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■ Abstract Clathrin was discovered nearly 25 years ago. Since then, a large number
of other proteins that participate in the process by which clathrin-coated vesicles retrieve
synaptic membranes or take up endocytic receptors have been identified. The functional
relationships among these disparate components remain, in many cases, obscure. High-
resolution structures of parts of clathrin, determined by X-ray crystallography, and
lower-resolution images of assembled coats, determined by electron cryomicroscopy,
now provide the information necessary to integrate various lines of evidence and to
design experiments that test specific mechanistic notions. This review summarizes and
illustrates the recent structural results and outlines what is known about coated-vesicle
assembly in the context of this information.
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INTRODUCTION

Roth & Porter discovered coated vesicles in the course of studying uptake of yolk
protein by insect oocytes (1). They observed membrane invaginations (pits) and
apparently pinched-off vesicles with characteristic bristle coats as seen in electron
microscopy thin sections. Tangential sections revealed the basic coat architecture
(2)—a lattice of pentagons and hexagons that curves around to enclose a bilayer
vesicle. Lipid-containing particles isolated from bovine brain turned out to have
similar lattice-like external coats (3, 4), and the authors of these studies noticed
that a common design for the coat appeared to resemble the seam of a soccer ball.
A biochemical analysis of these coated vesicles was first undertaken by Pearse
(5), who found that the major protein component appeared as a band with an
apparent molecular mass of 180–190 kDa when analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (6). She named this protein clathrin, in
reference to the cagelike structure that it forms.

We now know that clathrin forms such striking lattices because of its unusual
molecular organization. It is a spiderlike molecule, with three legs radiating from
a central hub [named a triskelion (7)]. An antiparallel interaction of the legs from
triskelions centered on adjacent vertices of the lattice allows assembly of the
cage (8, 9). As isolated from coated vesicles, clathrin is a trimer of 190-kDa heavy
chains—the species discovered by Pearse—each with an associated∼25-kDa light
chain (7, 9). There are also other protein components in coated vesicles, the most
important of which are the members of the so-called clathrin adaptor protein
complexes (AP complexes) that mediate selective inclusion of membrane-anchored
proteins into budding coated pits [recently reviewed by Hirst & Robinson (10),
Kirchhausen & colleagues (11, 12), and Schmid (13)].

Clathrin-coated vesicles are found in all nucleated cells, from yeasts to humans.
They are the means by which proteins and lipids are removed from the plasma
membrane and transported to an internal compartment (the endosome). They are
also the carriers of proteins and lipids from thetrans-Golgi network (TGN) to the
endosome, and they may participate in other pathways as well [see recent reviews
by Hirst & Robinson (10), Kirchhausen (11), and Lewin & Mellman (14)]. Because
most of the biochemical and structural analyses of clathrin-coated vesicles have
used material prepared from brains, the properties of these preparations probably
reflect the vesicles that take up membrane after discharge of neurotransmitter in the
synapse. The events leading up to neurotransmitter discharge and those succeeding
it have been studied in considerable detail [see recent reviews by Decamilli & Takei
(15) and Takei et al (16)]. Figure 1A outlines a simplified cycle of events, in which
a membrane reuptake step must follow insertion of components into the lipid
bilayer of the presynaptic membrane. The roles of AP complexes and of dynamin,
a molecule involved in membrane pinching, are included in the illustration. The
coated vesicles that participate in this process are of quite uniform diameter (700–
900Å). Figure 1Bshows a similar cycle, but with the assembly and disassembly of

A
nn

u.
 R

ev
. B

io
ch

em
. 2

00
0.

69
:6

99
-7

27
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 H

A
R

V
A

R
D

 U
N

IV
E

R
SI

T
Y

 o
n 

08
/1

9/
08

. F
or

 p
er

so
na

l u
se

 o
nl

y.



P1: FPP/FPW P2: FPP

July 12, 2000 9:57 AR102 CHAP23

CLATHRIN 701

a clathrin coat coupled to uptake of a membrane-anchored receptor and its protein
ligand [e.g. the yolk receptor studied by Roth & Porter (1), the transferrin and low-
density lipoprotein receptor, etc.]. Coated vesicles that mediate receptor uptake
are generally larger than those in neuronal synapses, or those that carry cargo from
the TGN, and are more variable in size.

From the point of view of clathrin and its assembly and disassembly, we can
formally distinguish several stages in the cycles shown in Figure 1: nucleation or
initiation of coated pit formation (initiation); propagation of the clathrin lattice,
accompanied by bilayer vesiculation and cargo recruitment (coat propagation);
completion of the lattice and pinching off of the membrane vesicle (budding);
transport or diffusion of the coated vesicle away from the membrane (traffic); and
removal of the clathrin coat (uncoating). These steps are extremely fast, and it is
estimated that the whole cycle can occur within≤1 min. This review discusses
what is known about the molecular mechanisms of these stages and about the
ways in which they are regulated. We focus on the structure and interactions
of clathrin itself. High-resolution structural studies of clathrin fragments by X-
ray diffraction (17–19) and lower-resolution analyses of clathrin coats by electron
cryomicroscopy (cryoEM) (20, 21) have led, during the past year, to a quite detailed
molecular picture of the framework of a coat and to a view of how clathrin assembly
can be coupled to cargo incorporation. The most direct interactions are with adaptor
proteins such as the AP complexes (22–25) and other, more specialized adaptors
(26); these proteins in turn link to the cytoplasmic segments of receptors. [For
more complete reviews of the AP complexes and their function, see the articles by
Hirst & Robinson (10), Kirchhausen (11), Kirchhausen et al (12), Schmid (13),
Lewin & Mellman (14), and Marks et al (27).] Other proteins, such as auxilin,
amphyphysin, epsin, and AP180, also contact clathrin in what is turning out to be
an extensive and complex network of interactions that control and modulate the
formation of the clathrin coat (Figure 2).

COATED VESICLES: Basic Architecture
of the Clathrin Coat

We begin with a brief description of the overall architecture of a coated vesicle
(Figure 3). The clathrin lattice, which forms the outside of the structure, can
have an outside diameter ranging from≥600 Å to ≥2000 Å (3, 28). Extended
flat arrays of clathrin hexagons have also been seen on the cytosolic face of the
plasma membrane, at positions where a cell makes contact with an extended surface
[e.g. the substrate on which it is growing, a phagocytosed object, etc (29, 30)].
The distance between vertices of the lattice is∼160 Å (3, 21, 31). A clathrin
triskelion is centered at each vertex, and the legs extend around two edges and
then project inward (8, 9, 21, 31–33). To form a closed structure of hexagons and
pentagons, there must be exactly 12 of the latter; additional pentagons can be
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accommodated only if there are also a corresponding number of heptagons. The
possible designs for coated-vesicle lattices are thus determined by the placement
and spacing of pentagonal facets. A similar enumeration can be made for the
structures of fullerenes, and the structure of C60, which resembles the seam of a
soccer ball, is also likely to be the structure of many coated vesicles. An even
smaller structure, not seen in the fullerenes, is the D6 barrel, a relatively abundant
form found in brain tissue, which we describe in more detail later. The interacting
network of clathrin legs lies∼200Å away from the membrane bilayer of the vesicle
it contains. The link between them is formed by the inward-projecting N-terminal
domain of the heavy chain and by the AP complexes and other adaptors, which
connect clathrin to proteins that actually cross the bilayer. In cross section and at
low resolution, the lattice and its connections to the bilayer give rise to a pattern
of T-like features that form the classically described bristles.

CLATHRIN

Overall Structure and Molecular Organization

Clathrin can be prepared by gentle dissociation of coats from coated vesicles (34)
and reassembled into coatlike lattices in the absence of other proteins (9, 33). The
species thus isolated is readily visualized by rotary-shadowing electron microscopy
(7, 35; Figure 4A). It is the three-legged triskelion described in the introduction.
Each leg of the triskelion is∼475Å in length, and they are of relatively uniform
thickness (∼20 Å). A strongly curved region near the middle of the leg imparts
a regular swirl to the trimer, and the somewhat straighter segments of the leg to
either side of this curve are known as the distal and proximal legs, respectively (Fig-
ure 4B). The heavy chain extends the full length of a leg, from the knoblike terminal

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 1 Schematic representation of the cycle of events leading to the formation and dis-
assembly of a clathrin-coated vesicle. (A) Formation of clathrin-coated vesicles in a synapse
is coupled to exocytosis of neurotransmitters. Clathrin-coated vesicles retrieve fused mem-
brane components. Many proteins are involved in the assembly and disassembly of the
clathrin coat. Clathrin (red) is the main structural component of the coat; AP complexes
(light blue) recruit receptors and facilitate clathrin assembly. Dynamin (dark blue) deter-
mines membrane pinching. Neurotransmitters (pink) are released by fusion of the vesicle
to the plasma membrane in the presynapse. (B) Clathrin-based vesicular traffic originates
principally at the plasma membrane and at the TGN. Clathrin (red) is a structural scaffold on
which is coupled sorting of membrane proteins, such as receptors for extracellular ligands,
and membrane vesiculation. For simplicity, the drawing shows only two of the clathrin
adaptors, AP-1 (crimson) and AP-2 (white), which function primarily at the TGN and at the
plasma membrane, respectively. Receptors in the TGN are represented bywhite triangles;
receptors in the plasma membrane are represented byblueandgreen circlesandsquares.
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Figure 2 A network of interactions regulates clathrin coat formation. The drawing shows a
schematic representation of the known contacts between proteins involved in the formation of a
clathrin coat. The data are derived from experiments performed by many groups, using primarily
immunoprecipitation assays, pull-down experiments with recombinant proteins, and yeast two-
hybrid experiments.

domain at the distal end to the threefold contact at the center. Correlation of sites of
proteolytic cleavage with positions along the leg showed that the terminal domain
comprises the first 350 residues (approximately), that a linker segment of∼150
residues joins it to the distal leg, and that sequence positions between the linker
and the C terminus at the vertex map relatively uniformly along the rest of the
leg (32). The light chains bind tightly (Kd, ∼10−9) (36) to the proximal leg in an
extended conformation, oriented such that their C termini are close to the vertex
of the triskelion (37–40).

