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Abstract

Biophysical and Phylogenetic Studies of Clathrin

Diane Elizabeth Wakeham

Clathrin has a unique triskelion shape that allows it to self-assemble into
extended lattices along the cellular membranes. These clathrin cages surround
membrane buds, which pinch inward to create vesicles within the cell during
endocytosis and other steps of intracellular membrane traffic. While clathrins
have been researched for decades, the nature of the interactions between
clathrin heavy chains during clathrin self-assembly has been unclear. Site-
directed mutagenesis and modeling were used to explore electrostatic
interactions between clathrin leg segments during self-assembly and suggested
they are repulsive in nature. Chimeric proteins were created which
demonstrated that self-assembly is a cooperative, entropy-driven polymerization
driven primarily by multiple weak hydrophobic interactions.

This work was followed by a bioinformatic study of clathrin genes
demonstrating that the genes for both clathrin light chain and clathrin heavy chain
subunits were duplicated during the time frame of evolution of chordates into
vertebrates. Preliminary evidence suggests that the clathrin heavy chain gene
may have duplicated in a large-scale genomic duplication event, in order to

support increased neuronal and muscular sophistication in primitive vertebrates.
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Chapter One: Introduction

Clathrin is a trimeric protein with a unique triskelion shape that has a
crucial role in intracellular membrane traffic. It is composed of three heavy
chains joined at the C-terminus. The globular N-terminal domains attach to rod-
like distal and proximal leg domains, which radiate outward from the C-terminal
trimerization domain like spokes of a wheel. Each heavy chain is bound by a
smaller regulatory subunit, the clathrin light chain. The unusual pinwheel-like
morphology allows clathrin to form extended lattices along the membrane surface
and spherical baskets around vesicles. Clathrin lattices at the membrane
function to sequester receptors and their bound ligands into clathrin-coated pits
on the membrane surface, and to induce or stabilize curvature of these clathrin-
coated pits as the membrane buds off and is moved about by the cell as a
clathrin-coated vesicle. Clathrin is then removed from the surface of the vesicle
and recycled for use in another round of vesicle formation, and the vesicle is
tethered to the cytoskeletal elements in the cell and motored to its intended
subcellular location.

In this dissertation | consider the mechanism of clathrin self-assembly and
the duplication of the clathrin genes in the human genome. | begin by
introducing the cellular role of clathrin (Chapter One). More detailed
introductions to clathrin function (Brodsky et al., 2001) and structure (Wakeham
et al., 2000; Ybe et al., 2000) to which | have contributed can be found in the

Appendix of this dissertation. | describe my biochemical and biophysical
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exploration of the molecular contacts between clathrin heavy chains during self-
assembly, and the mechanism by which clathrins polymerize into a lattice
(Chapter Two). | continue by detailing studies revealing the cooperative nature
of clathrin self-assembly and discuss its implications in lattice stability and
rearrangement (Chapter Three). Bioinformatic methods were then used to
investigate the duplication of clathrin heavy chain and clathrin light chain genes
in the human genome, to estimate when and how the duplicate copy evolved and
to consider its functional implications (Chapter Four). The methodology used in
all these experiments is described in detail later in the thesis (Chapter Five).

Finally | consider future directions for research (Chapter Six).

Endocytosis: Cellular Internalization

All living cells are bounded by an external membrane made of a lipid
bilayer. This plasma membrane maintains the integrity of the cell by isolating it
from its surroundings, allowing it to collect and maintain a higher concentration of
certain proteins and ions than that found in the extracellular medium.
Translocation of even small molecules and ions into the cell through the
membrane is difficult, owing to the hydrophobicity of the oily lipids and their
natural impermeability to hydrophilic molecules found in the aqueous cytosolic
fluid inside the cell. However, cells do need to exchange molecules with the
extracellular fluid, and they have evolved several highly specialized systems to

allow this to occur.



For some needs, transport proteins that span the membrane act to
facilitate the transport of specific molecules. Carrier proteins, or transporters,
bind to their specialized cargo and undergo a series of conformational changes
to open successive gates and allow the cargo passage through to the interior of
the cell. Carrier proteins are important for absorption of sugars, nucleotides,
amino acids, small drug molecules, and some ions. Channel proteins, on the
other hand, are narrow corridors through the membrane, where the specific size
and charge of the ion determine its ability to pass through the channel. Most
cells maintain electrochemical gradients using channel proteins (Alberts et al.,
2002).

