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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.

xii
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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 I consider the mechanism of clathrin self-assembly and

the duplication of the clathrin genes in the human genome. I 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 I have contributed can be found in the

Appendix of this dissertation. I describe my biochemical and biophysical

1



exploration of the molecular contacts between clathrin heavy chains during self

assembly, and the mechanism by which clathrins polymerize into a lattice

(Chapter Two). I 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 I 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 HeLa 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.
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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 kleithron,

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 (Figure

1.2B). However, clathrin triskelia have the remarkable ability to self-assemble

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 Haaret al., 1998), where peptides from interacting

proteins are able to bind in narrow slots between the propeller blades (ter Haaret

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).
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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 segments 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, I 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. Ras Mol 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 salt 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 several mutant

constructs of the clathrin Hub (1074-1675). I confirmed successful creation of

these constructs by sequencing, and tested the effects of each mutation on the

self-assembly of the recombinant mutant proteins and their regulation by clathrin

light chain. The mutations chosen were divided into three groups: mutations of

1161 RKKAR, mutations of 1151 EE, and mutations of histidines (Table 2.2).

According to the model, mutation of the strong salt bridge would lead to a

loss of the ability to assemble when light chain is absent under conditions where

the histidine salt bridge is also absent, that is, above pH 6.5. The simplest

mutation of the proposed heavy chain basic salt bridge site 1161 RKKAR was an

alanine scan: mutation to 1161 AAAAA, a mutant known as Alaš. However,

introduction of such a large hydrophobic patch might have other conformational

consequences, so two less radical mutations were also pursued. Given the

helical prediction for the protein, mutation of only one face of the helix by

changing nonadjacent amino acids 3-4 residues apart would likely be sufficient.

Thus M3, or Mutant 3 was created with 1161 REKAE. This charge reversal was

designed to present an acidic, repulsive force on one face of the helix while
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Mutant Construct Residues Targeted Mutation
Name
Alaš 1161 RKKAR 1161AAAAA

M2 1151EE 115.1QQ

M3 K1162, R1165 E1161, E1165

M4 1161 RKKAR 1161AAKAA

M5 H1313 Y1313

M6 H1335 Y1335

M56 H1313, H1335 Y1313, Y1335

Table 2.2: Summary of Mutations Testing the Ybe Hypothesis

The site-directed mutants were created to test the Ybe Hypothesis of the
strong salt bridges involved in clathrin assembly are listed. All mutations
were made in the Hub (1074-1675) recombinant clathrin fragment.

keeping a hydrophilic patch of residues exposed on the surface of the molecule.

Finally, we created a gain of function mutation to complement the Ala8 loss of

function mutation. M4, or Mutant 4, had an 1161 AAKAA mutation to restore

minimal basic character and thus the ability to self-assemble to the sequence

and prove that any loss of function from the Alab mutation was significant and not

merely a structural disruption.

There was only one mutation targeted to the acidic partners of this basic

site. This mutation was expected to have the same consequences as the

mutation of its basic binding partner, loss of assembly when light chain is absent

above pH 6.5. M2, or Mutant 2, had the targeted switch from 1151 EE to QQ.

The change from glutamic acid to glutamine retains the size and hydrophobic
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character of the residues but eliminates the overall charge and thus the potential

to form salt bridges. Efforts to create a mutation for 1132 DD were unsuccessful

and ultimately not pursued.

Two of the three identified conserved histidine residues were also targeted

for mutations. M5, or Mutant 5, changed 1313 H to Y. Likewise M6, or Mutant 6

changed 1335 H to Y. Tyrosine was chosen for its similarity to histidine in both

volume and polarity. If these mutations successfully disrupted the second salt

bridge, Hub assembly without light chain at pH 6.7 would be expected to be

unaffected, while the ability to assemble at pH 6.2 would be decreased in the

absence of the histidine contribution. In the presence of light chain, when the

strong salt bridges are competed out, clathrin assembly would rely entirely on

this second salt bridge, so we would expect the ability to assemble at pH 6.2 to

be abrogated by this mutation. Additionally, it was recognized that for a weak

interaction, the effect of mutating one position may not be sufficient to abrogate

the second salt bridge, while both together would have an additive effect. Thus

M56, or Mutant 56, was created which incorporated both mutations 1313, 1335

HH to YY.

All mutant constructs proved expressible and were readily purified for

assembly assays. Self-assembly was tested at both pH 6.2 and 6.7 in the

presence and absence of light chains and compared with assembly of Hub.

Ultimately, all mutant constructs were found to assemble to a similar extent to

clathrin Hub in the presence and absence of light chain (Figure 2.2). Mutants

were also tested in the presence or absence of calcium in the assembly buffer
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(Data not shown). The presence of calcium led to higher extent of assembly, but

the results were less reproducible and assembly in the absence of calcium was

thus considered the standard assay.

This complete lack of significant effect on the ability of clathrin to self

assemble was attributed to several possible causes. The residues identified

could have been completely uninvolved in the direct interactions between

proximal leg segments during self-assembly, and could be instead a conserved

binding site for regulatory or accessory proteins. Alternatively, the site could be

one of several involved in self-assembly, with the mutation of this one conserved

basic cluster or merely two histidines being insufficient to affect the overall

binding interface enough to disrupt self-assembly to an observable extent,

especially given the cooperative nature of a network of interactions in self

assembly polymerizations (Chapter Three). However, ultimately the crystal

structure of the clathrin proximal leg segment was solved (Ybe et al., 1999) and

found to be significantly different from the modeled structure. The 1161 RKKAR

patch lies in a loop at the knee, too far from the adjacent proximal leg to mediate

binding. The histidines, while near the center of the proximal leg, were partially

buried in the structure. Thus the assembly results are explained by the location

of mutated residues outside of the potential self-assembly interface.
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Figure 2.2: Assembly of Mutant Hub Molecules Testing the Ybe
Hypothesis
Recombinant mutant clathrin Hubs were expressed and purified on nickel
resin using the polyhistidine tag. The purified proteins at pH 7.9 were
monitored spectroscopically at 320 nm while an aliquot of MES at pH 6.2
(left) or 6.7 (right) was added to induce self-assembly, causing measurable
turbidity. After 5 minutes, Tris pH 9 was added to induce collapse of the
assembled lattice, with full reversibility. The extent of assembly (plotted on
the y-axis) was the change in absorbance at 320 nm after 5 minutes of
assembly. A. Mutant Hubs were able to assemble comparably well to native
Hub in the absence of light chain at pH 6.2 (left) and pH 6.7 (right). B. In
the presence of light chain, mutant Hubs were able to assemble comparably
well with native Hub at pH 6.2 (left). At pH 6.7 (right) and higher, light
chains inhibited the assembly of mutant Hubs and native Hub alike. No
significant effects of mutagenesis were evident in this assembly behavior.
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The Crystal Structure and the Roseman Model

Just as the mutagenesis studies described above were drawing to a close,

two crystal structures were solved that offered the first glimpses of clathrin at

atomic resolution. The first was the structure from the Harvard group of the

globular N-terminal domain of clathrin and its helical linker (1494) (ter Haaret

al., 1998) (Figure 2.3B), which was found to be a seven-bladed beta- propeller

domain with a disordered alpha-helical zigzag linker. The second was the

structure from the Brodsky and Fletterick laboratories here at UCSF of the

proximal leg segment of clathrin (1210-1516) (Figure 2.3A) and the discovery

that the entire clathrin heavy chain leg (423-1522) was composed of seven

tandem repeats of a previously unknown structural motif dubbed the clathrin

heavy chain repeat (CHCR) (Ybe et al., 1999) (Figure 2.3A,C).

The structure of the clathrin proximal leg segment (Figure 2.3A) was found

to be a superhelix of helices: a box composed of two major faces composed of

parallel helices and two minor looped faces joining them. The proximal leg

(1074-1522) is projected to contain three tandem CHCR motifs, where each

CHCR has 10 helices (5 helix hairpins in this helix-turn-helix-loop arrangement)

in approximately 145 residues, where each helix is 28 angstroms long and each

loop about 24 angstroms long.

Combining these crystallography results with a high-resolution cryo

electron microscopy map (Smith et al., 1998) allowed visualization of the

orientation of the different leg segments in the assembled baskets and much
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Figure 2.3: Crystal Structures of Clathrin
Molscript and Raster3D were used to generate these images from clathrin
heavy chain PDB coordinates. A. Clathrin proximal leg segment (1210
1516) mediates lattice assembly. The structure is an elongated rod made up
of an extended alpha/ alpha superhelix. Ten helices blocks form tandem
structural domains called CHCR (clathrin heavy chain repeat). Alignments
indicate that seven tandem CHCR domains form one clathrin leg (lower
inset). PDB ID: 1B89 (Ybe et al., 1999). B. The globular N-terminal domain
(1-494) projects toward the vesicle membrane to interact with the adaptor
complex and other accessory proteins. This domain is a seven-bladed beta
propeller with a helical flexible linker (gray, right). Each blade of the
propeller is a slightly twisted antiparallel beta sheet. PDB ID: 1BPO (ter Haar
et al., 1998). C. Clathrin has an N-terminal domain, a helical linker, distal
and proximal leg segments, and a C-terminal trimerization domain. The
black lines above the bar representation indicate the portion of the protein
included in the molecular structure solutions above. These images appeared
in a previous publication (Wakeham et al., 2000) and are reproduced here
with permission from Blackswell Munksgaard Publishing.
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closer estimation for the location of the residues involved in the previous

mutagenesis study. In the assembled form, the two proximal leg segments cross

at a 20 degree angle (Smith et al., 1998) (Musacchio et al., 1999) concentrating

the interacting surface in the center of the proximal leg segments and leaving

the knee and vertex region free from self-interactions.

The 1161 RKKAR sequence targeted in the first round of mutagenesis

above and its potential acidic binding partners were too close to the knee region

in the assembled structure to reach close proximity with the adjacent proximal

leg. However, the knee region does have a close approach with both the

trimerization domain vertex and the linker region near the globular N-terminal

domain. So while the crystal structure rules out a strong interaction between

proximal leg segments involving the basic patch at 1161, it is quite possible for

other self-interactions or binding interactions with other proteins to involve this

region. The histidines targeted in the mutagenesis study, by contrast, were

buried (H1335) or partially buried (H1313) residues that were not sufficiently

surface accessible to allow their participation in the proposed salt bridges. The

crystal structure therefore incontrovertibly changed the identity of the proposed

contacts between proximal leg segments, but did not alter the underlying salt

bridge theory put forth by Ybe.