Early pictures of the three-dimensional shape of clathrin were based on elec-
tron microscopy of clathrin triskelions adsorbed from solution onto mica or car-
bon supports (35). It was proposed that clathrin is a relatively stiff molecule that
exhibits significant pucker, with straight distal and proximal legs and a sharp
kink between them about 160̊A from the center. Integration of data (20), de-
scribed in more detail below, from a recent cryoEM analysis of coats (21) and
from X-ray crystallographic studies of the N-terminal third of the heavy chain
(18) has led to a slightly modified picture. The kink is not as sharp as previously
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Figure 3 Positions of clathrin triskelions in a clathrin coat. Shown are surface renditions (A)
and tracings (B) of the clathrin triskelions centered at each of the vertices in a D6 barrel-type
coat, formed in vitro by coassembly with the clathrin adaptor AP-2. The data were obtained by
electron cryomicroscopy at∼21-Å resolution. The colored triskelions (red, blue, yellow) in panel
B represent clathrin molecules located at three structurally distinct positions in the coat; they form
one asymmetric unit of the barrel lattice. The N-terminal domains, which face inward toward the
enclosed membrane, are in close contact with the adaptors (not shown). Each edge of a pentagon
or a hexagon is made of two proximal segments belonging to two adjacent triskelions and two
distal segments from two other, nonadjacent triskelions. The three-dimensional representation of
the barrel can be obtained from the Annual Reviews web site (as the PDB file coat.pdb that can
be visualized with the viewer RasMol).

supposed, and the boundary between distal and proximal segments is therefore
less abrupt (Figure 4B). If we imagine the triskelion to be standing with its
three terminal domains in contact with a planar surface, the vertex is∼220 Å
above the plane, and the distance between terminal domains is∼400 Å.
The legs are necessarily somewhat flexible, because they must adapt to pentago-
nal or hexagonal facets and to coats of different diameter. The different sorts of
coat designs and the way in which the molecular architecture of clathrin allows
it to adapt to different curvatures are discussed in more detail below. Removal
of the light chains does not alter in a significant way the electron microscopic
appearance of triskelions adsorbed to mica (35), nor does it change the Stokes
radius of clathrin measured in solution (36). Moreover, the assembly properties
of pure clathrin (36, 41) or of clathrin with AP complexes (42) in vitro are not
affected in a significant way by the presence or absence of light chains, although
a small inhibitory effect of the light chains has been found with pure clathrin (41).
The light chains are thus likely to have regulatory functions in vivo that depend on
recruitment of other factors or that affect the trimerization of the triskelion (43–46).
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Heavy-Chain Sequences

The first amino acid sequence for a clathrin heavy chain (1675 residues) was de-
rived from the sequences of molecular clones of rat brain cDNAs (47). This work
was followed by a determination of the clathrin sequences from the yeastSaccha-
romyces cerevisiae(48),Dictyostyleum discoideum(49),Drosophila melanogaster
(50), and the mosquito (51), as well as, from the genome project, those for
Caenorhabditis elegans, certain plants, and various mammals. Most organisms
seem to contain a single copy of the heavy-chain gene, with no indications of dif-
ferential splicing. Humans, however, have a second gene that encodes a polypep-
tide chain with∼90% sequence identity to the major form of the heavy chain
(52–55). This gene is expressed at relatively low levels in cardiac and skeletal
muscle and in testis tissue, and there is at present no clear indication of its special
function.

The sequence of the heavy chain is highly conserved from yeasts to humans,
with most variations coming from conservative replacements or infrequent gaps,
usually of less than three residues. The strong pressure to preserve the primary
structure probably reflects the highly extended interleg contacts required for as-
sembly, as well as the large number of interactions with other proteins involved
in cargo sorting and regulation of coat formation. Sequence analysis and compar-
isons with other sequences in protein databases have not been informative in terms
of predicting domain organization or folds (47). A weak repeat of∼145 residues
within the region corresponding to the distal and proximal legs of bovine brain
clathrin (residues 537–1566) has been detected (19). As described below, each of
these repeats contains five tandemα-zigzags of∼29 residues each. Related repeats
may be present in other molecules (19); if so, based on the presence of transverse
α-zigzags resembling those found in clathrin, these proteins should also have an
extended, rodlike character.

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 4 The three-dimensional shape of a clathrin triskelion. (A) The electron micrograph
corresponds to a single clathrin triskelion from bovine brain visualized by glycerol spray
and platinum rotary shadowing. Each leg is made of a heavy chain and a light chain. The
legs are approximately 475̊A in length and are divided into five main segments: the hub, the
proximal and distal legs, the linker, and the N-terminal domain. (B) Side view of a clathrin
triskelion showing its three-dimensional shape as deduced from the cryoEM reconstruction
of a D6 barrel coat (20). The X-ray crystal structures of a fragment from the proximal
leg (19) and from the linker and terminal domains (18) have been superimposed on the
model. The approximate location of a light chain is indicated. The “height” of clathrin is
∼200Å, and the distance between the terminal domains ranges between∼300 and 400̊A.
The three-dimensional representation of a clathrin triskelion can be obtained from the
Annual Reviews site (as the PDB file triskelion.pdb that can be visualized with the viewer
RasMol).
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Light-Chain Sequences

Most mammalian tissues contain two distinct but related light chains, LCa and
LCb, that derive from independent genes (56–58). Yeasts express only one light
chain (43, 44);C. elegansapparently also has only one. In mammalian neurons,
there is a further level of complexity caused by differential splicing of theLCaand
LCbgenes (57, 58). The evolution of these additional isoforms may be associated
with the high degree of specialization involved in membrane reuptake in synapses
(Figure 1A), but a proper analysis of the significance of neuron-specific light chains
will require a better understanding of light-chain function in general. The molecular
masses predicted from the cDNAs of all light chains are in the range of 23–26 kDa.
The N-terminal 90 residues tend to be rich in Pro and Gly, and this composition
accounts for the anomalous electrophoretic mobility in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis that has led to estimated molecular masses
of 32–36 kDa (39). The central region of all light chains spans 71 residues and
contains 10 heptad repeats of the type characteristic of proteins that formα-helical
coiled-coils (58). There is a conserved extra residue (a so-called skip residue)
between heptads 5 and 6. The 71-residue central region is necessary and sufficient
for light-chain binding to the heavy chain (39). We now know from the crystal
structures of a fragment of the proximal leg of the heavy chain that the surface
to which this light-chain segment binds is not a singleα-helix running parallel
to the axis of the leg but rather a platform ofα-zigzags (19). We believe that
when it binds a heavy chain, the light-chain central region forms an extendedα-
helix, ∼105 Å in length, with the hydrophobic residues at thea andd positions
of the heptad facing the heavy-chain surface (38, 40, 58). The skip residue about
halfway along the segment will have the effect of allowing thea andd positions
of a relatively straight helix to face the same direction (58); in a coiled-coil, thea
andd residues trace a gentle left-handed path rather than a straight line. We thus
imagine that, when attached to a heavy chain, a light chain presents two probably
quite flexible regions of∼75 residues each (the N- and C-terminal segments), one
near the curved “knee” of the triskelion leg and the other near the threefold vertex
(Figure 4B). The sequences of these regions are not uniformly conserved among
species, and the differential splicing in neuronal light chains acts as a modulator
to ensure that the C-terminal segment interacts more efficiently with calmodulin
(46). The heptad repeat character of the central region is conserved, particularly
at thea andd positions.

Heavy Chain: Atomic Structure

The crystal structure of the first 495 residues of the clathrin heavy chain—nearly
one-third of the complete molecule—was reported in late 1998 (18; Figure 5B,
C), and the structure of a segment of the proximal leg—∼316 residues—appeared
in mid-1999 (19; Figure 5A). Because of the repeating character of the leg, these
two structures together effectively yield a picture of most of the molecule, with the
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Figure 5 Atomic structure of clathrin. The structures were obtained by X-ray crystallog-
raphy using recombinant protein fragments of clathrin heavy chain expressed inE. coli.(A)
A segment from the proximal leg of rat brain clathrin heavy chain (19). This∼300-residue
portion consists of a tandem repeat of 10α-helical zigzags. (B, C) The N-terminal domain
and the linker (which joins it to the distal leg) (18). The 330-residue globular N-terminal
domain is made of aβ-propeller; the remaining∼160 residues correspond to the linker and
contain fiveα-helical zigzags. The view in panelC corresponds to the model in panelB
rotated∼90◦ so that the linker is pointing away from the reader. The atomic coordinates
for these two structures can be found in the Protein Data Bank [www.rcsb.org/pdb/(PDB
ID codes 1B89 and 1BPO)] or on the Annual Reviews site.
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exception of the trimerization contacts at the vertex (see the schematic represen-
tation in Figure 4B).