Cells also need to bring in molecules and complexes that are too large to
fit through a narrow transporter gate or ion channel. Instead, the cells use
endocytosis, a process in which the cellular membrane forms a local invagination
coated with a clathrin lattice (also called a clathrin-coated pit), and the membrane
buds and eventually pinches off inside the cell, forming a separate small,
membrane-bound clathrin-coated vesicle inside the cell (Figure 1.1). Once the
vesicle is severed from the membrane, the clathrin coat is removed from the
outer surface. This clathrin-coated vesicle (CCV) is used as a shuttle to move
the vesicle contents, which were formerly outside the cell, to a specific
membrane-bound organelle inside the cell. Such organelles include the trans-
Golgi network, endoplasmic reticulum, the nucleus, or lysosomes. The vesicle
fuses with its target organelle to deliver its cargo (Alberts et al., 2002). There

are additional endocytic pathways that do not depend on clathrin (Figure
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Figure 1.1: Formation of Clathrin-Coated Pits and Endocytosis
Transmembrane receptors bind to adaptor complexes, which bring them to
docking sites for membrane traffic. The AP1 complex functions in TGN to
endosome traffic, while the AP2 complex is involved in traffic from the
plasma membrane to the endosomes. AP3 and AP4-coated vesicles in the
cell appear to not involve clathrin coats. The clathrin assembles at the
membrane into a clathrin-coated pit. Rearrangements in the clathrin lattice
coincide with membrane deformation into a constricted bud containing the
receptors and their bound ligands. The bud is then severed from the
membrane surface, and the clathrin-coated vesicles are uncoated before the
vesicle travels to its subcellular destination. The increasingly acidic pH in
endosomes and particularly lysosomes results in dissociation of ligands from
receptors or in protein degradation.



1.2A)(Brodsky et al., 2001), such as caveolae-mediated internalization of lipid raft
domains (Anderson, 1998), but receptor-mediated endocytosis via clathrin-
coated pits is the primary mechanism ascribed to the uptake of most larger
molecules into the cell.

Receptor-mediated endocytosis (RME) is an efficient way to regulate
transportation of specific macromolecules into the cell and deliver them to their
desired locations. The cell creates a transmembrane receptor protein, which is
embedded in the plasma membrane of the cell with a binding site for its cargo on
the extracellular surface of the membrane and a signaling tail on the inside
surface of the membrane. The number of receptors on the cell membrane is
regulated to allow the cell to control the amount of cargo taken in by the cell.
When an extracellular cargo molecule binds to the receptor, the cargo is
incorporated with its receptor into a nascent vesicle. Specific amino acid
sequences in the receptor tail, called cellular localization signals, direct the cargo
to the appropriate location within the cell for its delivery (Blobel, 2000).

There are two types of receptor-mediated endocytosis (Brodsky et al.,
2001). The first type involves signaling receptors that are internalized only when
bound to cargo, for example G-protein coupled receptors (GPCRs) or growth
factor receptors and other receptor tyrosine kinases (RTKs). Ligand binding
triggers cascades that phosphorylate the intracellular receptor tail, which in turn
allows it to be both mono-ubiquitinated and recognized by the adaptor complex
AP2, a component of the clathrin internalization pathway. AP2 binding allows

recruitment of the receptor into a clathrin-coated pit and thus incorporation into a



budding vesicle. Mono-ubiquitination allows Hrs binding, a second adaptor for
clathrin coated vesicles moving from endosomes to lysosomes (Clague, 2002).
These allow the duration of intracellular signaling to be a direct consequence of
its activation, because internalization can lead to digestion or inactivation of the
receptors and thus to termination of signaling and downregulation of the number
of receptors on the cell surface (Tsao and von Zastrow, 2000). The second type
of receptor-mediated endocytosis, constitutive endocytosis, occurs continually at
a regular rate whether the ligand is bound to the receptor or not, because AP2
binding is not dependent on a phosphorylation event. One example of a receptor
that uses constitutive internalization is transferrin receptor, the cellular
mechanism for internalization of iron.

Clathrin thus mediates cellular internalization for a wide variety of ligands,
such as cholesterol (Anderson et al., 1976), hormones (van Kerkhof et al., 2000),
certain viruses (Helenius et al., 1980), liposomes (Straubinger et al., 1983),
extracellular matrix proteins (Uekita et al., 2001), immune complexes (Willingham
et al., 1979), insulin (Maxfield et al., 1978), and growth factors (Sorkin and
Waters, 1993). The entire process of endocytosis, from coated pit formation
through vesicle uncoating, can occur in under one minute (Kirchhausen, 2000a),
or perhaps even faster in neuronal cells. A normal macrophage is estimated to
endocytose and replenish by exocytosis rapidly enough that it internalizes 3% of
its plasma membrane every minute, suggesting complete turnover every half

hour (Brodsky, 1988; Robinson, 1987). Coated vesicles range in size from 50 to



250 nm in diameter (Pearse and Bretscher, 1981), perhaps allowing larger cargo

molecules to tailor their clathrin coats for a custom fit.

