mediated vesiculation. Traffic 1, 378-384 (2000).
Ferguson, S. S. G. et al. Role of B-arrestin in mediating
agonist-promoted G protein-coupled receptor
internalization. Science 271, 363-366 (1996).

Goodman, O. B. Jr et al. B-arrestin acts as a clathrin
adaptor in endocytosis of the B2-adrenergic receptor.
Nature 383, 447-450 (1996).

First demonstration of the direct coupling between
clathrin and B-arrestin: it opens up the concept that
other adaptors, besides the canonical AP-1 or AP-2,
can mediate sorting of membrane proteins into
clathrin-coated pits.

Ter Haar, E., Harrison, S. C. & Kirchhausen, T. Peptide-in-
groove interactions link target proteins to the 3-propeller of
clathrin. Proc. Natl Acad. Sci. USA 97, 1096-1100 (2000).
Atomic model obtained by X-ray crystallography of
complexes formed between clathrin and peptides of
B-arrestin or of AP-2 adaptor that contain sequences
known to be involved in the interaction with clathrin.
Chen, C. Y. & Graham, T. R. An arfl Delta synthetic lethal
screen identifies a new clathrin heavy chain conditional
allele that perturbs vacuolar protein transport in
Saccharomyces cerevisiae. Genetics 150, 577-589
(1998).

Seaman, M. N. J., Sowerby, P. J. & Robinson, M. S.
Cytosolic and membrane-associated proteins involved in
the recruitment of AP-1 adaptors onto the trans-Golgi
network. J. Biol. Chem. 271, 25446-25451 (1996).
Stamnes, M. A. & Rothman, J. E. The binding of AP-1
clathrin adaptor particles to Golgi membranes requires
ADP-ribosylation factor, a small GTP-binding protein. Cell
73, 999-1005 (1993).

Zhu, Y., Traub, L. M. & Kornfeld, S. ADP-ribosylation factor
1 transiently activates high-affinity adaptor protein complex
AP-1 binding sites on Golgi membranes. Mol. Biol. Cell 9,
1323-1337 (1998).

Seaman, M. N. J., Ball, C. L. & Robinson, M. S. Targeting
and mistargeting of plasma membrane adaptors in vitro. J.
Cell Biol. 123, 1093-1105 (1993).

Traub, L. M. et al. AP-2 containing clathrin coats assemble
on mature lysosomes. J. Cell Biol. 135, 1801-1814 (1996).
Haucke, V. & De Camilli, P. AP-2 recruitment to
synaptotagmin stimulated by tyrosine-based endocytic
motifs. Science 285, 1268-1271 (1999).

Yeung, B. G., Phan, H. L. & Payne, G. S. Adaptor
complex-independent clathrin function in yeast. Mol. Biol.
Cell 10, 3643-3659 (1999).

Huang, K. M., D’Hondt, K., Riezman, H. & Lemmon, S. K.
Clathrin functions in the absence of heterotetrameric
adaptors and AP180-related proteins in yeast. EMBO J.
18, 3897-3908 (1999).

This unexpected observation that removal of all
clathrin adaptors does not affect clathrin-mediated
pathways challenges the view that this type of
adaptor is a required link between the clathrin coat
and the membrane components in a coated vesicle.
Gonzalez-Gaitan, M. & Jackle, H. Role of Drosophila a-
adaptin presynaptic vesicle recycling. Cell 88, 767-776
(1997).

Lee, J., Jongeward, G. D. & Sternberg, P. W. unc-101, a

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

gene required for many aspects of Caenorhabditis elegans
development and behavior, encodes a clathrin-associated
protein. Genes Dev. 8, 60-73 (1994).

Shim, J. & Lee, J. Molecular genetic analysis of apm-2 and
aps-2, genes encoding the medium and small chains of
the AP-2 clathrin-associated protein complex in the
nematode Caenorhabditis elegans. Mol. Cell 10, 309-316
(2000).

Meyer, C. et al. p 1A-adaptin-deficient mice: lethality, loss
of AP-1 binding and rerouting of mannose 6-phosphate
receptors. EMBO J. 19, 2193-2203 (2000).

Zizioli, D. et al. Early embryonic death of mice deficient in
y-adaptin. J. Biol. Chem. 274, 5385-5390 (1999).

Wigge, P. et al. Amphiphysin heterodimers: potential role in
clathrin-mediated endocytosis. Mol. Biol. Cell 8,
2003-2015 (1997).

Chen, H. et al. Epsin is an EH-domain-binding protein
implicated in clathrin-mediated endocytosis. Nature 394,
793-797 (1998).

Wendland, B., Steece, K. E. & Emr, S. D. Yeast epsins
contain an essential N-terminal ENTH domain, bind
clathrin and are required for endocytosis. EMBO J. 18,
4383-4393 (1999).

Haffner, C. et al. Synaptojanin 1 — localization on coated
endocytic intermediates in nerve terminals and interaction
of its 170 kDa isoform with Eps15. FEBS Lett. 419,
175-180 (1997).