The terminal domain is a seven-bladeβ-propeller, comprising residues 1–330
(Figure 5B, C). Its structure resembles closely those formed by the WD40 repeats
found in theβ subunits of heterotrimeric G proteins (59–61) and in a number of
other proteins, including components of the non-clathrin-coated transport vesicles
of the protein secretory pathway [see the recent review by Springer (62)]. The
sequence of this part of clathrin shows no evidence of a sevenfold repeat, and only
one of the seven blades has a tryptophan (W) in the consensus position. Nonethe-
less, the individual blades superimpose quite well on those from Gβ structures.
Emerging from the globular envelope of the propeller is the linker segment, which
is also present in part in the structure shown in Figure 5B. The linker is a zigzag
of α-helices of somewhat variable length and rather variable packing. The mean
direction of the helix axes is roughly transverse to the overall axis of the linker
(although the latter curves substantially). There are∼30 residues in each zigzag.
The apparent thickness of a leg, as seen with an electron microscope (see, for
example, Figure 4A), is uniform, and the mass per unit length, as estimated from
the positions of proteolytic cleavage points, is also relatively constant (32, 47). It
thus seemed likely, when the terminal domain/linker structure appeared, that theα-
zigzag would continue throughout the leg (18), and this expectation was borne out
by the structure of the proximal leg (19; Figure 5A), which is somewhat straighter,
with more regularα-zigzags, than the one in the linker but has essentially the same
characteristics. Moreover, the weak,∼150-residue sequence repeat (five zigzags)
detected by the authors of the second structure (19) suggests that there are no in-
terruptions in the pattern of helical zigs and zags from the beginning of the linker
to the small trimerization domain at the C terminus of the heavy chain.

The characteristics of the zigzags in the linker and in the proximal leg are
strikingly similar, even though the detected 150-residue sequence repeats do not
extend into the part of the linker contained in the terminal domain/linker structure
(19). In particular, in both structures there is a rough tendency for adjacent zigzags
to cluster into four-helix bundles, with slightly more-pronounced gaps between
successive bundles than between the two zigzags within a bundle. These gaps
expose a small amount of hydrophobic surface. Thus, the structure suggests that
the observed conformation could be distorted by modest bends or twists without
a large cost in free energy. Indeed, theα-zigzag combines stiffness and flexibility
as required for the specific assembly of lattices with a wide range of curvatures.
The transverse zigzags themselves are not reinforced by longitudinal cross-links
before assembly, except where the light chains bind in the proximal leg (see below).
One way to estimate the compliance of a rod formed byα-zigzags is to recall the
observation (19a) thatα-helices can roll over each other by≤5◦ without seriously
distorting their local contacts. Thus, a structure formed by stacked, transverse
helices can probably bend by no more than about 5◦ every 10Å (the interhelix
packing distance), or by up to∼80◦ over the length of a lattice edge. Because a
zigzag contains two antiparallel helices, this estimate (based on a stack of single

A
nn

u.
 R

ev
. B

io
ch

em
. 2

00
0.

69
:6

99
-7

27
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 H

A
R

V
A

R
D

 U
N

IV
E

R
SI

T
Y

 o
n 

08
/1

9/
08

. F
or

 p
er

so
na

l u
se

 o
nl

y.



P1: FPP/FPW P2: FPP

July 12, 2000 9:57 AR102 CHAP23

CLATHRIN 711

helices) may be too large, but it sets an upper limit on the local distortions that
we can imagine being imposed on the equilibrium structure of the heavy chain
by its interactions within a coat. The actual flexibility of any segment of a leg is
illustrated by the differences in curvature of the linker observed among the three
non-crystallographically related positions in the crystal structure of the terminal
domain/linker fragment (18); the bend per zigzag varies by 1◦–2◦.

Theβ-propeller structure of the terminal domain is likewise remarkably well
suited for its function within a coat. The terminal domain projects inward toward
the membrane (20, 21, 31, 33), where it must direct incorporation of specific cargo
through interactions with appropriate adaptors. As described in more detail later,
theβ-propeller appears to be a particularly favorable kind of protein interaction
domain for mediating multiple, specific interactions.

THE LATTICE OF A CLATHRIN COAT:
Molecular Structure

The most detailed view of a clathrin lattice has been provided by the recent cryoEM
image reconstruction, at 21-Å resolution, of a D6 barrel assembled in vitro from
brain clathrin and the plasma membrane AP-2 adaptor complex (20, 21). The
adaptors, which interact with terminal domains, favor assembly of small structures
(23, 25, 63, 64). The reconstruction just manages to resolve the individual clathrin
legs (21), allowing one to trace the overall course of a heavy chain (20). The
legs fit together as shown in Figures 3 and 6. The proximal leg of a triskelion
passes beside a proximal leg of the triskelion centered on the adjacent vertex,
and the leg then curves around so that its distal segment lies just beneath the
proximal segment of a second leg from the adjacent triskelion. The proximal/distal
interaction may actually be more extensive than the proximal/proximal interaction.
The side-to-side spacing of proximal legs within an edge of the lattice is∼25 Å;
the outside-in spacing of proximal and distal legs within an edge is∼20Å. These
spacings suggest, but do not prove, that the proximal/distal interactions involve the
helical faces of theα-zigzags whereas the proximal/proximal (and distal/distal)
interactions involve the loops (Figure 6E).

An important aspect of the heavy-chain structure, first seen in these images,
is the relatively smooth curvature of the leg as it proceeds from the distal to the
proximal segment. As a result, the curved region at the knee does not interact
with any other chain in the lattice (20). Moreover, because the knee lies adjacent
to the vertex of another triskelion, there is a region of the proximal leg that is
free of contacts as well. These segments are therefore unconstrained by packing
interactions, and they are free to realize the full extent of their inherent capacity to
bend and twist, as described above. Analysis of the nine different leg conformations
found in the D6 barrel (there are 108 legs in all, but the symmetry of the structure
relates them in sets of 12; the triskelions of one of these sets are colored red, green,
and blue in Figure 3) shows that they differ only in the knee region (20). This cannot
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Figure 6 Representation of the leg interactions along an edge in the coat. (A–D) The views
highlight the extent of contacts between the different leg segments as visualized by cryoEM (20).
The images correspond to an asymmetric unit of the barrel coat with D6 symmetry, reconstructed
by cryoEM (20, 21). The contribution made by two proximal legs to an edge is depicted in panels
A andB,and the contribution of a proximal and a distal leg is shown in panelsC andD). The figure
illustrates that the contacts between a proximal and a distal leg are more extensive than the contacts
between two proximal legs or between two distal legs. The three-dimensional representation of
three clathrin triskelions in one asymmetric unit can be obtained from the Annual Reviews site
(as a PDB file that can be visualized with a viewer such as RasMol ). (E) Illustration of the
possible orientation of theα-zigzags along proximal and distal legs in an edge of a coat, assuming
that the atomic structures of the proximal and distal legs are similar. The average distances for
proximal/proximal, distal/distal, and proximal/distal legs were obtained by inspection of cross
sections along edges in the electron density map obtained by cryoEM. The distance between the
α-zigzags approximates the distance between legs and takes into consideration their flattened
appearance as determined by X-ray crystallography (18, 19). The relative position of oneα-zigzag
with respect to another, along the axis of the legs, is unknown.

be the only locus of bend in other structures, however, because for lattices of much
smaller curvature (or flat arrays) the threefold axes of adjacent triskelions must be
more nearly parallel. It is likely that the necessary flexion occurs in the contact-free
zone near the vertex. As discussed in the section on coated-vesicle assembly in a
cell, the capacity of the legs to respond to local stress may be important for capture
of large or asymmetric cargo, such as virus particles.

The high-resolution structure of the terminal domain/linker (18) has been shown
to fit neatly (20) into hooklike features that project from the distal tips of the legs
in the cryoEM map (21). These features are weaker than those that correspond
to the parts of the leg constrained within the lattice, consistent with the notion
that theα-zigzag of the linker can be distorted by forces exerted on the terminal
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domain itself. For the barrels studied to date, assembly has been driven by AP-2
complexes, which aggregate relatively nonspecifically in the center of the coat
to form a “blob,” from which the clathrin-interacting hinge segments (see next
section) presumably project. Thus, in the particles analyzed, there are probably a
variety of irregular forces tending to pull the terminal domains away from their
equilibrium positions. The orientation of the terminal domain is nonetheless clearly
specified by the comparison of high- and low-resolution structures; the top surface
of theβ-propeller faces toward the membrane (Figure 7).