While the crystal structure of the trimerization domain is unknown, the

CHCR motif extends into the trimerization domain and the solved structure

allowed estimation of the location of the mutations that were critical in the

Pishvaee model (Pishvaee et al., 1997). Most of the mutations are likely to occur
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on buried surfaces within the superhelical trimerization domain structure. While

this does not rule out the concept that the light chain binding site extends into the

trimerization domain, it does cast doubt on the specificity of the trimerization

domain — light chain contacts found and the mutagenesis effects.

The crystal structure of the N-terminal domain was docked into the cryo

EM map to enable a visualization of the specific location of residues within the

assembled structure (Musacchio et al., 1999). Unfortunately the rod-like

proximal leg segment, with no prominent bulges or asymmetrical features, was

easily docked into the cryo-EM map in any orientation and required more

sophisticated algorithms to dock the crystal structure into the cryo-EM grid. The

fit was especially problematic because the light chain density was included in the

cryo-EM image, but the crystal structure of the proximal leg with light chain

bound was unavailable. A collaboration was undertaken by Alan Roseman of

MRC Cambridge and Peter Hwang of UCSF to dock the UCSF crystal structure

into the Pearse EM using Roseman's algorithm (Roseman, 2000) (Figure 2.4).

While a perfect alignment was elusive, the docked structure appeared to be

accurate to within the twenty angstrom resolution limit of the cryo-EM and

appeared to have one clear preferred orientation, in which the closest point of

approach between two proximal legs was in residues 1331-1337, with extensive

contacts in CHCR6. GRASP was used to calculate the molecular surface area of

the interface created in the docked structure, and it was found to encompass an

area larger than 1500 square angstroms, a large area typical of many extended

binding sites.
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Figure 2.4: The Roseman Model for the Assembled Proximal Leg
Interface
Two proximal leg crystal structures (red, navy) were docked into the cryo
-electron microscopy image (cyan contours) of the assembled clathrin cage
in order to model the interface between adjacent proximal leg segments in
the assembled form. From the outside of the basket (left), the proximal legs
are adjacent and antiparallel. However, a ninety degree rotation to view a
lateral cross-section along one side (right) shows that the proximal legs cross
at a 20 degree angle, with most contact area between the adjacent leg
segments confined to the center of the interface.

35



Distribution of Histidine Residues on Clathrin Proximal Leg

Tyr 147

Figure 2.5: Distribution of Surface- Accessible Histidines on Clathrin
Proximal Leg Segment
Histidines (blue) on the surface of the proximal leg segment (gray) as
visualized by Rasmol show an unexpected alignment along the two sides of
the molecule. A. Along the inside surface of the interface, (assuming the
tyrosine phosphorylation site Y1477 (green) points toward the cytosol),
histidines are in two symmetrically spaced clusters. B. On the opposite
looped face of the helix, forming the outside surface of each pentagonal or
hexagonal leg segment, histidines are located in the center and at the ends
of the side in a linear pattern. Proximal leg crystal coordinates are from PDB
ID: 1B89 (Ybe et al., 1999).
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The crystal structure of the proximal leg segment and the Roseman Model

offered a plethora of new approaches to studying the possible mechanism of

clathrin assembly. Three approaches are described in this dissertation. First,

the role of histidines, first proposed in the Ybe Hypothesis, was investigated to

explore whether histidines location in the crystal structure allowed a possible

major role in self-assembly, and to determine how histidines might contribute to

leg segment affinity. Next, efforts to locate the critical residues involved in self

assembly through minimization of interacting clathrin leg fragments is described.

Finally, specific residues predicted to be crucial for self-assembly in the

Roseman Model were targeted by site-directed mutagenesis.

The Role of Histidines

Hub, like clathrin, spontaneously assembles in-vitro in the presence of

light chain below pH 6.5. A pH dependence in this range suggests the

involvement of histidine residues (pKa 6.0-8.5) (Christianson, 1991; Ybe et al.,

1998). Histidines have mediated pH switches by conformation changes or other

mechanisms in many proteins (Borza et al., 1996; Hanakam et al., 1996;

Schnizer et al., 1996). In glutamine synthetase, self-assembly involves metal

ion-controlled supra-assembly of identical subunits, mediated by histidines

(Dabrowski et al., 1994).

The crystal structure of the proximal domain of clathrin heavy chain

revealed conserved surface-accessible histidines in near-linear alignment down

two of the four faces (Figure 2.5) of the rod-like structure. Histidines 1233, 1356,
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1381, and 1502 line up on one side of the molecule, with 1502 conserved

between species. Similarly, Histidines 1275, 1279, 1313, 1432, and 1458 run

down the opposite side of the molecule, with 1279 and 1313 conserved between

species (Table 2.3). While the overall histidine content of the protein at 2.1 mole

percent is not unusually high, the unusually high distribution of histidines on the

surface (Meirovitch and Scheraga, 1980) and their alignment along exposed loop

region between helical pairs is notable. Moreover, using the CHCR motif to

predict the position of histidines on the distal leg suggests a similar distribution of

histidines at the surface, primarily on only one face of the distal leg segment

(Figure 2.6). Many of these histidines are found in close proximity with

carboxylic acid residues, often indicative of a metal binding site (Christianson and

Alexander, 1989), which also implicates a role in assembly.

The histidines within clathrin's proximal leg segment would be expected to

be protonated during in-vitro assembly experiments, but deprotonated within the

cell during physiological assembly, although local environments can cause

significant pKa changes. Thus, histidine may control the pH dependence of

clathrin assembly, through the proposed salt bridges when protonated, or

through metal binding when unprotonated, or both. Assembly may be regulated

by variations in histidine pKa due to factors in the local environment, or possibly

by changes in the local concentrations of regulatory metal ions in the cell.

The Ybe Hypothesis suggested that in the presence and absence of light

chain, charged histidine interactions provide a crucial interaction driving clathrin

assembly. To explore the role of histidines in clathrin self-assembly, I attempted
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Figure 2.6: Predicted Distribution of Histidines Along the Entire
Clathrin Leg
Based on the CHCR motif, the approximate location of each loop and helix
along the entire length of the clathrin leg is known, despite the lack of a
crystal structure for the distal leg segment. Helix numbers (1-7) refer to the
tandem CHCR domains, and letters refer to which helix within that CHCR (a-
j). The location of histidines within these helices and loops is denoted by an
H in an orange circle. The phosphorylation site Y1477 is included as a
reference point and denoted as a Y in a green circle. The distal leg segment
(upper) contains a few histidines buried within CHCR1, but all other histidines
are likely to localize to the surface-accessible loops or the very end of a
nearby helix. One face of the rod-like distal leg segment is likely to have a
linear alignment of histidines, possibly for functional use in interacting with
the proximal leg segment that lies directly above it in the assembled basket.
The opposite looped face of the distal leg has single symmetrically distributed
histidines at either end. The proximal leg segment (lower) has only one
buried histidine within CHCR5. The other histidines form a more or less
symmetrical pattern on both looped faces around a center of helices 5f/ 5g.
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Histidine 1233 1275 1279 1313 1356 1381 1432 1458 1502

human H H H H H H H H H

bovine H H H H H H H H H

rat H H H H H H H H H

fly Y H H H H H H L H

WO■ m R H H H H H H L H

Slime K N H H Q H H Q H

S. Cer Y N H H H K | K H

schpo Y N H H H Q H L H

CHC22 H H H H H H H H H

Table 2.3: Conservation of Histidines in Proximal Leg Segment

Interface

An alignment of clathrin heavy chain protein sequences from all species
known in 1999 was created and used to evaluate conservation of surface
accessible histidines in the proposed interface between proximal legs
according to the Roseman Model. Note that Histidine 1313 was previously
mutated during testing of the Ybe model (Mutant 5).

a chemical modification of histidines on clathrin Hub in the absence of clathrin

light chain. Caution must be taken in the interpretation of these results, since the

recombinant fragment used had an N-terminal polyhistidine tag. Chemical

modification of the accessible histidine residues with diethylpyrocarbonate

(DEPC) in a clathrin Hub was expected to disrupt histidine salt bridges or

interactions with metal. Failure to assemble the modified protein fragments,

followed by assembly when the modifications are removed, would have

confirmed a role for histidines in clathrin assembly.
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DEPC chemical modification of clathrin Hub without light chain resulted in

similar extent of assembly as untreated Hub. However, formation of the

histidine-DEPC conjugate could not be quantitated. The DEPC reaction with

buffers gave minimal absorption at 320 nm that could interfere with detection of

assembly behavior. However, the assembly reaction itself appears to contribute

most or all of the rise in absorption at 237 nm, where the conjugate formation

would be observed. Also, DEPC did cause massive interference to observation

of the assembly reaction at when combined with Tris buffer. The pH of the

assembly reaction may not be favorable for histidine chemical modification under

these conditions. A better approach may be mutagenesis of conserved surface

accessible histidine residues. It should be noted, however, that the conserved

H1313 has been previously mutated during testing of the Ybe model (Mutant 5).

Therefore mutation of multiple histidines on that side of the molecule, or

beginning with mutation of one or more histidines on the opposite side of the

proximal leg, would be appropriate. The experiments described here were

inconclusive on the role of histidines in clathrin self-assembly.

The Role of Divalent Metal lons

Metal ions are commonly involved in regulatory activity in the cell, and

often play a role in assembly processes, particularly those involving cysteine or

histidine residues. Metal binding sites are frequently engineered into protein

interfaces to modulate protein-protein interactions. This strategy relies on

mimicry of the naturally occurring metal sites at the interface of many protein
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complexes such as insulin multimers, human growth hormone dimers, and

glutamine synthetase (Matthews, 1995). Typical metal-ligand bond distances are

on the order of 2 angstroms. Zinc, copper, and nickel have similar radii and

properties such as a moderate hardness or polarizability which easily ligands to

nitrogen, oxygen, or sulfur in proteins. Zinc in particular tends to bind to

negatively charged residues such as carboxylates and thiolates, as well as

neutral carbonyls and imidazoles (Christianson, 1991). Charged proteins can

have appreciable long-range interactions with metal ions, so a physiological

effect is quite possible.