Clathrin-Dependent Intracellular Trafficking Pathways

Cells contain many lipid membrane-bound organelles with vesicles
trafficking between them, and clathrin is not limited to facilitation of membrane
traffic at the plasma membrane (Brodsky et al., 2001). Newly synthesized
proteins that have finished maturation in the Golgi bud from the trans-Golgi
network (TGN) via clathrin-coated vesicles. In contrast to the plasma membrane
vesicles, which use the tetrameric AP2 adaptor complex, the TGN vesicles use
the AP1 adaptor complex. Both plasma membrane- and TGN- derived vesicles
are motored to the endosomes, where they are sorted by the cell and sent either
to the plasma membrane (for exocytosis or export of cytosolic proteins, or to
recycle a receptor for another round of ligand binding) or to the lysosome (for its
degradation). In addition, some secretory vesicles moving directly from the TGN
to the plasma membrane appear initially associated with a partial clathrin coat, to
remove unwanted receptors from secretory granules (Kuliawat et al., 1997;
Molinete et al., 2001).

Additional tetrameric adaptor complexes homologous to AP1 and AP2
have been identified that form a coat around budding membranes but appear not
to require a clathrin coat for their intracellular trafficking. AP3 appears to be
involved in traffic from TGN or endosomes to lysosomes, and AP4 in traffic from

endosomes to TGN (Robinson and Bonifacino, 2001). GGAs, which have
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Figure 1.2: Clathrin’s Role in Membrane Traffic in the Eukaryotic Cell
A. Clathrin-mediated cellular traffic is highlighted in blue to contrast with
traffic mediated by other coating proteins. B. Distribution of clathrin-coated
vesicles in a HelLa cell labeled with the X22 anti-clathrin heavy chain
monoclonal antibody and fluorescent anti-immunoglobin viewed by
microscopy (Liu et al., 2001a), reproduced with permission from Oxford
University Press. The bar indicates 5 micrometers. C. An electron
micrograph of a membrane-associated clathrin lattice and emerging clathrin-
coated pit (Heuser et al., 1987), reproduced with copyright permission from
Rockefeller University Press. The bar indicates 33 nanometers. D. A
clathrin triskelion purified from bovine brain clathrin-coated vesicles and
visualized by platinum shadowing (Liu et al., 2001a), reproduced with
permission from Oxford University Press. The bar indicates 20 nanometers.
This figure in its entirety has appeared in a review article (Brodsky et al.,
2001) and is reproduced here with permission from Annual Reviews.



sequences homologous to adaptor subunits, appear to act as adaptors for ARF-
dependent recruitment of clathrin to the TGN during AP1-vesicle budding

(Boehm and Bonifacino, 2001).

Clathrin Polymerization: Self-Assembly
Clathrin coats were first discovered in 1964 by Roth and Porter in
mosquito oocytes as a bristle-like coat involved in yolk protein endocytosis (Roth
and Porter, 1964). These vesicles were isolated from pig brain in 1975 by
Pearse and colleagues (Pearse, 1975), and clathrin was identified as the major
component of this coat. The name clathrin comes from the Greek root kiEithron,
which led to the Latin word clathratus, meaning lattice-like, and it refers to
clathrin’s intrinsic ability to polymerize or self-assemble into extended arrays.
“Three clathrin heavy chains are joined at the C-terminus to form a triskelion
(Figure 1.2D), with one clathrin light chain bound to each heavy chain. Most
clathrin triskelia in a cell are cytosolic or surrounding vesicles in-transit, leading to
a punctate distribution in the cell as visualized by immunofluorescence (vFigure
1.2B). However, clathrin triskelia have the remarkable ability to self-assembie
into a hexagonal lattice onto localized areas of the plasma membrane to form
clathrin-coated pits (Figure 1.2C). Moreover, as pentagons are incorporated into
this hexagonal lattice, a more puckered lattice is formed, which eventually allows
the edges of the lattice to bud off sections of the membrane (Figure 1.2C).
These constricted buds are then severed from the membrane to become free

clathrin-coated vesicles (CCVs) inside the cell. Clathrin is able to self-assemble