Benmerah, A. et al. The tyrosine kinase substrate Eps15 is
constitutively associated with the plasma membrane
adaptor AP-2. J. Cell Biol. 131, 1831-1838 (1995).

Tebar, F., Sorkina, T., Sorkin, A., Ericsson, M. &
Kirchhausen, T. Eps15 is a component of clathrin-coated
pits and vesicles and is located at the rim of coated pits. J.
Biol. Chem. 271, 28727-28730 (1996).

Dell’Angelica, E. C., Klumperman, J., Stoorvogel, W. &
Bonifacino, J. S. Association of the AP-3 adaptor complex
with clathrin. Science 280, 431-434 (1998).

Goodman, O. B. Jr, Krupnick, J. G., Gurevich, V. V.,
Benovic, J. L. & Keen, J. H. Arrestin/clathrin interaction.
Localization of the arrestin binding locus to the clathrin
terminal domain. J. Biol. Chem. 272, 15017-15022
(1997).

Krupnick, J. G., Goodman, O. B. Jr, Keen, J. H. &
Benovic, J. L. Arrestin/clathrin interaction. Localization of
the clathrin binding domain of nonvisual arrestins to the
carboxy terminus. J. Biol. Chem. 272, 15011-15016
(1997).

Laporte, S. A., Oakley, R. H., Holt, J. A, Barak, L. S. &
Caron, M. G. The interaction of B-arrestin with the AP-2
adaptor is required for the clustering of 2-adrenergic
receptor into clathrin-coated pits. 275, 23120-23126
(2000).

Laporte, S. A. et al. The B2-adrenergic receptor/B-arrestin
complex recruits the clathrin adaptor AP-2 during
endocytosis. Proc. Natl Acad. Sci. USA 96, 3712-3717
(1999).

Ungewickell, E. et al. Role of auxilin in uncoating clathrin-
coated vesicles. Nature 378, 632-635 (1995).

The discovery that auxilin, a clathrin coat protein
containing a J domain, is required as a cofactor for
the ATP-dependent activity of Hsc70 validates the
role of Hsc70 as the uncoating enzyme.

Schlossman, D. M., Schmid, S. L., Braell, W. A. &
Rothman, J. E. An enzyme that removes clathrin coats:
purification of an uncoating ATPase. J. Cell Biol. 99,
723-733 (1984).

Greener, T., Zhao, X. H., Nojima, H., Eisenberg, E. &
Greene, L. E. Role of cyclin G-associated kinase in
uncoating clathrin-coated vesicles from non-neuronal
cells. J. Biol. Chem. 275, 1365-1370 (2000).

Umeda, A., Meyerholz, A. & Ungewickell, E. Identification
of the universal cofactor (auxilin 2) in clathrin coat
dissociation. Eur. J. Cell Biol. 79, 336-342 (2000).
Sweitzer, S. M. & Hinshaw, J. E. Dynamin undergoes a
GTP-dependent conformational change causing
vesiculation. Cell 93, 1021-1029 (1998).

First in vitro demonstration that dynamin can lead to
membrane vesiculation, a required step in the
scission process required to transform a clathrin-
coated pit into a coated vesicle.

Kirchhausen, T. Cell biology — boa constrictor or
rattlesnake? Nature 398, 470-471 (1999).

Yang, W. & Cerione, R. A. Endocytosis: is dynamin a ‘blue
collar’ or ‘white collar’? Curr. Biol. 9, R511-R514 (1999).
Schmidt, A. et al. Endophilin | mediates synaptic vesicle
formation by transfer of arachidonate to lysophosphatidic
acid. Nature 401, 133-141 (1999).

Sever, S., Muhlberg, A. B. & Schmid, S. L. Impairment of
dynamin’s GAP domain stimulates receptor-mediated
endocytosis. Nature 398, 481-486 (1999).

NATURE REVIEWS | MOLECULAR CELL BIOLOGY

#2 © 2000 Macmillan Magazines Ltd

VOLUME 1 | DECEMBER 2000 | 197



REVIEWS

76.

7.

78.

79.

80.

81.

82.

83.

Woscholski, R. et al. Synaptojanin is the major
constitutively active phosphatidylinositol-3,4,5-
trisphosphate 5-phosphatase in rodent brain. J. Biol.
Chem. 272, 9625-9628 (1997).

Ringstad, N. et al. Endophilin/SH3p4 is required for the
transition from early to late stages in clathrin-mediated
synaptic vesicle endocytosis. Neuron 24, 143-154 (1999).
Bi, K., Roth, M. G. & Ktistakis, N. T. Phosphatidic acid
formation by phospholipase D is required for transport
from the endoplasmic reticulum to the Golgi complex.
Curr. Biol. 7, 301-307 (1997).

Zimmerberg, J. Are the curves in the right places? Traffic 1,
366-368 (2000).

Barr, F. A. & Shorter, J. Do cones mark sites of fission?
Curr. Biol. 10, R141-R144 (2000).

Ter Haar, E., Musacchio, A., Harrison, S. C. & Kirchhausen, T.
Atomic structure of clathrin — a 3-propeller

terminal domain joins an a-zigzag linker. Cell 95, 563-573
(1998).