The pH dependence of clathrin assembly led to the Ybe Hypothesis that

clathrin assembly is controlled by two salt bridges between adjacent proximal

legs. A titration of clathrin Hub assembly with sodium chloride suggested a low

affinity histidine salt bridge that is very sensitive to pH, with a midpoint of 50 mM

NaCl at pH 6.2 and a midpoint of 175 mM NaCl at pH 6.7 (Ybe et al., 1998).

Additional experiments suggested that much lower levels of zinc (2-5 mM)

inhibited clathrin Hub assembly (Ybe et al., 1999, Ybe et al., 1998), suggesting a

specific divalent metal interaction beyond the documented ionic strength effects

(Nandi and Edelhoch, 1984; Van Jaarsveld et al., 1981). While the surface of

clathrin proximal leg segment does not contain free cysteines, numerous

potential metal interaction sites with histidines, glutamate, and aspartate exist. It

seems possible that divalent cations could have a physiological regulatory role in

clathrin assembly.
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To assess this possibility that divalent ions controlled assembly, zinc

titrations of clathrin Hub assembly without light chain were repeated in metal-free

EPPS buffer to identify any pH dependence (Figure 2.7). Very low levels (5-100

puM) of zinc (on the order expected for specific interactions) did not appear to

inhibit assembly below pH 6.5 in the absence of light chain. Note that typical zinc

concentrations intracellularly vary from estimates of 0.4 femtomoles/cell in a

fibroblast (Suhy et al., 1999) to 2.4 x 10" molar in a red blood cell (Simons,

1991). Zinc levels above 150 micromolar are toxic in Hep2 cells (Rudolf et al.,

2003).

When zinc is added at higher concentrations (1-5 mM) to clathrin Hub,

massive aggregation occurs. This result appears similar to the effect of eluting

clathrin Hub from a nickel resin column without adding EDTA before overnight

dialysis, which causes the protein to precipitate, presumably due to the presence

of excess nickel leached from the column. Aggregation of Hub under these

circumstances may be mostly reversed by addition of 1:1 volume ratios of 500

mM EDTA or ethanolamine, but reversibility is not readily achieved.

(Preparations of proximal leg do not show any propensity to aggregate when

eluted from nickel columns, and no EDTA is required before the proximal leg

segment dialysis.) Additionally, addition of 3 mM calcium to the assembly

reaction has been observed to give higher extents of assembly while decreasing

reproducibility and full reversibility (Liu et al., 1995). Zinc also did not appear to

significantly enhance assembly above pH 6.5 at low levels, which suggested that

metal ion interactions at higher concentrations were nonspecific or that high
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Effect of Zinc Concentration on Clathrin Hub Assembly

• ; # #: 3

O 2 4 6 8 1 O 12
Concentration Zinc Chloride mº■

Figure 2.7: The Effect of Divalent Metal Ions on Clathrin Hub Assembly
At pH 6.2, addition of 310 mM of zinc to an assembly assay appears to
inhibit the extent of clathrin Hub self-assembly in the absence of light chain
slightly. However, at higher pH, zinc causes massive aggregation, as seen
by the exponentially rising absorbance, which was irreversible under normal
assembly assay conditions.
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affinity metal binding sites were already fully occupied.

Given the overall negative charge of the proximal leg, excess metal ions

could electrostatically shield the repulsion between proximal legs to cause

aggregation or possibly assembly. However, whether this interaction is specific

or whether concentration spikes of metal ions required for such an interaction

would be physiologically possible is unknown. Clathrin preparation would need

to be attempted under strictly metal-free conditions, using a mechanism other

than a nickel column for purification, to find out if the protein is stable in the

absence of metal ions. The procedure used here to prepare metal-free buffer

(incubation of EPPS buffer with fresh chelating resin) would not have removed

metal ions that were already tightly bound to clathrin from the purification

protocol. The subject merits further exploration.

One possible approach for further study would be treatment of Hub with

zinc chelator 4-(2-pyridylazo) resorcinol (PAR), which forms a colored complex

with zinc that may be observed at 492 nm. Alternatively, purification of clathrin

fragments in the presence of radiolabelled 652n would allow detection of the

radioactive tightly bound metal. Copper binding proteins can be distinguished

spectroscopically from other proteins by their intense absorption at 625 nm and

irregularities in Electron Paramagnetic Resonance (EPR) spectra. Finally,

EXAFS or XANES could be used to determine the local environment around a

metalion such as zinc or copper, with examination of the effects of different pH

conditions (Hansen and Garner, 1987). These experiments were inconclusive on

the role of divalent metal ions on clathrin assembly.
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Minimization of the Interface

Sequence analysis indicates CHCRs comprise the entire distal and

proximal legs of clathrin as well as part of the C-terminal trimerization domain

(Ybe et al., 1999). Thus the interactions of clathrin heavy chain assembly, such

as proximal-proximal and proximal-distal interactions, clearly are interactions

between adjacent CHCR modules, which suggested that the function of CHCR is

to mediate protein-protein interactions.

CHCR domains are found in other proteins also, present once or twice per

protein, predominantly in proteins with unknown functions in trafficking pathways

(Conibear and Stevens, 1998; Odorizzi et al., 1998; Ybe et al., 1999). In

particular, Vps41p has been proposed to also function as a coat protein in TGN

to lysosomal traffic (Conibear and Stevens, 1998) and alpha-COP, a coat protein

for Golgi to ER retrograde traffic, may also contain a CHCR. Preliminary

searches for CHCR-containing proteins using Pfam analysis yielded several

human proteins of unknown function. CHCRs are present in KIAA0590,

KIAA0770 (Vps39 homologue), KIAA0796, and KIAA0804 (Vps8 homologue)

from the HUGE protein database of Kazusa DNA Research Institute. A CHCR is

also found in human Vps41 homologue (SWISSPROT p49754).

Interestingly, each of five confirmed yeast proteins with CHCR domains

had known direct or indirect interactions with one or more other members of the

set. These interactions range from genetic interactions to physical binding (Table

2.4).
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Clathrin Vps41 Vps8 Pep5

Clathrin Physical
interaction in all

species (Brodsky
et al., 2001)

Vps39 Possible physical
interaction in yeast

(Nakamura et al.,

1997)

Pep3 genetic interaction physical
in fruit fly (Warner interaction in

et al., 1998) yeast (Rieder

and Emr, 1997)

Pep5 genetic
interaction in

yeast (Woolford
et al., 1990)

Table 2.4: Interactions between proteins with Clathrin Heavy Chain

Repeats (CHCRs)

Proteins with CHCRs were identified (Ybe et al., 1999) and I carried out
literature searches to discover the functional interactions of the proteins.
Interestingly all of the proteins with known functions had a role in vesicle
traffic, and literature included reports of genetic or physical interactions
between them. We hypothesized that these interactions were mediated by
the CHCR domain.

We hypothesized that the CHCR domain was a scaffold upon which the

specific determinants for different protein-protein interactions might be arranged.

Possible binding interactions included self-assembly, protein interaction between

CHCRs, or CHCR binding to one of the other domains present in trafficking
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proteins (Ybe et al., 1999). Based on the biochemical data presented above,

hypothesized that CHCRs were the oligomerization domains mediating clathrin

assembly and possibly also the assembly of other protein complexes with a

function in vesicular trafficking.

The primary determinants for clathrin assembly are within the Hub, which

contains CHCRs 5, 6, and 7. Most of the interface between adjacent proximal

legs in the assembled basket, however, lies within CHCR6 (Figure 2.8). I

attempted to determine whether a single CHCR module is sufficient for clathrin

interaction. Recombinant purified CHCR6 from bovine clathrin was created with

the intention to assay its self-association and binding to clathrin Hub. However,

the CHCR6-6XHis proved almost insoluble. Initial results suggesting solubility

were eventually determined by Giselle Knudsen using mass spectrometry to be

the presence of contaminant protein beta-lactamase. In order to increase

solubility, fusion proteins were created with CHCR6 in other plasmids. A

Thioredoxin-CHCR6 product also proved insoluble, and an MBP-CHCR6

(Maltose binding protein) construct yielded only soluble MBP. Ultimately,

expression and purification of CHCR6 was not successful. However, proximal

leg segment, spanning all of CHCRs 5 and 6 and part of CHCR7, was easily

purified. Studies to minimize the interface between Hubs using proximal legs

rather than CHCR6 proved fruitful (Chapter Three).
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Figure 2.8: CHCR6 in the Roseman Model of the Proximal Leg
Segment Interface
The docked proximal leg segments in the Roseman Model (shown in reddish
hues and bluish hues) each contain portions of CHCRs 5 and 7 and the
complete CHCR6. CHCR6 has been highlighted in each (cyan and magenta,
center). Because the leg segments cross each other at an angle, more than
half of the surface area of the interface between leg segments is from
contacts between adjacent CHCR6 domains.
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Mutagenesis: Testing the Roseman Model

An alignment of the clathrin heavy chain in twelve diverse species was

used to determine the conservation of acidic and basic residues within the face

to-face contact area proposed by the Roseman Model (Table 2.5). Only seven

bases were found within reach of the partner proximal leg in this arrangement,

and only two had absolutely conserved basic character, R1267 and K1331. By

contrast, fifteen acidic residues were found in the proposed interface, and four

had absolutely conserved acidic character, D1242, D1298. E1304, and E1334.