Figure 1.3: The Clathrin Triskelion: Morphology and Domains

Three clathrin heavy chains are joined at the C-terminal trimerization domain
(1523-1675, orange) in a slightly puckered 120-degree angle. The proximal
leg segment (1074-1522, yellow) is adjacent to the trimerization domain,
and beyond a knee-like bend extends the distal leg segment (494-1074,
lavender). The globular N-terminal trimerization (1-330, gray) domains
connect to the distal legs via a flexible linker region (330-494, green). A
clathrin light chain is bound to each heavy chain along the proximal leg
domain. The Hub portion of the molecule is the C-terminal third, comprising
proximal leg and trimerization domain (1074-1675). This image was
modeled after a similar previously published image (Ybe et al., 1999).
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Figure 1.4: The Assembled Clathrin Cage

This 21 angstrom cryo-electron microscopy image of the whole clathrin
basket (Smith et al., 1998), reproduced with permission from the authors
and with copyright permission from Oxford University Press, has been
colored to show the location of the individual triskelia. One side of a hexagon
or pentagon in the triskelion lattice is composed of segments of clathrin legs
from four different triskelia. Two proximal legs from the green and red
triskelia make up the top layer of the lattice. The yellow distal legs of two
triskelia centered at adjacent vertices in the lattice can be seen curving
underneath the proximal legs to form a deeper layer of the lattice. Note that
the terminal domains of the triskelia are not included in this image. The
terminal domains curve into the center of the polyhedron, under the vertices
(Musacchio et al., 1999). This figure has appeared in a review article

(Brodsky et al., 2001) and is reproduced here with permission from Annual
Reviews.
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into similar closed baskets in-vitro when stimulated by increased acidity or the
addition of adaptor complex fragments. Whether the pentagons are incorporated
into the in-vivo lattice as new triskelia are added to expand it or whether the
pentagons result from rearrangement of the triskelia already in the lattice remains
a subject of hot debate. Work in this dissertation (Chapter Three) on clathrin
assembly dynamics suggests both models are feasible, eliminating the
thermodynamic objections (Kirchhausen, 2000b) to rearrangement.

Clathrin heavy chains are 192 kDa proteins 1675 amino acids long. They
are composed of five domains. Because of the unique shape, the three heavy
chains joined at the C-terminus to form the clathrin triskelion are frequently
referred to as legs, and their domain boundaries defined in similar physiological
terms to assist in visualization of the region on a triskelion (Figure 1.3). The
globular N-terminal domain (1-330) on the foot of each clathrin leg points inward
toward the plasma membrane in the assembled basket structure. A flexible
linker domain (330- 494) is like an ankle connecting the pendulous terminal
domain to the extended legs. The distal leg segment (494-1074), so called
because it is the further of two leg segments from the trimerizing domain, forms
the underlayer of clathrin leg segments strengthening the assembled basket. On
the other side of the knee-like bend, the proximal leg segment (1074-1522),
adjacent to the trimerization domain, forms the upper layer of clathrin leg
segments of the hexagonal lattice side in the assembled clathrin cage. Finally,
the trimerization domain (1522- 1675) at the C-terminus holds together the three

heavy chains at the vertex (See also Figure 4.1).
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Cryo-electron microscopy imaging of clathrin cages several years ago
yielded a 21 angstrom resolution map of the smallest possible clathrin cage, a
remarkable view of the clathrin legs in the extended structure (Smith et al.,
1998)(Figure 1.4). The basket or cage has both pentagons and hexagons in a
regular array surrounding adaptors and the plasma membrane. At each vertex of
the clathrin cage is a trimerization domain. Each polygonal side in the lattice is
composed of two layers: two antiparallel proximal legs on the top layer, and two
antiparallel distal legs directly underneath them. The three proximal legs from
that vertex contribute the upper layer to the three polygonal sides adjacent to this
vertex, with three proximal legs from the three adjacent vertexes completing the
upper layer of each polygonal side. The knee-like bend curves around beneath
the trimerization domain of the adjacent vertex, such that the distal leg
contributes to the polygonal segment over one vertex away from its own
trimerization domain. The N-terminal domain would lie directly underneath the
next vertex/ knee region (See also Figure 3.1). For clarity, the terminal domains,
adaptors, and membrane structures in the center of the cage have been omitted
in this image. Thus the assembled form of clathrin involves intertwined leg
segments, with four separate segments (two proximal and two distal) comprising

each polygonal side.