First atomic structure of a portion of clathrin. The
structure shows how the globular domain at the
most distal end of the leg is folded (a B-propeller
with seven blades) and leads to a prediction for the
organization of the remaining linear portion of the
leg (an a-zigzag made of alternating short helices
extending along the main axis of the leg).

Owen, D. J. & Evans, P. R. A structural explanation for the
recognition of tyrosine-based endocytotic signals. Science
282, 1327-1332 (1998).

First atomic structure of a complex between a
peptide containing a tyrosine-based endocytic
sorting signal of the type Ypp@ and the p2 subunit of
the clathrin adaptor complex AP-2.

Traub, L. M., Downs, M. A., Wistrich, J. L. & Fremont, D. H.
Crystal structure of the o appendage of AP-2 reveals a

84,

85.

86.

87.

88.

89.

90.

91.

92.

recruitment platform for clathrin coat assembly. Proc. Natl
Acad. Sci. USA 96, 8907-8912 (1999).

Ybe, J. A. et al. Clathrin self-assembly is mediated by a
tandemly repeated superhelix. Nature 399, 371-375
(1999).

De Beer, T., Carter, R. E., Loel-Rice, K. E., Sorkin, A. &
Overduin, M. Structure and Asn—Pro—-Phe binding pocket
of the Eps15 homology domain. Science 281, 1357-1360
(1998).

Whitehead, B., Tessari, M., Carotenuto, A., van Bergen en
Henegouwen, P. M. & Vuister, G. W. The EH1 domain of
Eps15 is structurally classified as a member of the S100
subclass of EF-hand containing proteins. Biochemistry 38,
11271-11277 (1999).

Owen, D. J. et al. A structural explanation for the binding of
multiple ligands by the a-adaptin appendage domain. Cell
97, 805-815 (1999).

Timm, D. et al. Crystal structure of the pleckstrin homology
domain from dynamin. Nature Struct. Biol. 1, 782-788
(1994).

Hyman, J., Chen, H., Di Fiore, P. P., De Camilli, P. &
Brunger, A. T. Epsinl undergoes nucleocytosolic shuttiing
and its ENTH domain, structurally similar to armadillo and
HEAT repeats, interacts with the transcription factor PLZF.
J. Cell Biol. 149, 537-546 (2000).

Owen, D. J. et al. Crystal structure of the amphiphysin-2
SH3 domain and its role in the prevention of dynamin ring
formation. EMBO J. 17, 5273-5285 (1998).

Owen, D. J., Vallis, Y., Pearse, B. M. F, McMahon, H. T. &
Evans, P. R. The structure and function of the 32-adaptin
appendage domain. EMBO J. 19, 4216-4227 (2000).
Smith, C. J., Grigorieff, N. & Pearse, B. M. Clathrin coats at
21 A resolution: a cellular assembly designed to recycle
multiple membrane receptors. EMBO J. 17, 4943-4953
(1998).

93.

94.

95.

96.

97.

98.

99.

100.

10

=

First model obtained by electron cryomicroscopy of
any vesicle coat.

Musacchio, A. et al. Functional organization of clathrin in
coats: combining electron cryomicroscopy and X-ray
crystallography. Mol. Cell 3, 761-770 (1999).
Determination of the tri-dimensional model of a
clathrin triskelion and the analysis of how triskelions
are packaged in the coat lead to a simple proposal of
how triskelions can be added (assembly) or removed
(uncoating) from the coat.

Ohno, H. et al. Interaction of tyrosine-based sorting signals
with clathrin-associated proteins. Science 269,
1872-1875 (1995).

Boll, W. et al. Sequence requirements for the recognition of
tyrosine-based endocytic signals by clathrin AP-2
complexes. EMBO J. 15, 5789-5795 (1996).

Ohno, H. et al. The medium subunits of adaptor
complexes recognize distinct but overlapping sets of
tyrosine-based sorting signals. J. Biol. Chem. 273,
25915-25921 (1998).

Crowther, R. A. & Pearse, B. M. Assembly and packing of
clathrin into coats. J. Cell Biol. 91, 790-797 (1981).
Kirchhausen, T., Harrison, S. C. & Heuser, J. Configuration
of clathrin trimers: evidence from electron microscopy.

J. Ultrastruct. Mol. Struct. Res. 94, 199-208 (1986).
Heuser, J. Three-dimensional visualization of coated
vesicle formation in fibroblasts. J. Cell Biol. 84, 560-583
(1980).

Damer, C. K. & O’Halloran, J. Spatially regulated
recruitment of clathrin to the plasma membrane during
capping and cell translocation. Mol. Biol. Cell 11,
2151-2159 (2000).

. Gaidarov, |., Santini, F.,, Warren, R. A. & Keen, J. H. Spatial

control of coated-pit dynamics in living cells. Nature Cell
Biol. 1, 1-7 (1999).

198 | DECEMBER 2000 | VOLUME 1

#2 © 2000 Macmillan Magazines Ltd

www.nature.com/reviews/molcellbio