| plotted the charged residues in the interface on the structural model of

the dimeric interface (Figure 2.9), and scrutinized the distances between

potential salt bridge pairs (Table 2.6). In the structural model of the dimeric

interface, R1267 aligned most closely (within 3-10 angstroms) with D1421,

which was a conserved aspartatic acid in every species known at the time except

malaria. K1331 was more promising: its presence and the existence of R1333

nearby in the central helix and closest point of approach put both within 10

angstroms of E1334 and E1337, well within range of binding. R1333 was

conserved in insects and higher organisms, but was widely divergent in lower

eukaryotes. By contrast, E1337 was conserved acidic in insects and higher

organisms, but retained a basic charge in lower eukaryotes. Keith Burdick did an

analysis to look for convergently evolved salt bridge pairs, but was unable to find

a match for E1337 or any new nonconserved pairs. Hence, the best conserved

pair and the point of closest approach of the helices was K1331- E1334.
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Figure 2.9: Potential Salt Bridges in the Roseman Model Interface
Between Proximal Leg Segments
Enlargement of the Roseman Model docked interface between two proximal
leg segments (cyan and magenta) in Ras Mol shows possible salt bridge
interactions wireframed. K1331, R1333, E1334, and E1337 are at the closest
point of approach between the two leg segments. Though farther from the
center, R1267 and D1421 are another promising pair.
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Dock 1 (Older) ||Dock 2 (Newer) Intramolecular Bridges to
Non-Conserved Residues

Chain Chain Chain A Chain B
A B

-

Basic Partner Dist. A Dist. A Dist. A Dist. A |Avg St. Basic lon |Partner Dist. A■
lon Dist. A dev
R1267 D1421 11.1 3.8 9.2 3.3 6.9 3.9 ||R1267

E1388 15.7 10.3 10.1 3.7 10.0
:D1393 14.0 14.6 4.2 7.4 10.1 5.1

R1333 E1304 15.6 15.9 8.8 7.5 12.0 4.4 ||R1333 E1337 3.3
E1334 6.0 8.0 5.1 6.1 6.3 1. E1360 4.2
E1297 22.7 18.1 14.8 10.8 16.6 5. D1366 8.3
E1337 8.9 11.2 13.3 14.2 11.9 2. D1384 10.1
E1360 14.6 11.3 15.4 14.1 13.9 1.

K1331 E1334 19.6 21.3 10.9 12.1 16.0 5.2 IK1331 E1334 6.7
D1393 7.0 14.7 12.5 15.7 12.5 3. E1304 4.7
E1360 17.0 15.8 8.1 7.9 12.2 4. E1297 8.9
E1388 9.3 6.7 14.5 14.0 11.1 3.
D1366 12.1 17.8 10.5 14.6 13.8 3.
E1337 12.7 16.6 4.5 8.8 10 7 5.
D1384 19.5 12.3 13.1 9.9 13.7 4.1

K1387 IE1334 2.3 12.7 10.2 14.5 9.9 5.4 ||K1387 D1393 13.5
E1298 21.1 20.8 12.8 10.9 16.4 5. E1360 9.3
E1304 9.8 15.4 6.6 8.1 10.0 3. D1384 8.3
E1337 10.5 17.3 18.1 20.1 16.5 4. D1388 10.7
E1297 15.1 13.2 7.8 3.8 10.0 5.1 E1337 11.1

R1453 D1212 15.8 19.3 15.2 8.0 14.6 4.7.R1453 |E1474 4.8
D1242 9.0 18.5 16.3 16.1 15.0 4.1 |D1476 4.7
E1236 9.8 15.5 12.1 7.8 11.3 3.
E1265 9.4 9.6 16.3 12.8 12.0 3.

K1449 E1236 12.0 19.8 13.3 11.4 14.1 3.9 ||K1449 E1494 2.5
E1265 7.6 11.9 14.6 12.2 11.6 2. D1476 6

E1474 7.5
K1328 E1334 22.8 26.6 15.2 17.6 20.6 5.1||||K1328 E1297 2.6

E1337 17.3 23.0 11.0 15.1 16.6 5. E1304 6.6
E1388 5.7 10.3 10.8 13.4 10.1 3. E1334 12.9
D1393 10.6 20.5 14.3 19.4 16.2 4. E1360 15.3
E1360 19.8 21.5 10.8 13.3 16.4 5.1 E1298 10.8
D1421 11.3 16.0 18.4 21.1 16.7 4.
D1384 19.4 16.2 10.8 10.1 14.1 4.

Table 2.6: Distances between Potential Salt Bridge Pairs in the

Roseman Model

The distances between salt bridges projecting into the interface between
proximal leg segments in the Roseman Model were measured using Rasmol
and compiled into this table. Two versions of the Roseman Model,
considered equivalently likely fits and only slightly different in position from
one another, were used. The distances between each proximal leg segment
in the model for each of the two models were averaged when considering the
distance to nearby conserved (left) and non-conserved (right) partners.
Used together with information on the conservation of the charged residues
(Table 2.5), those with consistently low distances to a neighboring partner
were considered the most likely salt bridges and were chosen as targets for
mutagenesis.
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Site-directed mutagenesis was used to create two mutant Hub molecules,

each with two point mutations (Table 2.7). Double was a mutant engineered to

remove both basic charges from the center of the interface with the mutations

K1331E and R1333E. Double was expected be a loss of function mutant, where

the ability to assemble would be diminished. Switch, a charge reversal mutation,

contained the changes K1331E and E1334K. Switch was intended to be a gain

of function mutant, to restore the broken salt bridges by reversing the partnered

residues. While Switch retains the overall electrostatic character of Hub, Double

has an increased negative charge due to the replacement of two positively

charged residues with acids. To control for electrostatic factors, M3 from the first

round of mutations above, which contains the mutation 1161 RKKAR -> REKAE

was used, because it similarly had two basic residues replaced with acidic

residues, but the changes were known to be far from the likely interface being

studied.

Mutant Construct |Residues Targeted | Mutation —

Name

Switch K1331, R1333 E1331, E1333

Double K1331, E1334 E1331, K1334

M3 K1162, R1165 E1161, E1165

Table 2.7: Summary of Mutations Testing the Roseman Model

The site-directed mutants Double and Switch Created to test the Roseman
Model of the proximal leg interface are listed, along with the M3 mutant,
which was used as a control. All mutations were made in the Hub (1074
1675) recombinant clathrin fragment.
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Switch and Double Hub Mutants were readily expressed and purified, and

their assembly was compared with Hub and M3. In the presence or absence of

light chain, Switch and Double were both able to assemble to a similar rate and

extent as Hub in the presence or absence of light chain (Figure 2.10).

Previous studies have indicated an ionic strength effect on clathrin

assembly, which is similar for sodium, lithium, cesium, and potassium (Van

Jaarsveld et al., 1981). In the presence of salt, the assembly of clathrin Hub and

mutant Hubs may similarly be titrated down to a very low level (Figure 2.11).

Statistically, Double and M3, which have a lower net charge appear to assemble

to a slightly greater extent than Hub in the absence of light chain. Switch

behaved similarly to Hub in the presence of sodium chloride, with a maximum at

100-200 mM NaCl, declining to no assembly at 800 mM. However, in the

presence of salt Double and M3 both showed significantly enhanced assembly in

the presence of 100-200 mM NaCl, and assembly was above normal even when
400 mM salt was added.

Adding small amounts of salt appears to shield long-range repulsion

between negatively charged clathrin Hubs, especially important for the more

densely charged Double and M3. This shielding allows the Hubs and Mutant

Hubs to approach each other in close enough proximity to enhance the overall

assembly. In high salt concentrations, any specificity determining interactions

that depend on electrostatics are shielded from one another, so assembly does

not proceed. Because both Double and M3 have similar assembly behaviors, the

difference between Hub and the mutants is due to overall electrostatic properties
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Figure 2.10: Assembly of Mutant Hubs to Test the Roseman Model
Recombinant mutant Hub molecules were expressed and purified, and tested
spectroscopically for self-assembly. A. All mutants retained the ability to
assemble at pH 6.2. Extent of assembly was slightly higher for Mutants
Double and M3 than for native Hub or Switch. B. Assembly of all mutants
was fully regulated by light chain.
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Assembly of Hubs in Salt
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Figure 2.11: Mutant Hub Assembly in the Presence of Salt:
Electrostatic Effects
Recombinant mutant Hubs were expressed and purified, and assembly in the
absence of light chain was monitored spectroscopically. Extent of assembly
is plotted as a function of sodium chloride concentration in the solution
during the assembly reaction. Hub and Switch have a similar ability to
assemble in the presence of salt, with maximum assembly seen close to
physiological levels and a titration of the ability to assemble as salt levels rise
beyond that point. Double and M3 mutants, with a more negative overall
molecular charge, show a significantly higher extent of assembly as salt is
added and electrostatic repulsion is shielded, before titration of ability to
assemble.
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of clathrin rather than an effect of the specific residues selected for mutation in

Double, Switch, or M3.

There can be several explanations for the lack of effect of the mutations

chosen on the overall self-assembly of clathrin Hub. It has been suggested that

Hub assembly may not be fully representative of clathrin assembly. It is possible

that Hub assembly, lacking a defined knee region, may allow some amount of

sliding up and down the proximal legs into multiple "bound" configurations for a

much looser and less structured sort of lattice. However, EM results (Liu et al.,

1995) and the ability of isolated Hubs and terminal/distal fragments to combine to

form whole baskets (Greene et al., 2000) suggests there is a well-defined

specificity inherent in the Hub interactions. It is possible that R1267 or other

residues may have acted instead of or in conjunction with the 1331-1334 location

to bind clathrin proximal legs, where mutation of only one binding site is

insufficient to cause a result. This is quite likely, given the cooperative nature of

proximal leg interactions (Chapter Three). Finally, the docked cryo-EM/ crystal

model may have been inaccurate, and the residues selected may not be located

within the interface at all. Well-conserved basic residues not on the original

proposed interface include R1245, K1246, K1254, R1293, R1311, R1342,

K1347, R1350, K1397, R1429, R1434, and K1441. Any further mutagenesis in

the absence of an improved model was considered unlikely to converge on the

specific residues involved in a timely manner. However, the improved Wilbur

Model has recently been created (see below) and further mutagenesis studies

are likely.
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The Wilbur Model