Clathrin Molecules and Structures
Clathrin is found in high abundance, comprising up to 1% of total protein in

postmitochondrial extracts of many tissues and cells (Pearse, 1975; Pearse,
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1976). About 2% of the plasma membrane is composed of clathrin-coated pits
(Goldstein et al., 1979), and clathrin accounts for about 70% of the protein weight
in coated vesicles (Pearse and Bretscher, 1981).

Clathrin heavy chains in fungi, invertebrates, and primitive chordates are
bound by a single light chain, while those in vertebrates have two light chains
LCa and LCb. Three light chains have been found in the plant species
Arabidopsis thaliana (Scheele and Holstein, 2002). The two vertebrate light
chains appear to have redundant function- both are expressed ubiquitously and
bind to heavy chain with equal affinity. Similarly, yeasts, invertebrates, and
primitive chordates have a single clathrin heavy chain, while vertebrates have
two. The first heavy chain is found on chromosome 17 and is known as clathrin
heavy chain or CHC17. It functions as an orthologue of the single clathrin heavy
chain found in invertebrates, to regulate membrane traffic. It is expressed
ubiquitously. The second clathrin heavy chain, found on chromosome 22, is
known as CHC22. CHC22 does not bind either vertebrate light chain and
appears not to share the invertebrate clathrin heavy chain and CHC17 function in
membrane traffic. For this reason, CHC17 will be referred to simply as clathrin
heavy chain throughout this dissertation, in agreement with literature
conventions. CHC22 may have a role in myogenesis, the development of
muscle tissue (Towler et al., 2002). Differences between the two forms of
clathrin heavy chain and clathrin light chain are discussed more extensively later

in this dissertation (Chapter Four).
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The light chains are negatively charged 25-29 kDa subunits. Full length
human LCa is 248 amino acids long and full length LCb is 228 amino acids long.
Light chains have several important domains, enumerated here. Residues 162-
192 in LCa and 155-172 in LCb of the full-length sequences span an alternatively
spliced neuron-specific sequence, which is not present in the ubiquitous forms.
The center of the light chains, residues 100-162 in LCa and 93-155 in LCb, is the
heavy chain-binding region. At the N-terminus, the region from residues 28-50 of
LCa and 20-42 of LCb is known as the consensus or conserved domain because
it is absolutely conserved in mammalian light chains. Included in this region is
23EED, a sequence critical for light chain regulation of clathrin assembly but not
for binding to heavy chain (Ybe et al., 1998). Residues 89-100 of LCa and 82-93
of LCb form a calcium-binding domain. Finally, the C-terminal domain is a
calmodulin binding region from 192-248 of LCa and 173 to 228 of LCb (See also
Figure 4.1). The light chains appear to associate tightly with the heavy chains
shortly after their expression, and do not appear to release from the heavy chain
under normal physiological conditions, although they may undergo
conformational changes while bound. The light chain subunit has an undefined
random structure when alone in solution, but evidence suggests that it acquires a
helical conformation upon binding to heavy chain (Chen et al., 2002).

During the course of this work, two fragments of clathrin heavy chain were
crystallized, and their structure solutions have led to predictions about the
structure of the entire extended heavy chain and the potential interface between

leg segments (Discussed in Chapter Two). The N-terminal domain is a seven-
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bladed beta-propeller (ter Haar et al., 1998), where peptides from interacting
proteins are able to bind in narrow slots between the propeller blades (ter Haar et
al., 2000). The proximal leg segment is composed of tandem repeats of a novel
structural domain called a clathrin heavy chain repeat (CHCR), a superhelix of
ten alpha helices joined in a helix-turn-helix-loop configuration (Ybe et al., 1999).
The degenerate sequence motif for CHCR thus identified led to the prediction
that the extended clathrin distal and proximal leg segments are entirely
composed of seven tandem CHCRs (Ybe et al., 1999). The structures of clathrin
and other membrane trafficking proteins have been reviewed (Wakeham et al.,
2000; Ybe et al., 2000) and included in the Appendix.

When clathrin is absent, the knockout is lethal or extensive defects are
seen (Brodsky et al., 2001). The first organism found to survive without clathrin
is yeast, whose internalization system has some fundamental differences from
mammalian endocytosis (Baggett and Wendland, 2001; Geli and Riezman,
1998). Of the two yeast strains lacking clathrin, one is lethal, while the other
survives but grows slowly and has vacuolar irregularities (Munn et al., 1991;
Payne, 1990; Payne et al., 1987). Disruption of clathrin light chain in yeast also
results in a slow growth phenotype (Lemmon and Jones, 1987; Silveira et al.,
1990). Similarly in mammalian cells, expression of a dominant negative clathrin
Hub fragment which binds up the exogenous light chain results in inhibition of

endocytosis (Liu et al., 1998).