Figure 7 Orientation of three terminal domains in the lattice of a clathrin coat. Shown is
a view from the membrane toward the clathrin coat, to illustrate the approximate positions
under a vertex of three terminal domains from three different clathrin triskelions. The
propeller domains are inyellow, and the firstα-zigzag after each terminal domain is inred.
The position of the site between blades one and two for a clathrin box peptide is shown by
including the ordered portion of theβ3 chain of AP-3 (green), as seen in the structure of a
terminal domain–peptide complex (17). The distal legs of clathrin triskelions that emanate
from the three terminal domains are represented ascream-colored tubes, and the proximal
legs of the triskelion centered on this vertex are shown asochre tubes. These leg segments
lie “behind” the terminal domains in this view—that is, behind the plane of the page—and
the terminal domains should be imagined to project forward toward the reader. The model
shows that there are numerous closely spaced sites for clathrin box proteins but that even
the closest sites do not interfere with each other.
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ADAPTORS

AP Complexes

The most abundant proteins in a coated vesicle, after clathrin, are those of the
heterotetrameric adaptor protein (AP) complexes (“AP” originally stood for “as-
sembly polypeptide,” because, as explained in the next section, these proteins
promote assembly of clathrin coats in vitro). Present in brain coated vesicles at a
ratio of about one per two triskelions, the AP complexes contain one each of an
α-type large chain (α, γ , δ or ε), aβ-type large chain (β), aµ chain, and aσ chain.
There are at least four such complexes in mammalian cells: AP-1 (γ , β1, µ1,
σ1), found in coated vesicles associated with the TGN, and AP-2 (α, β2,µ2,σ2),
found in coated vesicles associated with the plasma membrane (65, 66); the newly
characterized AP-3 (δ3,β3,µ3,σ3) (67–70), found close to endosomes; and AP-4
(ε, β4, µ4, σ4) (71, 72), found close to the TGN. The last two adaptors have not
yet clearly been shown to associate with clathrin.S. cerevisiaeappears to have
three AP complexes, one of which is clearly associated with clathrin [summarized
by Huang et al (73)]. The AP complexes link clathrin assembly to incorporation of
certain classes of cargo. For example, the AP-2 proteins direct endocytosis of the
receptors for such ligands as transferrin, low-density lipoprotein, and epidermal
growth factor. These receptors are transferred to the endosome, from which they
are either recycled to the cell surface or forwarded to the lysosome. Likewise,
the AP-1 proteins direct incorporation of the mannose-6-phosphate receptor and
AP-3 of tyrosinase. Recognition of the cytoplasmic tails of receptors is often the
function of theµ chain through the binding of the YppØ sorting signal (74), but
theβ chain appears to have recognition sites for other endocytic signals, such as the
LL motif (75, 76). The heterotetrameric adaptors associate with clathrin through
a relatively shortβ-chain segment (23, 63, 67), the so-called hinge, which links a
large (60-kDa) N-terminal “trunk” domain to a projecting∼30-kDa C-terminal
“ear” (77–79). It has recently been shown that both APβ chains andβ-arrestins
interact with the same site on clathrin (17), and the consensus sequence LLpL(−)
within their interacting segments, first noted by Dell’Angelica and colleagues (67),
has been called a clathrin box (17) (Figure 8). It interacts with a groove in the side
of the terminal-domainβ-propeller. The structure of the clathrin terminal domain
with theβ3 hinge clathrin box is shown in Figure 9, and the corresponding hinge
peptides ofβ1 andβ2 from AP-1 and AP-2 probably adopt the same conforma-
tion as the boundβ3 hinge peptide (17). [For a more complete review of these
complexes and their recognition properties, see the articles by Hirst & Robinson
(10), Kirchhausen et al (12), Schmid (13), and Ter Haar et al (17).]

Arrestins

The seven-transmembrane-helix G-coupled proteins, such as theβ-adrenergic re-
ceptor, have more-specific adaptors to direct clathrin-mediated endocytosis (26, 80,
81). These proteins, known asβ-arrestins (or nonvisual arrestins;α-arrestin, the
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Figure 8 Sequences surrounding the clathrin box in proteins known to interact with
clathrin. It is likely that, as forβ-arrestin 2 and the adapterβ3 hinge, these proteins will
bind to the terminal domain of clathrin in the groove between blades 1 and 2. Note that
there is no detectable sequence similarity outside the clathrin box LLpL(−) where L typ-
ically denotes a leucine, and p and (−) denote a polar and a negatively charged residue,
respectively.

visual system homolog, does not interact with clathrin, and rhodopsin is not re-
cycled through the clathrin pathway), have a C-terminal projecting arm (82) that
contains a sequence related to one in the clathrin-interacting segment of the APβ

chain (67, 83). As pointed out by Ter Haar and colleagues (17) and Dell’Angelica
and coworkers (67), clathrin boxes are also found in a number of other proteins
known to interact with clathrin (Figure 8). The structures of the clathrin terminal
domain in complex with theβ-arrestin clathrin box and theβ3 hinge clathrin box
show that they bind to the same groove between blades 1 and 2 with approximately
the same conformation (Figure 9C).

COAT FORMATION IN VITRO

Clathrin, removed from coated vesicles by gentle dissociation and separated from
other vesicle components, can be reassembled into coatlike structures (cages)
at a pH of∼6 (9). Reassembly under physiological conditions can be achieved
by adding back the fraction corresponding to AP complexes (24, 34). The cages
assembled with AP complexes contain a larger number of smaller structures
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Figure 9 Peptide-in-groove interactions link target proteins to clathrin. (A, B) Surface
representation of the terminal domain of clathrin bound to peptides containing the clathrin
box of theβ3 chain of AP-3 (A) and ofβ-arrestin 2 (B). The figures are surface representa-
tions viewed from the “side” of the N-terminal domainβ-propeller. They show the ordered
portions (of sequences VSLLDLD and DTNLIEFE) of the bound peptides (depicted in
green). The figures are oriented such that the membrane surrounded by the clathrin coat is
located toward the top of each terminal domain. This figure was made with the program
GRASP (147) and was adapted from Ter Haar et al (17). (C) The superposition ofα-carbon
positions shows that the ordered portion of the bound peptides fromβ-arrestin 2 and the
β3 hinge have similar conformations when they are bound to the groove in the N-terminal
domain of clathrin. The atomic coordinates for these structures can be found in the Protein
Data Bank [www.rcsb.org (PDB ID codes 1C9L and 1C91)] or on the Annual Reviews site.
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(D6 barrel) than do those assembled from clathrin alone. A similar result is ob-
tained with recombinant APβ chain, and assembly can also be induced with just
recombinantβ hinge ear fragment, although the size regulation is apparently lost
(63). Because all of these species tend to associate, probably nonspecifically, under
assembly conditions, we believe that the stimulation of assembly does not involve
allosteric regulation of clathrin conformation but rather results from an effective
cross-linking of the clathrin trimers through hinge segments projecting from an as-
sociated or aggregated cluster of AP chains or AP chain fragments. The individual
interaction of one clathrin terminal domain with a single clathrin box sequence is
weak, but the polyvalency of aggregated AP complexes, the trivalency of clathrin,
and the significant contributions from clathrin-clathrin contacts in the lattice are
clearly sufficient to make the total association a very strong one.

The pattern of clathrin interactions seen in the recent cryoEM reconstruction
(Figures 3 and 6) leads to a simple picture of lattice formation. Imagine a 30◦

clockwise rotation of the central triskelion in Figure 10. Even without distortion of
the legs, this motion can disengage the triskelion from the lattice so that a simple
outward translation can withdraw it from the cage. A reverse version of these
steps is likely to describe the self-assembly of a clathrin cage. (These processes
are illustrated in an animation that can be viewed on the Annual Reviews web
site or at http://www.hms.harvard.edu/news/clathrin/.) If, as the lattice forms, a
central AP core tends to pull it tightly closed (through interactions of the projecting
β-chain hinges with the clathrin terminal domains), one can then account for
the small structures found after AP-stimulated assembly. These smaller lattices
are probably just a consequence of the relatively small size of the AP aggregate
that stabilizes them. In the absence of constrains from this stabilizing nucleus
(e.g. when cages are assembled from pure clathrin at pH∼6.3), the equilibrium

Figure 10 Model for the assembly and disassembly of a clathrin coat. The drawing indi-
cates the direction of the rotational movement (counterclockwise) that is required to lock
a relatively rigid clathrin triskelion into the lattice. The reverse process would be required
to disassemble the coat. An animation of this process in approximately real time (<1 min)
can be downloaded from http://www.hms.harvard.edu/news/clathrin/ or from the Annual
Reviews web site.
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pucker of the triskelion probably determines the mean diameter of the resulting
enclosed lattices. Regulation of lattice size does occur in vivo, but at least in one
case it appears to be a function of a different protein, the so-called AP-180 (see
below).

The model just described for AP-stimulated assembly suggests that AP com-
plexes do not have a privileged role in directing coat formation. In principle,
any clathrin box-containing protein could have this function. The absence of a
clathrin-negative phenotype in yeasts lacking AP chains (73, 84) is consistent with
this assertion.

COATED-VESICLE FORMATION IN A CELL

Assembly of coats in vitro is probably a good model for coat formation on a
membrane, but the important questions about the molecular mechanisms of local-
ization, regulation, linkage to cargo incorporation, and pinching off of the vesicle
bilayer remain largely unanswered. For this discussion, we focus on the endo-
cytic pathway, for which one can distinguish three distinct stages (13): initiation
of coated-pit formation, propagation of the lattice, and closure or budding of the
membrane vesicle.

Initiation

The initiation of coated-vesicle formation is likely to be a critical regulatory step.
Analysis of the mechanism by which coated-vesicle formation is initiated has been
complicated by conclusions drawn from striking electron-microscopic images of
extended hexagonal arrays of clathrin and their apparent deformation into pits
(30). A common view of coated-pit initiation has therefore been that it occurs
by inward deformation of a flat array. It is not possible, however, to introduce
pentagons (and therefore curvature) into a hexagonal lattice without massive local
disassembly (85). Moreover, there are many images of isolated coated pits budding
inward in the absence of adjacent flat arrays (30, 86). We suggest that the flat
arrays are reservoirs of clathrin which form when initial recruitment occurs at
special positions that are made more evident where the membrane is apposed to
a substrate (87). For cells with thick layers of cortical actin (e.g. REV52 cells),
such reservoirs may be essential for rapid assembly of coats. Disassembly at the
edges of these arrays would lead to a high local concentration of clathrin, with a
significant diffusion barrier being provided by the actin layer. For coated vesicles
themselves, it is likely that some discrete initiation step determines the location of
coat assembly.