A structural model for the light chain bound to proximal leg was recently

published by our laboratory (Chen et al., 2002) and the density was re-docked

into the cryo-EM map to generate a new model of the interface between proximal

leg segments (Wilbur et al., 2002). In this new model, the proximal legs are tilted

somewhat relative to their previous orientation, changing the location of the

interface between proximal leg segments (Figure 2.12). Interestingly, in the

Wilbur model the looped faces of the proximal legs interact extensively. This

places one face of collinear histidines directly in the interface. Many of the

residues mutated to test the Ybe and Roseman models can be located within this

new dimeric model (Figure 2.13). While the amino acids mutated to test the

Roseman Model still point inward toward the opposite proximal leg, they lie too

far above the new proposed interface to mediate specificity. Hydrophobic

interactions have now been strongly implicated as the primary driving force for

clathrin assembly (Chapter Three), and these interactions are almost certainly

supplemented by hydrogen bonds and a few salt bridges, with electrostatic and

steric factors determining the specificity of the interaction. The Wilbur Model can

thus be used to predict interactions, including possible salt bridges, and undergo

another round of site-directed mutagenesis to determine the accuracy of the

modeled interface. The leading candidates for salt bridge interaction sites based

on the Wilbur alignment are D1448- K1246 and R1429- E1310. My hope is that

others will succeed in these efforts and the molecular determinants for interaction

will be located.
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Figure 2.12: The Wilbur Model for the Assembled Proximal Leg
Binding
The Wilbur model of two adjacent proximal legs with light chains bound
(green) is superimposed on the Roseman Model for two proximal legs (blue)
shows a rotation of the docking angle of the proximal legs, resulting in a new
interface prediction. A. A lengthwise view of the models, where the light
chain is visible as a thin extended green helix down the side of the
superhelical proximal leg segment. B. An end-on view of the models makes
the movement of the interface clear. The light chains in the Wilbur Model
(green) are located above and to the outside of the interface between
proximal legs. The heavy chains interact via a looped face and part of a
helical face. The Roseman Model's interface (between the two blue proximal
legs) of two flat helical interacting faces is rotated outward compared to the
Wilbur interface (between green proximal legs).
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Figure 2.13: Location of Previously Mutated Residues Within the
Wilbur Model
Two proximal leg domains (white) with bound light chains (cyan) interact in
the Wilbur Model of the proximal leg interface between assembled clathrins,
viewed from top (upper panel) and end (lower panel) orientations. The
location of previously mutated residues is denoted in color using Ras Mol.
The phosphorylation site Y1477 (green) is included as a point of reference.
Histidines 1313 and 1335 mutated to test the Ybe Model are noted in yellow.
H1335 is buried in the crystal structure, and 1313 is partially buried but
located near the center of the interface. Basic residues K1331 and R1333,
mutated to test the Roseman Model, are colored blue. While these residues
still point into the interface, they are somewhat rotated out above the
interface and are no longer at the point of closest approach. Moreover, they
no longer align with E1334 (red).
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Discussion

Clathrin self-assembly has long been known to involve a balance of

electrostatic and hydrophobic interactions (Nandi and Edelhoch, 1984). The

discovery of a charged patch on light chain that is critical for regulation of

assembly (Ybe et al., 1998) led to the elegant Ybe salt bridge hypothesis that

ultimately proved too simplistic to explain the assembly behavior of clathrin.

At physiological pH, the inhibition of assembly by light chains is somehow

overcome by the presence of the adaptor complex. However, it seems unlikely

that the adaptors are large enough to directly interact with the outer layers of the

basket where proximal leg and light chains interact in order to overcome this

inhibition by any direct mechanism. More likely, the adaptors gather and orient

clathrin terminal domains to strengthen molecular interactions already existent

between proximal and distal leg segments (Greene et al., 2000)(Chapter Three).

Since adaptors and adaptor fragments exert their effect in-vitro in the absence of

other proteins, any light chain-based salt bridge inhibition is unlikely to be directly

competed out by any other protein to provide a mechanism for assembly in the

presence of light chain. In other words, if a strong salt bridge were inactivated in

the presence of light chain it would remain inactive physiologically in the

assembled form. Thus, under physiological conditions in the Ybe Hypothesis,

there are no active salt bridges in this model that could function under

physiological conditions. Here I reconsider some of the more complex forces

that could be involved in clathrin assembly based on early biochemical studies

and my data.
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Clathrin and all of its individual fragments- proximal leg, distal leg, Hub,

and light chain- all have a significant net acidic charge (Table 2.8) that would

hinder the initial approach of clathrin leg segments during the initiation phase of

the assembly polymerization reaction. Consequently succinylation, which adds

negative charge to lysines on the surface, prevents assembly; and polybasic

amines, which attract the negative charge, stabilize assembled structures (Nandi

and Edelhoch, 1984).

Fragment isoelectric | Charge

Point

Clathrin Hub (1074-1675)
|

pl 5.23 -19

Clathrin proximal leg (1074- p! 6.14 –9

1522) |

Clathrin light chain (1-228, pl 4.44 | -16

full length)

Table 2.8: Acidity of Recombinantly Expressed Clathrin Fragments
Clathrin heavy chain and its regulatory light chain subunit have a net
negative charge and a low acidity, as calculated by GCG and Vector NTI
software. Polyhistidine tags on recombinant constructs were not included in
this calculation and would raise the isoelectric point slightly. Clathrin Hub
assembles maximally at pH 6.2 where the proximal leg segments approach
their pland electrostatic repulsion is minimized. Binding of the light chain
would heighten the repulsion between leg segments and lower the isoelectric
point of Hub, altering the pH dependence of its assembly behavior. Note that
distal leg is also acidic (data not shown).

63



Paradoxically, the even more electrostatically repelled Double and M3

mutants assembled better than Hub in the presence of salt. Once a close

approach between these more charged leg segments was allowed, van der

Waals interactions pulled the segments into tight binding and the electrostatic

repulsion interaction term dropped off at this very close distance. The significant

electrostatic repulsion thatwould be encountered if casual disassembly were to

occur and the molecules were separated by a short distance once again was a

barrier holding the lattices together more tightly than native Hub. Other evidence

of this repulsion between leg segments is the abnormally small molecular size

observed during equilibrium ultracentrifugation experiments of proximal leg.

Where pH was significantly different from the plof the leg segments, the size

appeared smaller than its actual size as determined by mass spectrometry, while

close to the plof the protein the size appeared normally (Figure 2.14). Because

this is an experiment at equilibrium, this result is almost entirely independent of

shape or size effects and is an indication of repulsion between leg segments in

solution. Electrostatic effects should be considered along with shape effects in

considering abnormal migrations from FPLC columns or any similar analysis.

While the overall long-range electrostatic interaction is unfavorable for self

assembly, individual sites of complementary charges may exist and contribute

short-range attraction and thus specificity through salt bridges. Plotting the

surface of the proximal leg crystal structure in GRASP (Figure 2.15) failed to

reveal any self-aligning oppositely charged patches of surface potential except in

an orientation considered unlikely for binding, and the light chain is so acidic that
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A pH Dependence of Proximal Leg AUC Results- Averaging All Buffers
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Figure 2.14: Electrostatic Repulsion and pH Variance of Observed
Molecular Size for Proximal Legs in Equilibrium Ultracentrifugation
A. Proximal leg segments were expressed, purified, and assayed in a
Beckman analytical ultracentrifuge in an equilibrium sedimentation assay
with similar buffer content to that used in an assembly assay. A variety of
buffers were used to cover a large range of pH values: Tris, EPPS, MES,
phosphate, and citrate. The pH dependence of the trend reflects the
decreased electrostatic repulsion as the protein approaches its isoelectric
point at pH 6.2. B. Electrostatic effects in a sedimentation velocity
ultracentrifuge assay are illustrated. Negatively charged clathrin
macromolecules move slower than similarly sized and shaped counterparts in
a sedimentation assay because of their net attraction to the small
counterions which migrate more slowly still. Electrostatic effects and shape
would also affect elution time in a size-exclusion column for similar reasons.
In an equilibrium sedimentation ultracentrifugation assay, the results are
mostly independent of shape, but the net repulsion between leg segments
keeps the macromolecules farther apart, broadening the gradient and making
them appear to be smaller.
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it is unlikely for light chain binding to create the necessary basic patch to allow

electrostatic attraction. It seems to me that the electrostatic interactions between

proximal leg segments are repulsive rather than attractive in nature, and any salt

bridges are localized over a small area of the molecular surface.

The Ybe Hypothesis proposed that the protonation of histidine residues

acted as a pH switch to allow salt-bridge driven assembly at acidic pH (Ybe et al.,

1998). The unusual arrangement of histidines on the surface of the proximal leg

suggests that this may be partly correct. At physiological pH, histidines are

deprotonated and have two likely mechanisms of interaction. Histidines may

partner with acidic residues through uncharged hydrogen bonds, or histidines on

each leg may sandwich a divalent metal ion. Initial experiments to address these

issues proved complicated by interferences and background interactions, but

further exploration is merited. The specific site-directed mutations attempted

failed to show any effect on clathrin assembly due to flaws in the models used for

the interaction between clathrin proximal leg segments.
-

Ultimately, the existence of a dimeric crystal structure would be the ideal

way to approach site-directed mutagenesis that attempts to block binding. Since

such a dimeric structure of proximal leg segments has proven impossible

(Chapter Three) and a crystal structure of assembled Hub has proven elusive

(Ybe et al., 1999-2003), a higher resolution cryo-EM map would be exceedingly

useful. During docking, the crystal structure must be reduced to the resolution of

the cryo-EM before the algorithm attempts to locate it in the map. Thus, all of the

surface contours and bumps in the crystal structure cannot be applied to help the
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Electrostatic Potential Map for Possible Proximal Leg Interfaces
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Figure 2.15: Surface Potential- Lack of Complementary Electrostatic
Regions
The proximal leg segment crystal structure (PDB ID: 1B89) (Ybe et al., 1999)
was used in GRASP to generate a map of electrostatic charge on the surface
of the molecule. Equivalent charge density for bases or acids was given
equivalent color density on the scale chosen (see scale bars). Two proximal
leg molecules are aligned antiparallel side-by-side like an open sandwich,
where the faces shown would be in nearly full contact in the Roseman Model
proposed assembled form. The rod-like molecule was considered to have
four faces, two helical (AB and CD) and two looped (BC and DA). The
Roseman Model predicted an AB-to-AB interface. The Wilbur Model has the
two faces slid to a different vertical alignment, with the same faces in
contact. Charge complementarity in the center of the rod would be expected
to be more important than at the ends, because the leg segments cross in
the center in the assembled form. Significant electrostatic repulsion would
be expected between the centers of the leg segments in every orientation
except DA-to-DA. Note that sliding the alignment slightly would reduce
repulsion for faces AB, BC, and CD, but there is no complementary basic
patch available. This bolsters the concept that hydrophobic interactions
provide most of the affinity between proximal leg segments.
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algorithm find the correct orientation; instead the algorithm works from a blurred

rod-like shape. A higher resolution cryo-EM map would retain more of the

molecular details of the structure and enable a superior fit.