16



Regulatory Considerations: Lattice Induction and Modification by Other
Proteins

Clathrin works with a number of other proteins and molecules to
accomplish the budding of membranes during intracellular membrane traffic.
Clathrin polymerization is highly regulated, to allow stimulated self-assembly into
lattices only at well-defined clathrin coated pit locations (Gaidarov et al., 1999).
Likewise, the full reversibility of clathrin assembly allows vesicles to uncoat
before they need to tether and dock with their intended target organelles. The
clathrin light chains act as regulatory subunits to inhibit assembly at physiological
pH and thus prevent unproductive polymerization in the cytosol (Liu et al., 1995).
This inhibition is overcome by the addition of the adaptor complexes, by unknown
mechanism (Greene et al., 2000). The adaptor complexes bind both the
cytosolic receptor tails and the clathrin terminal domain, recruiting these
receptors to the location of a clathrin-coated pit (Robinson and Bonifacino, 2001).

Numerous other proteins have a role in induction of clathrin assembly and
curvature of the membrane, most notably the monomeric clathrin adaptor AP180
(Ford et al., 2001; McMahon, 1999) and epsin (Ford et al., 2002). Both induce
clathrin assembly and bind lipids, but epsin appears to have a more direct role in
initiating membrane curvature. The dynamin GTPase is another important
clathrin partner. It functions in vesicle scission, to constrict the neck of a budding
vesicle and sever its connection to the plasma membrane (Hinshaw, 2000). The
chaperone ATPase Hsc70 and auxilin are also notable for their role in uncoating

clathrin and adaptors from the clathrin-coated vesicles (Lemmon, 2001;
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Newmyer and Schmid, 2001). These and other cellular factors influencing
clathrin assembly have been discussed extensively elsewhere (Brodsky et al.,
2001)(Appendix).

Many of the cellular factors discussed appear to have functions similar to
those described for clathrin. Adaptor complexes also self-assemble into coats
around budding vesicles, and in the case of AP3 and AP4 they do not require
clathrin. Some forms of endocytosis do not appear to require clathrin.
Membrane curvature can be induced by epsin or by modifications in the lipid
content on the outer face of the bilayer. However, the function of clathrin is
distinct from all these co-factors despite the seeming overlap in abilities. Only
clathrin has the intrinsic ability to reversibly polymerize into an extended regular
lattice. Without clathrin, receptors bound by adaptor complexes would lack a
location for their recruitment. Clathrin’s ability to spontaneously form curved
baskets not only assists in initiation of membrane curvature, but also stabilizes
curvature induced by epsin or AP2. Multiple proteins work in a coordinated
fashion to accomplish each of these goals because this redundancy ensures that
these critical functions are maintained, that rapid membrane traffic is unimpeded
by any roadblocks to allow cell survival. Clathrin’s main functions are to self-
assemble reversibly on cellular membranes, to ensnare receptors and their cargo
in clathrin-coated pits for membrane transport, and to initiate and stabilize

curvature in the budding membrane during the initial stages of vesicle formation.
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Chapter Two: Exploring the Molecular Basis for Clathrin

Self-Assembly

Abstract

Clathrin proximal legs lie adjacent and anti-parallel on each side of the
assembled clathrin cage. The proximal legs are believed to contribute most of
the affinity that drives clathrin self-assembly. In 1998, the Ybe Hypothesis of
clathrin assembly was published. In this model, salt bridges between adjacent
proximal legs are inhibited by competing salt bridges from regulatory clathrin light
chain subunits. The specific, conserved charged residues proposed to be
involved in the proximal leg to proximal leg interaction were altered by site-
directed mutagenesis, but the extent of self-assembly of mutated clathrin Hubs
remained unchanged.. Meanwhile, the crystal structure of the proximal leg was
solved, enabling the first glimpse at the structure of clathrin on a molecular level
and the discovery of the seven tandem CHCR domains, three of which were in
the proximal leg. Efforts to locate the critical interacting region between proximal
legs by expressing a single recombinant CHCR as a first step in minimization of
the interface were unsuccessful. The possibility that histidines and divalent metal
ions might regulate clathrin self-assembly was briefly explored. Finally, using the
Roseman Model of the proximal leg crystal structure docked into a high
resolution cryo-EM map as a dimer, new salt bridge predictions were made. A

new round of site-directed mutagenesis was undertaken. These mutations also
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failed to show any inhibition of Hub assembly, though they did show unusual salt
effects that suggested electrostatic repulsion rather than attraction was the
dominant influence between leg segments. With the postulated structure of the
light chain bound to the heavy chain, a new cryo-EM docked dimeric model, the
Wilbur Model, is available to show the new hypothesized interface between

proximal leg ségments and the salt bridges possibly involved.