Sites for clathrin recruitment and assembly have been studied in living cells by
labeling the light chains with green fluorescent protein (88). Most of the punctate
concentrations of fluorescent signal are relatively stationary foci at the plasma
membrane. A few appear and disappear, and lower-intensity green fluorescent
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protein signals occasionally leave the stationary foci and then vanish. The station-
ary structures have been interpreted as being coated pits, but their spatial extent
and their fluorescence strength suggest that they may be large arrays, rather than
invaginating pits, and that the weaker signals may represent true vesicle budding.
In support of this interpretation, image correlation spectroscopy analysis for the
immunofluorescence signal of AP-2s located at the plasma membrane of CV-1
cells shows a bimodal distribution, with foci containing 20 or 60 molecules of
AP-2, respectively (89). The punctuate foci of clathrin seen in cultured cells by
more-conventional fluorescence microscopy may also be large, stationary arrays,
since individual coated pits may be relatively short-lived and difficult to decorate
with antibodies.

Clathrin itself does not interact with a lipid bilayer, and specific proteins must
therefore recruit it to a membrane. A number of proteins, in addition to the adaptors
described above, contain clathrin box sequences (Figure 7), and any of these could
in principle recruit clathrin. A one-to-one stoichiometry is not necessary since,
once initiated, cooperative lattice assembly can proceed with only occasional fur-
ther clathrin-membrane interactions, just as coat assembly in vitro proceeds with
distinctly substoichiometric linkages between clathrin and the core of associated
AP complexes (85). Clathrin coat formation has been studied in permeabilized
cells, to which various soluble factors can be added (90–95). De novo formation of
partially formed coats and completion of coats initiated before permeabilization of
the cell have both been detected. Clathrin recruitment in these processes requires
AP complexes, but whether the AP complexes function in initiation, propagation,
or both processes has not been clearly determined. Elimination of AP complexes
from S. cerevisiaeby genetic knockout does not eliminate coated vesicles (73), so
that, at least in these cells, clathrin assembly on membranes can proceed without
AP complexes. Therefore, even if AP complexes normally participate in coated-pit
initiation, other adaptors or other clathrin box proteins must be able to carry out
the same function.

In addition to a clathrin scaffold, a membrane, cargo, and cargo adaptors, coated
vesicles must include molecules that determine the destination and ultimate fusion
of the pinched-off membrane. The identities of these targeting and fusion molecules
are largely undetermined. They probably include soluble NSF attachment protein
receptor (SNAREs) and associated Rab proteins. InS. cerevisiae, AP-3 has been
shown to recruit a SNARE through a dileucine signal (96). Endocytic coated
vesicles also contain a proton pump (97). At what stage in coated-vesicle formation
are these components introduced? To the extent that they are essential for proper
function, it is reasonable to suppose that they are part of either the initiation or
the pinching-off mechanism. Until recently, it seemed plausible that initiation was
the most likely step at which incorporation of single copies (or limited copies) of
essential molecules would occur. Studies of dynamin and its role in vesicle budding
have shown that it is equally likely that this incorporation occurs at the completion
step (93, 98, 99). Unlike budding of enveloped viruses, which appears to be driven
entirely by assembly of the structural proteins of the virion, separation of the
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membrane in a coated vesicle from the parent membrane involves an interacting
set of proteins (see below).

If AP complexes or other adaptors recruit clathrin to membranes, what molecules
are in turn responsible for localization of the adaptors? AP complexes are believed
to associate with specific membranes (AP-1 with the TGN, AP-2 with the plasma
membrane) through clathrin-independent docking mechanisms. In the case of AP-
1, the small G protein Arf-1 appears to be essential for membrane association
(100). No related G protein has yet been shown to be important for AP-2 dock-
ing, however. The N-terminal part of the AP-2α chain is required for plasma
membrane targeting (87, 101). When overexpressed, the correspondingα-chain
fragment inhibits transferrin receptor uptake and reduces clathrin recruitment.
Interaction with membrane lipid, perhaps through a site on theα-chain N-terminal
fragment for phosphoinositides, is necessary for these properties but may not be
sufficient. There is evidence for a protein component in the docking mechanism
for AP-1 (102) and AP-2 (103), which some believe may include synaptotagmin
(104, 105). Phosphoinositides are required for both early and late steps in endo-
cytic coated-vesicle assembly (106). The early step may correspond to the AP-2
interaction just described; the late step probably involves dynamin (107–109).

Propagation

The model for lattice propagation embodied in the animation described earlier can
apply to assembly on a membrane as well as assembly on a core of aggregated
AP complexes. The position and spacing of pentagons in the final structure dictate
its size and shape, and in vitro these properties are determined by the presence or
absence of an AP core and the equilibrium pucker of clathrin triskelions. The size
of vesicles assembled in cells appears to be regulated by AP180. AP180 is found
in the brain (110, 111) and its homolog CALM (for clathrin assembly lymphoid
myeloid leukemia) (112, 113) is probably expressed in all tissues. Both proteins
are found in association with clathrin-coated vesicles. AP180 binds to clathrin and
drives coat assembly (114, 115); at the same time it can also bind to AP-2 such that
the resulting AP180–AP-2 complexes assemble coats with higher efficiency than
does each protein alone (116). Because AP180 also binds to phosphoinositides
(117, 118), it is possible that interaction with these lipids helps recruit AP180
to the plasma membrane. Knockout of LAP, the AP180 homolog inDrosophila
spp., reduces the efficiency of synaptic-vesicle endocytosis and alters the normal
distribution of clathrin in nerve terminals (119). The sizes of the synaptic vesicles
and the quanta of neurotransmitter released are significantly increased in these
mutants. Likewise, organisms with mutations inunc-11, the AP180 gene homolog
in C. elegans, accumulate large vesicles at synapses (120). In addition, the SNARE
protein synaptobrevin is no longer exclusively localized to synaptic vesicles. It is
therefore possible that like its AP-2 counterpart, AP180 plays a dual role, in this
case to link coat formation with incorporation of specific SNAREs to the forming
coated vesicles.
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The mechanical properties of the clathrin legs and their packing in the clathrin
lattice suggest, as described earlier, that characteristics of the cargo could also
influence the size and shape of a vesicle. For example, during vesicle assembly
and closure around them, large virus particles, such as adenoviruses or vesicular
stomatitis virus, presumably exert a counterforce during the formation of a lattice
with normal curvature, resulting in a reduced pucker near the clathrin vertex and
a reduced curvature at the knee. As outlined earlier, this process is likely to be a
purely passive response of the leg to the resistance it experiences during lattice
assembly. Thus, during initiation of assembly, the nascent coated pit does not need
to “know” anything about the size and shape of the cargo it is engulfing. Indeed, flat
arrays may be formed simply by propagation of lattices initiated at points where
the cells are in contact with an extended surface, such as the plastic substrate in a
culture dish or a basement membrane in a tissue.

Membrane Budding and Vesicle Detachment

Coated-vesicle detachment from plasma membranes requires the GTPase-contain-
ing protein dynamin (121–124). Mutations in dynamin that inactivate its GT-
Pase activity or incubation of permeabilized synaptosomes with GTPγ S results in
coated pits with essentially completely formed clathrin lattices but with a thin lipid
bilayer neck connecting the vesicle to the membrane (125, 126). Dynamin itself
forms rings and tubes in vitro (127, 128), and these observations have led to the
proposal that dynamin is a “pinchase” that triggers separation of the vesicle from
its membrane of origin by mechanically squeezing the connection between them.
Dynamin contains segments that recruit other proteins, however, and an alternative
model is that the dynamin ring around the neck of the budding vesicle serves to
localize the actual severing activities (129, 130). Two of the proteins recruited to
a dynamin proline-rich region through their SH3 domains are amphyphysin (131)
and endophilin (98). Amphyphysin in turn interacts with synaptojanin (132, 133).
Synaptojanin and endophilin have lipid-modifying activities. Synaptojanin is an
inositol 5-phosphatase (134, 135); endophilin is a lysophosphatidic acid acyltrans-
ferase (99). It has been proposed that the product of the endophilin-catalyzed
reaction, which joins arachidonic acid and lysophosphatidic acid, could favor the
bilayer deformations required for vesicle budding.

Dynamin also interacts with membrane lipids directly, through a pleckstrin ho-
mology (PH) domain that recognizes PtdIns(3,4,5)P3 and PtdIns(4,5)P2 (108, 136,
137). It can thus respond to signals from phosphoinositide kinases, and it can
concentrate the relevant lipids into the neck of a coated pit. The activity of synap-
tojanin would favor release of dynamin by dephosphorylation of the head groups
that recruit it.

Why does coated-vesicle budding require a specific set of activities while bud-
ding of enveloped viruses does not? One straightforward structure-based answer
is that the large openings in the clathrin lattice do not constrict the membrane suf-
ficiently to drive fission. However, there may be functional implications as well.
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We do not yet know at which step the assembly incorporates SNAREs and other
molecules involved in selection and fusion with a target membrane. Linkage of
successful recruitment of these activities with GTPase activation could be a mech-
anism for signaling that the budding vesicle has acquired the necessary apparatus
to reach its destination.