Interestingly, the new proposed interface in the Wilbur Model involves a

looped face rather than a helical face, and aligns well with the collinear histidines

identified earlier along the looped faces of the proximal leg structure. Only one of

the looped faces had a visible basic patch near the center, offering the possibility

of electrostatic complementarity between faces (Figure 2.15). All of these point

toward a promising new model for the assembly interface.

However, mutagenesis may not be the optimal way to approach such a

cooperative interaction (Chapter Three). While bulky residues might hinder the

approach between leg segments, salt bridge mutations may ultimately prove

fruitless if the hydrophobic residues surrounding a salt bridge maintain the affinity

between leg segments. If specificity relies on a network of salt bridges and

hydrogen bonds, disruption of only a few in a cooperative system is unlikely to

have an effect on overall assembly, and it is difficult in such a system to measure

individual binding affinities between segments. Crosslinking or FRET may be a

more sensitive alternative if future rounds of mutagenesis continue to show no

effect. Alternatively, mutagenesis could be used to target bulky surface-exposed

hydrophobic residues that contribute more significant amounts of affinity to the

interaction (discussed further in Chapter Six).
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Chapter Three: Clathrin Self-Assembly involves

Coordinated Weak Interactions Favorable for Cellular

Regulation

Abstract

The clathrin triskelion self-assembles into a polyhedral coat surrounding

membrane vesicles that sort receptor cargo to the endocytic pathway. A

triskelion contains three clathrin heavy chains joined at their C-termini, each

extending from this vertex into proximal and distal leg segments linked to a

globular N-terminal domain. In the clathrin coat, leg segments are entwined into

parallel and anti-parallel interactions. Here we define the contributions of

segmental interactions to the overall clathrin assembly reaction. Proximal and

distal leg segments were found to lack sufficient affinity to form stable homo- or

heterodimers under clathrin assembly conditions. However, chimeric constructs

of proximal or distal leg segments, trimerized by replacement of the clathrin

trimerization domain with that of the invariant chain protein, were able to self

assemble in reversible reactions. Thus clathrin assembly occurs because weak

leg segment affinities are coordinated through trimerization, sharing properties

with biopolymers whose polymerization depends of multiple weak hydrophobic

interactions. Such polymerization is sensitive to small environmental changes
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and is therefore compatible with cellular regulation of assembly, disassembly and

curvature during formation of clathrin-coated vesicles.

Introduction

Clathrin self-assembly creates a basket-like polyhedral protein lattice that

coats intracellular membranes involved in receptor-mediated endocytosis,

organelle biogenesis from the trans-Golgi network and lysosomal targeting

(Brodsky et al., 2001). The clathrin lattice organizes associated adaptor

molecules to sequester receptors for selective sorting into clathrin-coated

membrane domains or transport vesicles. The self-assembling unit is a clathrin

triskelion comprising three heavy chains, non-covalently trimerized at their C

termini, each bound by a light chain subunit that associates irreversibly during

biosynthesis. While purified clathrin can spontaneously and reversibly form

closed polyhedral baskets, polymerization in the cell is highly regulated by

accessory proteins. Clathrin light chains prevent random heavy chain assembly,

and association with adaptor proteins and/or assembly co-factors overcomes this

inhibition, directing polymerization onto membranes (Brodsky et al., 2001; Mishra

et al., 2002). Adaptors and their partners, including the recently described epsin

(Ford et al., 2002), contribute to the transformation of a hexagonal clathrin lattice

into a curved lattice, ultimately containing the twelve pentagons needed for

polyhedron closure. The heat shock family protein Hsc70 and its co-factor auxilin

promote disassembly (Lemmon, 2001). To resolve the apparent thermodynamic

paradox of how spontaneous clathrin polymerization reaction can be regulated
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with sensitivity and reversibility in the cell, we undertook an analysis of the nature

of the interactions between domains of the clathrin triskelion legs. In this study

we define their binding properties and establish how these properties facilitate

cellular regulation of clathrin self-assembly.

The structure and morphology of assembled clathrin is well characterized

(Brodsky et al., 2001). Clathrin heavy chains have five domains: an N-terminal

globular domain (1-390), a helical linker (390–494), a distal leg segment (494

1074), a proximal leg segment (1074-1522), and a C-terminal trimerization/vertex

domain (1522-1675). In the assembled clathrin basket, each polygonal side is

composed of two anti-parallel proximal leg segments, one from each of the

vertices at either end of the segment, and two anti-parallel distal leg segments

that lie below and parallel to the proximal leg segments, contributed from triskelia

with adjacent vertices (Figure 3.1A, B) (Smith et al., 1998). Thus each side is

composed of four leg segments from four separate triskelia. The clathrin heavy

chain proximal leg segment is a super-helix of o-helices about 160 A long with an

oval cross section of 24 x 28 A and comprises three clathrin heavy chain repeat

(CHCR) domains (Ybe et al., 1999). The clathrin leg was found by sequence

homology to share additional copies of the CHCR structural motif such that the

rod-like super-helix structure is predicted to extend through the distal leg, ending

at the linker region (Ybe et al., 1999). Analysis of high resolution cryo-electron

microscopy images of assembled clathrin baskets (Smith et al., 1998) revealed

that adjacent proximal leg segments have a center-to-center distance of about 25

A, adjacent distal leg segments are separated by 25 A, and the proximal-distal
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Figure 3.1: Clathrin Polymerization
A. Four triskelia together form one edge of a clathrin polyhedron. The
completed edge (encircled) is composed of four leg segments: two anti
parallel distal leg segments (lavender and cyan) and two anti-parallel
proximal leg segments (yellow and orange). B. This predicted arrangement
of triskelia in one edge of the clathrin polyhedron, viewed from the side,
shows two adjacent proximal leg segments (yellow, orange) coming from a
vertex downward and crossing at an angle on the outer surface of the
basket. Two crossing distal leg segments (lavender, cyan) lie underneath,
with the globular N-terminal domain protruding down toward the inside of
the basket. Based on the 21A structure of a clathrin basket (Smith et al.,
1998). C. A cross-section view of one edge of the clathrin polyhedron with
two proximal leg segments on top (yellow, orange) and two distal leg
segments beneath (lavender and cyan) indicates the center-to-center
distance separation between leg segments. Based on the 21A structure of a
clathrin basket (Smith et al., 1998).
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separation between layers of the basket is 20 A (Musacchio et al., 1999) (Figure

3.1C). This close intertwining of the clathrin proximal and distal leg segments

within the assembled basket suggests that interactions between leg segments

are the driving force for clathrin assembly. Biochemical evidence points to a

critical role for proximal leg segments in assembly. Monoclonal antibodies

against the proximal leg segment block assembly (Blank and Brodsky, 1986),

and recombinant "Hub" fragments (1074-1675), which contains three proximal

leg segments and the trimerization domain, reversibly assemble into lattice-like

structures (Liu et al., 1995). In addition, recombinant Hub and terminal-distal (1-

1074) fragments of clathrin reconstitute assembly of baskets when stimulated

with adaptor fragments (Greene et al., 2000), demonstrating that distal leg

segments have a significant role in orienting the triskelia into a closed basket

shape.

While the contacts between specific leg segments have been identified

and their individual contributions characterized, the coordination and affinities of

these binding interactions during clathrin polymerization needs to be established

to understand how assembly can be regulated. In a typical protein

polymerization reaction, the enormous entropic cost of gathering molecules into a

supra-molecular assembly is overcome primarily by the entropy gain from the

exclusion of water from hydrophobic subunit interfaces in the assembled

structure (Cantor and Schimmel, 1980b). Entropy-driven reactions such as the

polymerization of actin or tobacco mosaic virus are typically maintained over a
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large surface area by extensive weak hydrophobic van der Waals interactions

supplemented by a few electrostatic hydrogen bonds, with shape

complementarity and electrostatic interactions providing more specificity than

affinity to the interaction (Fersht et al., 1985; Prevelige, 1998). Experiments

focusing on individual aspects of clathrin assembly have suggested that while

electrostatic enthalpic interactions are involved (Ybe et al., 1998), entropic

hydrophobic effects also make important contributions (Nandi and Edelhoch,

1984). In addition, theoretical models of the energetics of clathrin assembly

(Nossal, 2001) have suggested that the binding energy between assembled

triskelia is quite low, on the order of thermal energetic fluctuations, suggesting

assembly may indeed be driven by weak van der Waals interactions. Resolution

of this latter issue is critical for establishing whether curvature of a clathrin lattice

can occur by rearrangement of a hexagonal lattice, which would involve local

disassembly, or is limited to addition of new triskelia at the lattice edge.

To establish the relative contributions of the interaction of individual

clathrin leg segments to the overall assembly reaction and the binding

characteristics of the segmental interactions, we studied the dimerization of

recombinant clathrin proximal and distal leg segments and the assembly of

chimeric trimers of leg segments. Our data demonstrate that proximal-proximal,

proximal-distal, and distal-distal interactions all contribute affinity to the clathrin

polymerization process, but individually their dimerization interactions are too

weak to detect. Thus clathrin assembly is consistent with the classical model of

protein polymerization driven by multiple weak hydrophobic interactions. These
74



data account for the intrinsic ability for clathrin assembly to be regulated in the

cell with respect to curvature changes and disassembly.

Results

Two complementary approaches were taken to address which segments

of clathrin mediate the affinity for self-interaction. In the first approach, we

sought to localize possible strong interactions between leg segments. To

accomplish this, isolated leg segments were assayed for dimerizing interactions

under conditions where whole clathrin assembles into a basket. In the second

approach, we sought to identify cooperative interactions between leg segments.