Introduction

Clathrin-coated vesicles sequester the cargo of intracellular membrane
trafficking processes. It has long been known that individual clathrin triskelia
polymerize into a lattice or basket, a process that can be stimulated in-vitro by
adaptor complexes, or by a drop to pH below 6.5 (Pearse, 1975). Early papers
in the field showed that both electrostatic and hydrophobic interactions are
involved in clathrin assembly (Nandi and Edelhoch, 1984). However, the
molecular determinants behind clathrin assembly remained elusive. In 1998, the
Ybe Hypothesis that light chain regulation of clathrin assembly occurred via salt
bridges was published (Ybe et al., 1998). In the studies described here, | sought
to test the current hypothesis and ultimately to identify regions and residues of
the clathrin proximal leg that are critical for clathrin self-assembly using molecular
biology and biochemistry.

Clathrin Hub (1074-1675), a fragment comprised of the C-terminal third of
the molecule, retained the ability to trimerize, to assemble into flat lattices, and to

be regulated by clathrin light chain (Liu et al., 1995). This truncated recombinant
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clathrin Hub construct (1074-1675) contains only the proximal leg domain (1074-
1522) and trimerization domain (1523-1675), confirming earlier experiments that
demonstrated that Interactions between adjacent antiparallel proximal legs the
main driving force for clathrin assembly (Blank and Brodsky, 1986; Nathke et al.,
1992). Whole clathrin assembly into spherical baskets rather than flat lattices
involves further interactions between antiparallel distal legs beneath the exterior
proximal leg shell, as well as distal-proximal interactions, which are absent in the
Hub construct (Greene et al., 2000).

Both Hub and clathrin assembly occurs spontaneously in-vitro below pH
6.5, but at physiological pH assembly is inhibited when the clathrin light chain is
bound, as it is in the cytoplasm of a cell. In whole clathrin this inhibition is
overcome by the interacting adaptor complexes using an unknown mechanism.

The models for clathrin assembly from 1998- 2003 and my efforts to test
each model are presented here chronologically. The Ybe Hypothesis was
displaced by the Roseman Model and eventually by the Wilbur Model. However,
in the course of studying each model, much was discerned about the nature of

clathrin heavy chain interactions involved in the self-assembly reaction.

The Ybe Hypothesis

The first model of the molecular interactions potentially involved in clathrin
assembly was put forward by Ybe and colleagues in 1998 (Ybe et al., 1998).
Ybe found acidic residues on the light chain which were critical for light chain

regulation of heavy chain assembly, but which did not affect light chain binding to
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the heavy chain. Based on titration of assembly through addition of salt, Ybe
proposed that this 22 EED sequence on the light chain interacted directly through
a strong salt bridge with basic residues on the heavy chain to inhibit assembly at
physiological pH. In the absence of light chains, then, these same basic residues
would be free to interact with acidic residues on the adjacent heavy chain
proximal leg segment without competition from the light chain salt bridges, and
the resulting interactions would lead to assembly at additional acidity levels. This
agreed with early suggestions that amino-carboxylate salt bridges were
necessary in the assembled clathrin cages (Keen et al., 1979).

In order to fully develop this hypothesis, Ybe searched for a suitable
conserved basic site on the heavy chain that could serve as the salt bridge
mediator in this protein. The structure of the proximal leg segment of clathrin
was at this time unknown. The best structural model of the clathrin heavy chain
(Nathke et al., 1992) was based on mapping antibody mapping sites. The
primary sequence of clathrin heavy chain was believed to span the Hub portion
of the molecule lengthwise three times. Because the primary sequence was
predicted to be helical, this was modeled as an extended three-helix bundle the
length of the proximal leg segment. The structure of the light chain remains
unknown, but it was likewise believed to be helical, and antibody mapping
studies suggested that the N and C termini both were adjacent to the knee region
between the distal and proximal leg segments of the heavy chain, with a turn in
the light chain somewhere near the vertex of the heavy chain (Nathke et al.,