UNCOATING

If clathrin assembly proceeds spontaneously when AP complexes move into the
region of a coated pit, then an energy-requiring reaction must be needed to take the
lattice apart. An in vitro clathrin-uncoating activity was detected nearly 20 years
ago and attributed to a cytoplasmic member of the Hsc70 family (138). Hsp70
proteins stimulate a variety of protein disassembly and unfolding steps by stabi-
lizing unfolded polypeptide chains and thus shifting the unfolding or dissociation
equilibrium. Timed and triggered hydrolysis of ATP releases the Hsp70, which
then recycles. Hsp70 proteins are drawn to specific targets by proteins that contain
J domains (named after DnaJ, the partner of theEscherichia coliHsp70, DnaK).
The coated-vesicle protein auxilin contains such a J domain (139), and recent evi-
dence suggests that it indeed may serve to recruit the uncoating ATPase (140, 141).
Auxilin itself is found only in brain coated vesicles (142), but there appears to be a
homolog that might have the same function in other tissues. Further details of the
uncoating reaction remain to be elucidated. In particular, we do not yet know what
sites on clathrin itself are essential for the process, and we know little about how
AP complexes are released from the membrane (143), so that models for the way
in which uncoating proceeds cannot yet be sketched. One important regulatory
puzzle concerns how the uncoating reaction is linked to completion of the coated
vesicle itself. Assembling coats do not appear to be subject to constant disassem-
bly (although it is not clear that such a tug-of-war would have been detected),
yet disassembly proceeds very rapidly once the vesicle buds. Acidification of the
vesicle lumen by the incorporated proton pump may be one way of signaling that
the vesicle is closed. Regulated phosphorylation of theβ-hinge of AP complexes
might also be another way to regulate coat assembly and disassembly, since phos-
phorylated AP complexes do not bind to clathrin cages and are the predominant
form in the cytosol (144).

PROTEIN NETWORKS

The preceding description of coated-pit assembly includes a large number of par-
ticipating proteins which together coordinate the various steps of lattice formation
and vesicle budding and integrate inputs from physiological signals. Analysis of
pairwise associations has shown that there are complex networks of interactions
that link these participants. Most individual pairwise affinities are weak, but forma-
tion of a network can lead to cooperative stabilization of the complete apparatus.
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These are precisely the characteristics appropriate to a multicomponent machine.
The absence of one of the required parts prevents assembly and activity of the
entire unit. Moreover, participation of many of the components is affected by their
modification, for example by phosphorylation, providing obvious mechanisms for
external control and for timed self-destruction. Finally, conformational changes
in one part of the apparatus in response to association with other parts can link
the participation of two components through allosteric changes in their common
partner. Thus, cargo loading appears to be linked to clathrin assembly and phos-
phoinositide binding (145) as well as to synaptotagmin recruitment (146) through
conformational properties of the AP complexes. The diagram of interactions (Fig-
ure 2) may appear unexpectedly complex, but it in fact embodies the kinds of
regulatory interlocks and programmed sequences of events that we would expect
from a computer-driven mechanical device that carried out comparable functions.

SUMMARY AND PROSPECTS

The high-resolution structures of the clathrin terminal domain and the proximal
leg and their incorporation into lower-resolution images of a clathrin coat have
produced a scaffold around which to build new experiments. Questions that are
likely to be answered in the next few years include the following. What proteins
initiate coat formation at the plasma membrane, TGN, and endosome? What signals
trigger this initiation? What is the mechanism of coated-vesicle budding at different
membranes? How do clathrin lattices uncoat? Is the mechanism of uncoating the
same in all tissues and for all intracellular locations? What proteins are needed
to target the traffic of the vesicles to their correct destination, and how are they
incorporated into the correct vesicle? How is cargo sorting linked to delivery to the
correct destination? The structural data summarized in this review provide the tools
for devising experimental approaches to answer these questions. Genomic data are
likely to greatly facilitate identification of specific components and elucidation of
protein interactions.

ACKNOWLEDGMENTS

I thank the members of my laboratory and my scientific colleagues for their will-
ingness to share data and ideas and to engage in many exciting discussions that
have led to the points summarized here. I also apologize to any of my colleagues
whose work I have inadvertently failed to quote. My fascination with clathrin
continues at the same level as when I first joined the laboratory of SC Harrison
as a postdoctoral fellow to work on clathrin structural biochemistry. I deeply ap-
preciate his continuous support and encouragement. The work in my laboratory
is supported by grants from the National Institutes of Health and by institutional
funds of The Center for Blood Research.

A
nn

u.
 R

ev
. B

io
ch

em
. 2

00
0.

69
:6

99
-7

27
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 H

A
R

V
A

R
D

 U
N

IV
E

R
SI

T
Y

 o
n 

08
/1

9/
08

. F
or

 p
er

so
na

l u
se

 o
nl

y.



P1: FPP/FPW P2: FPP

July 12, 2000 9:57 AR102 CHAP23

724 KIRCHHAUSEN

Visit the Annual Reviews home page at www.AnnualReviews.org

LITERATURE CITED

1. Roth TF, Porter KR. 1964.J. Cell Biol.20:
313–31

2. Kanaseki T, Kadota K. 1969.J. Cell Biol.
42:202–20

3. Crowther RA, Finch JT, Pearse BM. 1976.
J. Mol. Biol.103:785–98

4. Kadota K, Kadota T. 1973.J. Cell Biol.
58:135–51

5. Pearse BMF. 1975.J. Mol. Biol. 97:93–
98

6. Pearse BM. 1976.Proc. Natl. Acad. Sci.
USA73:1255–59

7. Ungewickell E, Branton D. 1981.Nature
289:420–22

8. Crowther RA, Pearse BM. 1981.J. Cell
Biol. 91:790–97

9. Kirchhausen T, Harrison SC. 1981.Cell
23:755–61

10. Hirst J, Robinson MS. 1998.Biochim.
Biophys. Acta1404:173–93

11. Kirchhausen T. 1999.Annu. Rev. Cell
Biol. 15:705–32

12. Kirchhausen T, Bonifacino JS, Riezman
H. 1997.Curr. Opin. Cell Biol. 9:488–
95

13. Schmid SL. 1997.Annu. Rev. Biochem.
66:511–48

14. Lewin DA, Mellman I. 1998.Biochim.
Biophys. Acta1401:129–45

15. Decamilli P, Takei K. 1996.Neuron16:
481–86

16. Takei K, Mundigl O, Daniell L, Decamilli
P. 1996.J. Cell Biol.133:1237–50

17. Ter Haar E, Harrison SC, Kirchhausen T.
2000. Proc. Natl. Acad. Sci. USA97:
1096–100

18. Ter Haar E, Musacchio A, Harrison SC,
Kirchhausen T. 1998.Cell 95:563–73

19. Ybe JA, Brodsky FM, Hofmann K, Lin
K, Liu SH, et al. 1999.Nature399:371–
75

19a. Lesk AM, Chothia C. 1984.J. Mol. Biol.
174:175–91

20. Musacchio A, Smith CJ, Roseman AM,
Harrison SC, Kirchhausen T, Pearse BMF.
1999.Mol. Cell 3:761–70

21. Smith CJ, Grigorieff N, Pearse BM. 1998.
EMBO J.17:4943–53

22. Ahle S, Ungewickell E. 1989.J. Biol.
Chem.264:20089–93

23. Gallusser A, Kirchhausen T. 1993.EMBO
J. 12:5237–44

24. Pearse BM, Robinson MS. 1984.EMBO J.
3:1951–57

25. Zaremba S, Keen JH. 1983.J. Cell Biol.
97:1339–47

26. Goodman OB Jr, Krupnick JG, Santini
F, Gurevich VV, Penn RB, et al. 1996.
Nature383:447–50

27. Marks MS, Ohno H, Kirchhausen T, Boni-
facino JS. 1997.Trends Cell Biol.7:124–28

28. Pearse BM. 1982.Proc. Natl. Acad. Sci.
USA79:451–55

29. Aggeler J, Werb Z. 1982.J. Cell Biol.
94:613–23

30. Heuser J. 1980.J. Cell Biol.84:560–83
31. Heuser J, Kirchhausen T. 1985.J. Ultra-

struct. Res.92:1–27
32. Kirchhausen T, Harrison SC. 1984.J. Cell

Biol. 99:1725–34
33. Vigers GP, Crowther RA, Pearse BM.

1986.EMBO J.5:529–34
34. Keen JH, Willingham MC, Pastan IH.

1979.Cell 16:303–12
35. Kirchhausen T, Harrison SC, Heuser J.

1986.J. Ultrastruct. Mol. Struct. Res.94:
199–208

36. Winkler FK, Stanley KK. 1983.EMBO J.
2:1393–400

37. Kirchhausen T, Harrison SC, Parham P,
Brodsky FM. 1983.Proc. Natl. Acad. Sci.
USA80:2481–85

38. Kirchhausen T, Toyoda T. 1993.J. Biol.
Chem.268:10268–73

39. Scarmato P, Kirchhausen T. 1990.J. Biol.
Chem.265:3661–68

A
nn

u.
 R

ev
. B

io
ch

em
. 2

00
0.

69
:6

99
-7

27
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 H

A
R

V
A

R
D

 U
N

IV
E

R
SI

T
Y

 o
n 

08
/1

9/
08

. F
or

 p
er

so
na

l u
se

 o
nl

y.