To that end, protein chimeras in which leg segments were trimerized using the

trimerization domain from the invariant chain protein were engineered and tested.

Individual Leg Segments Are Monomeric Under Assembly Conditions

In order to localize the key contacts between clathrin leg domains, isolated

leg fragments were tested to find the smallest possible fragment with sufficient

interaction affinity to self-adhere. To accomplish this, clathrin leg segments were

tested by a variety of methods to detect the presence of dimers under conditions

where clathrin Hubs (1074-1675) assemble into lattices, in an approach similar to

that taken with other proteins (Bellingham et al., 2001; Flood et al., 1997; Fujita

et al., 1998).

Size-exclusion chromatography was used to examine the potential

interactions of proximal (1074-1522) and terminal-distal (1-1074) leg domains
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that were expressed as recombinant polyhistidine-tagged protein fragments and

purified by nickel affinity column chromatography (Greene et al., 2000, Ybe et al.,

1999). When the proximal leg fragment segment was applied to a calibrated

FPLC high resolution size-exclusion column, it eluted as a monomer when

chromatographed at pH 6.2 (Figure 3.2A), conditions where clathrin Hubs form a

lattice (Liu et al., 1995). In a separate experiment using a lower resolution size

exclusion column, recombinant terminal-distal domain (TDD) eluted as a

monomer significantly smaller than Hub, at pH 6.7, also recapitulating conditions

favorable for Hub assembly (Figure 3.2B). Mixtures of TDD and proximal leg

segments contained the two component peaks, but no new peak in the eluate

corresponding to a complex (Figure 3.2B). Under similar conditions, a mixture of

the proximal leg with clathrin light chain LCb at pH 6.2 eluted as a monomeric

complex of the two subunits (Figure 3.2C), indicating that LC binding did not

promote proximal leg interactions to detectable levels. The presence of both

subunits in the eluate was confirmed by gel analysis (data not shown). However,

the stable interaction between the proximal leg and LCb in this experiment

reveals that the folding of the proximal leg segment was representative of the

native triskelion structure, in which the clathrin heavy and light chains form a

stable complex and co-elute from a sizing column (Ungewickell and Branton,

1981). Overall, this result suggests that any affinity between proximal or distal

leg segments in the presence or absence of light chain is too weak to detect by

this assay, and is thus significantly weaker than the Ka ~ 10 °heavy chain-light

chain interaction (Winkler and Stanley, 1983).
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Figure 3.2: Individual Leg Segments Are Monomeric by FPLC.
Fragments representing the clathrin proximal leg and terminal-distal domain
were expressed as polyhistidine-tagged recombinant proteins, purified by a
nickel-affinity column and analyzed by gel permeation chromatography. Kav
versus molecular weight for sample and standards were plotted. A.
Proximal leg segments are monomeric on a calibrated FPLC column.
Proximal leg fragment and calibration standards were independently
chromatographed on a Superdex 200 HR 10/30 column in Bis-tris pH 6.2 and
elution times were noted. Proximal leg segment Kav was calculated as
0.454, indicating a size for clathrin proximal leg segment consistent with a
monomeric 52kD species. B. Isolated proximal and distal leg segments are
monomeric and do not form a complex when combined. Proximal and
terminal-distal domains were chromatographed on a Superose 6 prep grade
column in MES/Tris pH 6.7 and elution times were compared with elution of
Hub or leg segments at pH 7.3. Kav was calculated. Mixtures of proximal
and distal domain segments eluted as two separate populations; no larger
peak corresponding to a complex was observed. C. Proximal leg segments
bind light chains normally but do not dimerize in the presence of light chain.
Proximal leg segments with and without purified light chains and Hub were
chromatographed on a Superose 6 prep grade column in Bis-tris pH 6.2 and
elution times were noted for calculation of Kav. While the mixture of
proximal leg with light chain eluted as a complex, indicating proper folding of
the recombinant protein fragments, the Kav of the complex is consistent with
each complex containing only one light chain and one proximal leg. Thus the
presence of light chain did not induce dimerization of the proximal leg.
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More sensitive methods were chosen to pursue detection of a weak dimer

between proximal leg segments. Analytical ultracentrifugation by sedimentation

velocity yielded data fitting a single population of proximal leg segment species in

solution at pH 6.2 (Figure 3.3A) or pH 6.7 (data not shown) with an apparent

sedimentation coefficient of S=2.3. This coefficient for the proximal leg segment

corresponds to a larger protein than typically expected for a sedimentation

coefficient of this size, as evidenced by the frictional ratio of 1.8. The frictional

ratio is proportional to the axial ratio of the protein, where an ideal spherical

protein has F=1.0, while real data for globular proteins typically have F=1.2

(Cantor and Schimmel, 1980a). Clathrin proximal leg segment is a prolate

ellipsoid (elongated rod) and Hub is an oblate ellipsoid (flattened disk), so each

would be expected to have a high frictional ratio. In order to confirm that this

species represented a monomer, the proximal leg segment was further analyzed

by equilibrium sedimentation. Because this assay relies on the distribution of the

species after equilibrium has been reached rather than during migration down the

cell, it is insensitive to the non-spherical shape of clathrin proximal leg segments.

Equilibrium sedimentation of proximal leg segments at pH 6.2, tested at multiple

speeds and concentrations, yielded data that were fit simultaneously to a single

set of parameters consistent with the proximal leg segment behaving as a

monomer (Figure 3.4). The corresponding Kd for interaction of proximal leg

segments determined from data that was fitted artificially to dimer behavior is at

best on the order of 115 piM. This value is weaker than the nanomolar range
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Figure 3.3: Sedimentation Velocity Assays.
Polyhistidine-tagged constructs were expressed and purified and their
interaction assessed using sedimentation velocity by analytical
ultracentrifugation in a Beckman XL-I at 40K rpm, 4 degrees, at pH 6.2.
SedFit was used for a continuous c(S) distribution analysis of the data. For
each fit, the root mean square deviation (rmsd) for the fit of the curves to
the data, the number of data points (n), sum of squared residuals (SSR) and
frictional coefficient (F, indicating shape deviations from a sphere) were
noted. The confidence level (F-ratio) was 0.95. A. Proximal leg segment at
pH 6.2 is composed of a single species with sedimentation coefficient S=2.3
(rmsd at pH 6.2 = 0.006503, n=8372, SSR=0.354059, F=1.8). This species
was confirmed as a monomer by equilibrium sedimentation (Figure 5), and
components of trimeric constructs with S=2.3 were thus assigned as
monomeric species in plots B-D. B. Hub at pH 7.9 is composed of three
species in solution: the first two are at S=2.3 and S=3.9 and correspond to
monomer (35.2%) and trimer (64.8%), respectively, and the third is a minor
larger species at S=6.1 (rmsd = 0.007666, n=14198, SSR=0.834386,
F=1.6). C. Proximal-Ii chimera at pH 7.9 is composed of two species in
solution, at S=2.4 and S=4.7 (rmsd = 0.013468, n=16365, SSR=2.968339,
F=1.3), which correspond to monomer (46.8%) and trimer (53.2%),
respectively. D. Distal-Ii chimera at pH 7.9 is composed of two species in
solution, at S=2.5 and S=4.6 (rmsd = 0.0.008542, n=18212,
SSR=1.328910, F=1.2), which correspond to monomer (49.5%) and trimer
(50.5%), respectively.
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Figure 3.4: Proximal Leg Segment is a Monomer at pH 6.2 in
Equilibrium Sedimentation Assay
Proximal leg was expressed and purified and its self-interaction was assessed
by equilibrium sedimentation by analytical ultracentrifugation in a Beckman
XL-I at 40K rpm, 4 degrees, pH 6.2. WinNonLin was used to simultaneously
fit data points from samples of 0.4 (left), 0.2 (center), and 0.1 mg/mL (right)
at 7K (green), 10K (orange), and 14K (purple) to the lines shown in black.
(Radial distance) squared/2 is plotted against A280 (AU). A plot of the
residuals (lower panel) indicates the systematic error in the fit between the
lines and the raw data points. The fit gave values for parameter G = 0.623
(0.547-0.696) where for the expected monomer o = 0.667. The fit is
consistent with a proximal leg segment fit to an N-mer of N=0.94, which
represents monomer. Variance of fit was 4.6 x 10° with 1234 degrees of
freedom.
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affinity of enthalpy-driven self-assembly reactions (Mejean et al., 2001; Parker et

al., 2001) and is more consistent with the order of magnitude expected for an

entropy-driven network of weak hydrophobic subunit interactions (Cantor and

Schimmel, 1980b). When complexes of proximal leg with LCb were tested under

similar conditions, the equilibrium sedimentation data were also characteristic of

behavior as a monomeric complex of the two subunits, consistent with the

chromatography experiments above (data not shown).

A yeast-two-hybrid assay was then employed to examine further the

possibility of weak interactions under more physiological conditions. Clathrin

proximal leg segments or other heavy chain fragments were cloned into two

hybrid bait and prey vectors to express them as fusion proteins attached to GAL4

DNA binding or activation domains (Table 3.1). As a positive control, a strong

interaction between the proximal leg segment and clathrin light chain LCb, cloned

into the same prey, was demonstrated. Low levels of Hub assembly occur at

physiological pH (in the absence of bound clathrin light chains) (Liu et al., 1995)

and correspondingly, a weak interaction between Hub constructs (1073-1675)

was detected. However, the proximal leg segment and its fragments showed no

detectable interaction with one another or with Hub fragments (which extend into

the trimerization/vertex domain). To rule out the possibility that the anti-parallel

orientation of the interaction between leg segments and their elongated shape

forced too great a separation between the GAL4 domains and allowed false

negative interactions, the proximal leg segment was alsoconstructed upstream to

the GAL.4 activation domain in the bait vector. In this configuration the GAL4
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domains would be adjacent during an anti-parallel interaction, but this

construction also failed to show any interaction of the proximal leg segment with

itself or with Hub (Chen and Brodsky, 2001). Thus the in-vivo evidence

supported the in-vitro data, demonstrating a lack of detectable interaction

between leg segments.