1992). Thus the light chain would contribute two more helices to the proximal leg
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Figure 2.1: The Ybe Strong Salt Bridge Hypothesis of Clathrin
Assembly

A conceptual model representing the interaction between proximal leg
segments according to the Ybe Hypothesis. RasMol was used to create these
images from the PDB coordinates for other unrelated proteins. A. Two
proximal leg segments (cyan, red) in the absence of light chain are modeled
as three-helix bundles, where each helix spans the length from the knee
region to the trimerization domain. Basic cluster 1161 RKKAR is represented
by the larger wireframe on the left of the cyan structure and the right of the
magenta structure. An interacting acidic cluster is wireframed on the
opposing proximal leg. PDB ID 2A3D was used for this illustration (Walsh et
al., 1999). B. In the presence of light chain (green), the basic cluster
(wireframed) on the proximal leg segments (magenta) is bound to 23 EED on
the light chain (wireframed) and is not available for stabilizing heavy chain
assembly. Thus in the presence of light chain clathrin assembly is inhibited
at physiological pH and dependent on other interactions at low pH. PDB ID
1DN1 was used for this illustration (Misura et al., 2000).
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segment, which would become a bundle of five helices. Ybe identified a basic
region predicted to be near the knee of the proximal leg that was conserved in
eight diverse species of heavy chain, and proposed this 1161 RKKAR as the
main group of residues involved in driving clathrin assembly and interacting with
the regulatory light chain sequence 23 EED. Two conserved acidic groups were
found in a region of the heavy chain sequence that was proposed to lie opposite
the 1161 RKKAR patch, 1132 DD and 1151 EE, and these were proposed to be
the binding partners in the absence of light chain (Ybe et al., 1998). This strong
salt bridge was purported to be active at all pH levels, in the absence of light
chain (Figure 2.1) (Table 2.1).

The Ybe Hypothesis also predicted a second class of salt bridges of
weaker affinity, whose affinity was considerably weakened at pH 6.7 compared
with pH 6.2. This class of salt bridges would be able to assemble even in the
presence of a competing light chain interaction. Histidines, with a pKa of 6.0-8.5,
were implicated in this pH sensitivity; and three histidines at 1279, 1313, and
1335 were well conserved and were proposed to mediate this second salt bridge
to acidic residues on the opposite strand. This weak salt bridge would contribute
to assembly at pH 6.2, but its contribution would be absent at pH 6.7 where
histidines are deprotonated (Table 2.1).

This salt bridge model was hailed as “appealingly simple” (Pishvaee and
Payne, 1998) and it remained the accepted molecular model for clathrin
assembly when the structure of the proximal leg was solved (Ybe et al., 1999).

The mechanism by which the light chain inhibition was overcome during the .
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pH 6.2 pH 6.7 and
physiological pH
With light chain Weak histidine salt No interaction unless
bridges light chain inhibition is
overcome by adaptor
complex
Without light chain Strong RKKAR salt Strong RKKAR salt
bridge bridge
Weak histidine salt
bridges

Table 2.1: Summary of Interactions in the Ybe Hypothesis

The proposed interactions of the Ybe Hypothesis and the conditions under
which each is active are summarized here. Histidine salt bridges would be
active only at low pH where histidine is protonated. The strong salt bridge
interactions would be present only in the absence of competing sait bridges
from the light chain. Note that under physiological conditions, neither the
histidine interaction nor the strong salt bridge is active, because light chain
inhibition prevents random Hub assembly in the cytosol. The interaction of
the adaptor complex is required to overcome light chain inhibition, by
unknown mechanism.

assembly process at physiological pH (when neither the strong nor weak salt
bridge would be active, in this model) was presumed to be the effect of adaptor
interactions, which might form additional competing salt bridges.

An alternative hypothesis (Pishvaee et al., 1997) involved light chains
extending from the trimerization domain to form a molecular hinge, where the
light chain is part of a four-helix bundle with the three-helix heavy chain proximal
leg segment. In this model, light chains bridge between two heavy chains and
assist the assembly mechanism by altering the triskelion pucker, based on
experiments that relied heavily on the effects of mutations in the trimerization

domain. This model did not speculate on the nature or location of the contacts
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between proximal leg segments in the absence of light chain, which is

physiologically omnipresent.

Mutagenesis: Testing the Ybe Hypothesis

Site-directed mutagenesis was chosen as the best way to test the Ybe
Hypothesis to determine whether the conserved residues identified in the model
were in fact critical for clathrin assembly. Ernest Chen created 