P1: FPP/FPW P2: FPP

July 12, 2000 9:57 AR102 CHAP23

CLATHRIN 725

40. Ungewickell E. 1983.EMBO J. 8:1401–
8

41. Ybe JA, Greene B, Liu SH, Pley U, Parham
P, Brodsky FM. 1998.EMBO J.17:1297–
303

42. Lindner R, Ungewickell E. 1991.Biochem-
istry 30:9097–101

43. Chu DS, Pishvaee B, Payne GS. 1999.Mol.
Biol. Cell 10:713–26

44. Huang KM, Gullberg L, Nelson KK,
Stefan CJ, Blumer K, Lemmon SK. 1997.
J. Cell Sci.110:899–910

45. Nathke I, Hill B, Parham P, Brodsky F.
1990.J. Biol. Chem.265:18621–27

46. Pley UM, Hill BL, Alibert C, Brodsky FM,
Parham P. 1995.J. Biol. Chem.270:2395–
402

47. Kirchhausen T, Harrison SC, Chow EP,
Mattaliano RJ, Ramachandran KL, et al.
1987.Proc. Natl. Acad. Sci. USA84:8805–
9

48. Lemmon SK, Pellicena Palle A, Conley K,
Freund CL. 1991.J. Cell Biol.112:65–80

49. O’Halloran TJ, Anderson RG. 1992.DNA
Cell Biol. 11:321–30

50. Bazinet C, Katzen AL, Morgan M,
Mahowald AP, Lemmon SK. 1993.Genet-
ics134:1119–34

51. Kokoza VA, Snigirevskaya ES, Raikhel
AS. 1997.Insect Mol. Biol.6:357–68

52. Holmes SE, Riazi MA, McDermid HE,
Sellinger BT, Hua A, et al. 1997.Hum. Mol.
Genet.6:357–67

53. Kedra D, Peyrard M, Fransson I, Collins
JE, Dunham I, et al. 1996.Hum. Mol.
Genet.5:625–31

54. Long KR, Trofatter JA, Ramesh V,
McCormick IK, Buckler AJ. 1996.Ge-
nomics35:466–72

55. Sirotkin H, Morrow B, Dasgupta R, Gold-
berg R, Patanjali SR, et al. 1996.Hum. Mol.
Genet.5:617–24

56. Jackson AP, Parham P. 1988.J. Biol. Chem.
263:16688–95

57. Jackson AP, Seow HF, Holmes N, Drick-
amer K, Parham P. 1987.Nature326:154–
59

58. Kirchhausen T, Scarmato P, Harrison SC,
Monroe JJ, Chow EP, et al. 1987.Science
236:320–24

59. Lambright DG, Sondek J, Bohm A, Skiba
NP, Hamm HE, Sigler PB. 1996.Nature
379:311–19

60. Sondek J, Bohm A, Lambright DG, Hamm
HE, Sigler PB. 1996.Nature379:369–74

61. Wall MA, Coleman DE, Lee E, Iniguez-
Lluhi JA, Posner BA, et al. 1995.Cell
83:1047–58

62. Springer TA. 1998.J. Mol. Biol.283:837–
62

63. Shih W, Gallusser A, Kirchhausen T. 1995.
J. Biol. Chem.270:31083–90

64. Vigers GP, Crowther RA, Pearse BM.
1986.EMBO J.5:2079–85

65. Ahle S, Mann A, Eichelsbacher U,
Ungewickell E. 1988.EMBO J.7:919–29

66. Robinson MS, Pearse BM. 1986.J. Cell
Biol. 102:48–54

67. Dell’Angelica EC, Klumperman J, Stoor-
vogel W, Bonifacino JS. 1998.Science
280:431–34

68. Dell’Angelica EC, Ohno H, Ooi CE,
Rabinovich E, Roche KW, Bonifacino JS.
1997.EMBO J.16:917–28

69. Kantheti P, Qiao XX, Diaz ME, Peden AA,
Meyer GE, et al. 1998.Neuron21:111–22

70. Simpson F, Peden AA, Christopoulou L,
Robinson MS. 1997.J. Cell Biol.137:835–
45

71. Dell’Angelica EC, Mullins C, Bonifacino
JS. 1999.J. Biol. Chem.274:7278–85

72. Hirst J, Bright NA, Rous B, Robinson MS.
1999.Mol. Biol. Cell10:2787–802

73. Huang KM, D’Hondt K, Riezman H, Lem-
mon SK. 1999.EMBO J.18:3897–908

74. Ohno H, Stewart J, Fournier MC, Bosshart
H, Rhee I, et al. 1995.Science269:1872–
75

75. Greenberg M, Detulleo L, Rapoport I,
Skowronski J, Kirchhausen T. 1998.Curr.
Biol. 8:1239–42

76. Rapoport I, Chen YC, Cupers P, Shoelson
SE, Kirchhausen T. 1998.EMBO J. 17:
2148–55

A
nn

u.
 R

ev
. B

io
ch

em
. 2

00
0.

69
:6

99
-7

27
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 H

A
R

V
A

R
D

 U
N

IV
E

R
SI

T
Y

 o
n 

08
/1

9/
08

. F
or

 p
er

so
na

l u
se

 o
nl

y.



P1: FPP/FPW P2: FPP

July 12, 2000 9:57 AR102 CHAP23

726 KIRCHHAUSEN

77. Heuser JE, Keen J. 1988.J. Cell Biol.
107:877–86

78. Kirchhausen T, Nathanson KL, Matsui W,
Vaisberg A, Chow EP, et al. 1989.Proc.
Natl. Acad. Sci. USA86:2612–16

79. Zaremba S, Keen JH. 1985.J. Cell.
Biochem.28:47–58

80. Ferguson SSG, Downey WE III, Colapi-
etro A-M, Barak LS, Ménard L, Caron MG.
1996.Science271:363–66

81. Lin HC, Duncan JA, Kozasa T, Gilman AG.
1998.Proc. Natl. Acad. Sci. USA95:5057–
60

82. Hirsch JA, Schubert C, Gurevich VV,
Sigler PB. 1999.Cell 97:257–69

83. Krupnick JG, Goodman OB Jr, Keen JH,
Benovic JL. 1997.J. Biol. Chem.272:
15011–16

84. Yeung BG, Phan HL, Payne GS. 1999.Mol.
Biol. Cell 10:3643–59

85. Kirchhausen T. 1993.Curr. Opin. Struct.
Biol. 3:182–88

86. Sanan DA, Anderson RGW. 1991.J. His-
tochem. Cytochem.39:1017–24

87. Gaidarov I, Keen JH. 1999.J. Cell Biol.
146:755–64

88. Gaidarov I, Santini F, Warren RA, Keen
JH. 1999.Nat. Cell Biol.1:1–7

89. Brown CM, Petersen NO. 1998.J. Cell Sci.
111:271–81

90. McLauchlan H, Newell J, Morrice N,
Osborne A, West M, Smythe E. 1998.Curr.
Biol. 8:34–45

91. Schmid SL. 1993.Trends Cell Biol.3:145–
48

92. Schmid SL, Smythe E. 1991.J. Cell Biol.
114:869–80

93. Simpson F, Hussain NK, Qualmann B,
Kelly RB, Kay BK, et al. 1999.Nat. Cell
Biol. 1:119–24

94. Smythe E, Carter LL, Schmid SL. 1992.J.
Cell Biol. 119:1163–71

95. Smythe E, Redelmeier TE, Schmid
SL. 1992. Methods Enzymol.219:223–
34

96. Vowels JJ, Payne GS. 1998.EMBO J.
17:2482–93

97. Forgac M, Cantley L, Wiedenmann B,
Altstiel L, Branton D. 1983.Proc. Natl.
Acad. Sci. USA80:1300–3

98. Ringstad N, Gad H, Low P, Di Paolo G,
Brodin L, et al. 1999.Neuron 24:143–
54

99. Schmidt A, Wolde M, Thiele C, Fest W,
Kratzin H, et al. 1999.Nature401:133–
41

100. Zhu Y, Traub LM, Kornfeld S. 1999.Mol.
Biol. Cell 10:537–49

101. Gaidarov I, Chen Q, Falck JR, Reddy
KK, Keen JH. 1996.J. Biol. Chem.271:
20922–29

102. Seaman MNJ, Sowerby PJ, Robinson MS.
1996.J. Biol. Chem.271:25446–51

103. Mahaffey DT, Peeler JS, Brodsky FM,
Anderson RG. 1990.J. Biol. Chem.265:
16514–20

104. Jorgensen EM, Hartwieg E, Schuske K,
Nonet ML, Jin YS, Horvitz HR. 1995.Na-
ture378:196–99

105. Zhang JZ, Davletov BA, Sudhof TC,
Anderson RG. 1994.Cell 78:751–60

106. Jost M, Simpson F, Kavran JM, Lem-
mon MA, Schmid SL. 1998.Curr. Biol.
8:1399–402

107. Achiriloaie M, Barylko B, Albanesi JP.
1999.Mol. Cell. Biol.19:1410–15

108. Artalejo CR, Lemmon MA, Schlessinger
J, Palfrey HC. 1997.EMBO J.16:1565–
74

109. Vallis Y, Wigge P, Marks B, Evans PR,
McMahon HT. 1999.Curr. Biol. 9:257–
60

110. Murphy JE, Pleasure IT, Puszkin S,
Prasad K, Keen JH. 1991.J. Biol. Chem.
266:4401–8

111. Zhou S, Tannery NH, Yang J, Puszkin
S, Lafer EM. 1993.J. Biol. Chem.268:
12655–62

112. Dreyling MH, Martinezcliment JA,
Zheng M, Mao J, Rowley JD, Bohlander
SK. 1996. Proc. Natl. Acad. Sci. USA
93:4804–9

113. Tebar F, Bohlander SK, Sorkin A. 1999.
Mol. Biol. Cell10:2687–702

A
nn

u.
 R

ev
. B

io
ch

em
. 2

00
0.

69
:6

99
-7

27
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 H

A
R

V
A

R
D

 U
N

IV
E

R
SI

T
Y

 o
n 

08
/1

9/
08

. F
or

 p
er

so
na

l u
se

 o
nl

y.



P1: FPP/FPW P2: FPP

July 12, 2000 9:57 AR102 CHAP23

CLATHRIN 727

114. Morris SA, Schr¨oder S, Plessmann U,
Weber K, Ungewickell E. 1993.EMBO
J. 12:667–75

115. Ye W, Lafer EM. 1995.J. Neurosci. Res.
41:15–26

116. Hao WH, Luo Z, Zheng L, Prasad K,
Lafer EM. 1999. J. Biol. Chem.274:
22785–94

117. Norris FA, Ungewickell E, Majerus PW.
1995.J. Biol. Chem.270:214–17

118. Profit AA, Chen J, Gu QM, Chaudhary
A, Prasad K, et al. 1998.Arch. Biochem.
Biophys.357:85–94

119. Zhang B, Koh YH, Beckstead RB, Budnik
V, Ganetzky B, Bellen HJ. 1998.Neuron
21:1465–75

120. Nonet ML, Holgado AM, Brewer F, Serpe
CJ, Norbeck BA, et al. 1999.Mol. Biol.
Cell 10:2343–60

121. Chen MS, Obar RA, Schroeder CC,
Austin TW, Poodry CA, et al. 1991.Na-
ture351:583–86

122. Kosaka T, Ikeda K. 1983.J. Cell Biol.
97:499–507

123. Shpetner HS, Vallee RB. 1989.Cell 59:
421–32

124. van der Bliek AM, Meyerowitz EM. 1991.
Nature351:411–14

125. Takei K, McPherson PS, Schmid SL,
Decamilli P. 1995.Nature374:186–90

126. van der Bliek AM, Redelmeier TE, Da-
mke H, Tisdale EJ, Meyerowitz EM, Sch-
mid SL. 1993.J. Cell Biol.122:553–63

127. Carr JF, Hinshaw JE. 1997.J. Biol. Chem.
272:28030–35

128. Hinshaw JE, Schmid SL. 1995.Nature
374:190–92

129. Kirchhausen T. 1999.Nature 398:470–
71

130. Sever S, Muhlberg AB, Schmid SL. 1999.
Nature398:481–86

131. David C, McPherson PS, Mundigl O, De
Camilli P. 1996.Proc. Natl. Acad. Sci.
USA93:331–35

132. Cestra G, Castagnoli L, Dente L, Mi-
nenkova O, Petrelli A, et al. 1999.J. Biol.
Chem.274:32001–7

133. Deheuvel E, Bell AW, Ramjaun AR,
Wong K, Sossin WS, McPherson PS.
1997.J. Biol. Chem.272:8710–16

134. Haffner C, Takei K, Chen H, Ringstad N,
Hudson A, et al. 1997.FEBS Lett.419:
175–80

135. Woscholski R, Finan PM, Radley E, Totty
NF, Sterling AE, et al. 1997.J. Biol.
Chem.272:9625–28

136. Lee A, Frank DW, Marks MS, Lemmon
MA. 1999.Curr. Biol. 9:261–64

137. Salim K, Bottomley MJ, Querfurth E,
Zvelebil MJ, Gout I, et al. 1996.EMBO
J. 15:6241–50

138. Schlossman DM, Schmid SL, Braell WA,
Rothman JE. 1984.J. Cell Biol. 99:
723–33

139. Ungewickell E, Ungewickell H, Holstein
SEH, Lindner R, Prasad K, et al. 1995.
Nature378:632–35

140. Barouch W, Prasad K, Greene L, Eisen-
berg E. 1997.Biochemistry 36:4303–
8

141. Holstein SEH, Ungewickell H, Un-
gewickell E. 1996.J. Cell Biol. 135:
925–37

142. Ahle S, Ungewickell E. 1990.J. Cell Biol.
111:19–29

143. Hannan LA, Newmyer, SL, Schmid
SL. 1998. Mol. Biol. Cell 9:2217–
29

144. Wilde A, Brodsky FM. 1996.J. Cell Biol.
135:635–45

145. Rapoport I, Miyazaki M, Boll W, Duck-
worth B, Cantley LC, et al. 1997.EMBO
J. 16:2240–50

146. Haucke V, De Camilli P. 1999.Science
285:1268–71

147. Nicholls A, Sharp KA, Honig B. 1991.
Proteins Struct. Funct. Genet.11:282–
89

A
nn

u.
 R

ev
. B

io
ch

em
. 2

00
0.

69
:6

99
-7

27
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 H

A
R

V
A

R
D

 U
N

IV
E

R
SI

T
Y

 o
n 

08
/1

9/
08

. F
or

 p
er

so
na

l u
se

 o
nl

y.



           Annual Review of Biochemistry
          Volume 69, 2000

CONTENTS
STILL LOOKING FOR THE IVORY TOWER, Howard K. Schachman

1
CRYPTOCHROME: The Second Photoactive Pigment in The Eye and Its 
Role in Circadian Photoreception, Aziz Sancar 31
PROTEIN GLUCOSYLATION AND ITS ROLE IN PROTEIN 
FOLDING, Armando J. Parodi 69
SPINDLE ASSEMBLY IN ANIMAL CELLS, Duane A. Compton 95
CHROMOSOME COHESION, CONDENSATION, AND 
SEPARATION, Tatsuya Hirano 115

CYCLOOXYGENASES: Structural, Cellular, and Molecular Biology, 
William L. Smith, David L. DeWitt, and R. Michael Garavito

145
TWO-COMPONENT SIGNAL TRANSDUCTION, Ann M. Stock, 
Victoria L. Robinson, and Paul N. Goudreau 183
APOPTOSIS SIGNALING, Andreas Strasser, Liam O'Connor, and 
Vishva M. Dixit 217

YEAST HOMOTYPIC VACUOLE FUSION: A Window on Organelle 
Trafficking Mechanisms, William Wickner and Albert Haas

247
STRUCTURAL INSIGHTS INTO MICROTUBULE FUNCTION, Eva 
Nogales 277
AUTOPHAGY, CYTOPLASM-TO-VACUOLE TARGETING 
PATHWAY, AND PEXOPHAGY IN YEAST AND MAMMALIAN 
CELLS, John Kim and Daniel J. Klionsky 303

COUPLING OF OPEN READING FRAMES BY TRANSLATIONAL 
BYPASSING, Alan J. Herr, John F. Atkins, and Raymond F. Gesteland

343
PROTEIN TYROSINE KINASE STRUCTURE AND FUNCTION, 
Stevan R. Hubbard and Jeffrey H. Till 373

IMPORT OF PEROXISOMAL MATRIX AND MEMBRANE 
PROTEINS, S. Subramani, Antonius Koller, and William B. Snyder

399
PLATELET-ACTIVATING FACTOR AND RELATED LIPID 
MEDIATORS, Stephen M. Prescott, Guy A. Zimmerman, Diana M. 
Stafforini, and Thomas M. McIntyre 419
PROTEIN SPLICING AND RELATED FORMS OF PROTEIN 
AUTOPROCESSING, Henry Paulus 447
DNA REPLICATION FIDELITY, Thomas A. Kunkel and Katarzyna 
Bebenek 497

RECEPTOR BINDING AND MEMBRANE FUSION IN VIRUS 
ENTRY: The Influenza Hemagglutinin, John J. Skehel and Don C. Wiley

531

A
nn

u.
 R

ev
. B

io
ch

em
. 2

00
0.

69
:6

99
-7

27
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 H

A
R

V
A

R
D

 U
N

IV
E

R
SI

T
Y

 o
n 

08
/1

9/
08

. F
or

 p
er

so
na

l u
se

 o
nl

y.



MECHANISMS AND CONTROL OF MRNA DECAPPING IN 
Saccharomyces cerevisiae , Morgan Tucker and Roy Parker 571
RIBOZYME STRUCTURES AND MECHANISMS, Elizabeth A. 
Doherty and Jennifer A. Doudna 597
AMINOACYL-TRNA SYNTHESIS, Michael Ibba and Dieter Söll 617
STRUCTURE AND FUNCTION OF HEXAMERIC HELICASES, S. S. 
Patel and K. M. Picha 651
CLATHRIN, Tomas Kirchhausen 699
MEDIATOR OF TRANSCRIPTIONAL REGULATION, Lawrence C. 
Myers and Roger D. Kornberg 729

CRITICAL ANALYSIS OF ANTIBODY CATALYSIS,  Donald Hilvert
751

GTPASE-ACTIVATING PROTEINS FOR HETEROTRIMERIC G 
PROTEINS: Regulators of G Protein Signaling (RGS) and RGS-Like 
Proteins, Elliott M. Ross and Thomas M. Wilkie 795
REGULATION OF CHROMOSOME REPLICATION, Thomas J. Kelly 
and Grant W. Brown 829
HELICAL MEMBRANE PROTEIN FOLDING, STABILITY, AND 
EVOLUTION, Jean-Luc Popot and Donald M. Engelman 881
SYNTHESIS OF NATIVE PROTEINS BY CHEMICAL LIGATION, 
Philip E. Dawson and Stephen B. H. Kent 923
SWINGING ARMS AND SWINGING DOMAINS IN 
MULTIFUNCTIONAL ENZYMES: Catalytic Machines for Multistep 
Reactions, Richard N. Perham 961
STRUCTURE AND FUNCTION OF CYTOCHROME bc 
COMPLEXES, Edward A. Berry, Mariana Guergova-Kuras, Li-shar 
Huang, and Antony R. Crofts 1005

A
nn

u.
 R

ev
. B

io
ch

em
. 2

00
0.

69
:6

99
-7

27
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 H

A
R

V
A

R
D

 U
N

IV
E

R
SI

T
Y

 o
n 

08
/1

9/
08

. F
or

 p
er

so
na

l u
se

 o
nl

y.