If proximal leg segments interacted strongly but only transiently to provide

a nucleation center for clathrin assembly, the transient interaction would not be

detectable in an equilibrium assay such as analytical centrifugation. Therefore,

surface plasmon resonance was used to assay transient proximal leg segment

interactions. In this assay a chip matrix was coated with immobilized proximal

leg segment or clathrin light chain LCb and a solution of proximal leg segments

was flowed over the chip surface in the chamber of an IASys optical biosensor

BD 1073-1675 1073-1522 1204-1522 1271-1414
AD Hub Proximal Leg

Segment
1073-1675 4
Hub
1073-1522

-- -- -- --

Proximal Leg
Segment
1204-1522

-- --

1271–1414
-- - --

LCb (Control) || 65 65 200
Table 3.1: Proximal Leg Segments Do Not Interact in a Yeast-Two

Hybrid Assay

*Interactions between binding domain (BD) and activation domain (AD) are
noted in beta-galactosidase units.
-- indicates interaction was tested but could not be detected.
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Figure 3.5: Surface Plasmon Resonance Fails to Detect Interaction
Between Proximal Leg segments
Proximal leg segments were expressed and purified and then tested using an
IAsys Plus biosensor. Proximal leg segments or clathrin light chain LCb were
immobilized to a carboxylate cuvette, using EDC/NHS coupling chemistry. A
solution of proximal leg segment in PBS was flowed over the surface and
monitored for 10 minutes. Proximal leg segment failed to show any
interaction with immobilized proximal leg segments (lower curve), but had a
strong binding response to the control of immobilized clathrin light chain
(upper curve).
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(Figure 3.5). Measurement of changes in the refractive index of the immobilized

protein on the chip reflects interaction with the protein in the flow chamber and,

even for transient interactions, the kinetics of binding and dissociation can be

determined. These measurements revealed that the proximal leg segments

interacted strongly with immobilized light chain, but failed to show any interaction

with immobilized proximal leg segments, at a pH favorable for clathrin assembly.

Similar data were obtained with a longer proximal leg segment construct

extending 1074-1590 (Ybe et al.). Thus, even transient dimer formation was not

detectable between proximal leg segments, which were capable of binding to

light chain subunits.

The failure to detect any interaction between proximal leg segments using

multiple highly sensitive assays strongly indicates that isolated clathrin leg

segment interactions have extremely weak affinity. This observation explains our

previously published finding that an excess of proximal leg segments did not act

as dominant negative inhibitors of clathrin assembly (Greene et al., 2000). The

data reported here are consistent with a lack of binding of proximal leg segments

to the whole triskelia tested in the assembly assay. In addition, we further

demonstrate that binding clathrin light chain to proximal legs had no effect on

their interaction. Together these data indicate that clathrin assembly relies on

multiple interactions too weak to detect when individually isolated, such as would

be found in a coordinated entropy-driven self-assembly reaction.
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Chimeric Constructs Segment Interactions Assemble Using Cooperative

Leg Interactions

The lack of detectable interaction between leg segments could be

accounted for if the interactions between segments are extremely weak and rely

on cooperative interactions, or if the leg segments do not mediate the interaction

between clathrin molecules. If the latter possibility is correct, then assembly of

Hub fragments (Liu et al., 1995), which are comprised of only three proximal leg

segments and their trimerization domains, could only be accounted for by binding

interactions between the trimerization domain and “knees" between proximal and

distal leg segments, which are localized beneath the vertices in the assembled

clathrin lattice and are present in the Hub constructs. In this case, the assembly

inhibition activity of antibodies to the proximal leg segment would have to be

ascribed to steric hindrance of the close approach of these domains. While a

critical role for interactions apart from leg-leg binding during clathrin assembly is

theoretically possible, the effects of the proximal leg-specific antibodies on

assembly are also consistent with interference with weak binding between leg

segments that is only sufficient to drive assembly when the segments are

connected in a trimeric conformation to coordinate interactions.

We therefore sought to determine whether trimerization of leg segments

with a non-clathrin trimerization domain would allow cooperative assembly

between leg segments without the involvement of the trimerization domain itself.

To this end, chimeric constructs were created with proximal or distal leg
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Segments attached to the C-terminal trimerization domain taken from the

invariant chain (li) protein (Figure 3.6A).

In an antigen-presenting cell, trimerized li proteins occupy the peptide

binding sites of three nascent MHC Class Il complexes to stabilize their structure

until they encounter antigen in the peptide loading compartment (Cresswell,

1996). The structure of the litrimerization domain has been determined

(Jasanoff et al., 1998) and is composed of helix-and-loop segments not unlike

the clathrin proximal leg segment CHCR motif (Ybe et al., 1999) that is predicted

to continue into the clathrin trimerization domain. Like the clathrin trimerization

domain, the three segments enter the C-terminal trimerization domain at a

slightly puckered 120-degree angle, similar to the pucker of a clathrin triskelion.

litrimerization domain constructs were engineered in which the litrimerization

domain was joined to either the triskelion proximal leg (proximal-li) or distal leg

(distal-li) segment by connecting loop segments between helices, creating a non

clathrin trimerization domain for the clathrin leg segments.

In order to confirm that the non-clathrin trimerization domain was able to produce

a trimeric protein, sedimentation velocity experiments were performed to test the

number of species in solution at pH 7.9, at which clathrin and Hub are

disassembled. The results indicated that the purified proximal-li or distal-li

chimeras each had a sedimentation coefficient distribution very similar to Hub

(Figure 3.3B-D).
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Figure 3.6: Chimeric Trimerized Clathrin Proximal or Distal Leg
Segments Assemble
A. Chimeric constructs Distal-Ii and Proximal-Ii were created with Clathrin
distal or proximal leg segments, respectively, attached to the trimerization
domain of the invariant chain protein. The bar diagrams indicate the protein
domains of each donor protein from which chimeras were constructed and
the domains in the resulting chimeras. Numbers indicate the residues
flanking protein domains and the junctions where fragments were
recombined. B. Purified chimeric proteins at pH 7.9 were induced to
assemble by a drop in pH 6.7 through the addition of 1/25 volume of 1 molar
MES pH 6.7, and turbidity (change in OD at 320 nm) was monitored for 5
minutes. Disassembly was induced by increasing the pH with an addition of
1/25 volume of 1M Tris pH 9 and monitoring OD 320 for 2 additional minutes
as turbidity returned to baseline levels, demonstrating reversibility of the
assembly process. Proximal leg segment, which is not trimeric and cannot
assemble, served as a control. C. The chimeras had a similar overall extent
of assembly to purified clathrin Hub in the pH 6.7 turbidity assay. Samples
were induced to assemble as above and the extent of assembly (OD320 after
5 minutes) was recorded. Extent of assembly was normalized to average
hub assembly over several preparations and averaged for this plot.
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Each sample was composed of two species, the first of which at S-2.4

had the same apparent sedimentation coefficient as monomeric proximal leg

(Figure 3.3A) and thus represents a monomeric species. For both hubs and

chimeras, the distribution indicated a predominance of trimer (S=4-5) over

monomer. The Hub and two chimeras are oblate ellipsoids and the data fit to an

apparent frictional ratio of 1.6 for Hub (Figure 3.3B), indicating perhaps a slightly

flatter disc shape than the two chimeras with apparent frictional ratios of 1.2 and

1.3 (Figures 3.3C,D). Thus, for both engineered constructs, the invariant chain

trimerization domain was successful in trimerizing a significant proportion of

chimeric leg segments in the expressed protein.

The chimeric proteins were then assessed for their ability to assemble

under conditions that induce Hub assembly (Liu et al., 1995), using a light

scattering assay. In this assay, self-assembly is distinguishable from protein

aggregation in that it requires proper folding of the protein and is reversible

(Kentsis et al., 2002). Spectrophotometric data indicated that both the proximal-li

and distal-li constructs were able to assemble at either pH 6.2 or 6.7 (Figure

3.6B). Assembly of the chimeric constructs proceeded at a similar rate

compared to that of Hub assembly (data not shown) and to a similar extent, as

revealed by the endpoint spectrophotometric measurements (Figure 3.6C). The

assembly reactions of the chimeras were reversible by raising the pH to 7.9,

which causes assembled Hub to disassemble, thus demonstrating specificity and

reversibility of their assembly (Figure 3.6B). Analysis of assembled chimeric

constructs by electron microscopy revealed pseudo-lattices similar to those
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previously observed for assembled Hub (Greene et al., 2000; Liu et al., 1995) in

which assemble proceeds in multiple planes, so that lattice morphology is poorly

stained (data not shown). In control reactions, the proximal leg segment did not

produce a spectrophotometric signal upon lowering the pH to 6.2 or 6.7,

indicating no formation of larger aggregates under these conditions, consistent

with their lack of dimerization in other assays and providing a specificity control

for assembly of the chimeras. Chimera assembly showing proximal-proximal and

distal-distal interactions in a trimeric configuration complements previous data

regarding the role of distal leg segments in clathrin assembly (Greene et al.,

2000). These segments on their own were unable to interact effectively with

Hubs during assembly, but when extended to include the terminal domain and

multimerized by adaptors into a counter-Hub, these segments could influence

Hub assembly to form a curved structure. Thus, clathrin assembly depends on

coordination of weak proximal-proximal, proximal-distal and distal-distal leg

interactions. Taken as a whole, our analysis of leg dimerization combined with

the behavior of the trimerized leg segment constructs indicates that trimerization

allows cooperativity between multiple simultaneous weak interactions of leg

segments resulting in clathrin assembly.

Discussion

Here we define the nature of domain interactions contributing to clathrin

assembly. We demonstrate that individual leg segment affinities are weak and

rely on trimerization to allow multiple coordinated contributions to the formation of
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a clathrin lattice. In addition, we confirm that clathrin light chain binding is not

required for trimerized proximal leg segment interactions and we demonstrate

that light chain binding does not promote interaction of individual proximal leg

segments. Finally, we show that distal-distal leg segment interaction contributes

to clathrin assembly, in addition to proximal-proximal and proximal-distal

interactions that have been previously implicated (Blank and Brodsky, 1986;

Greene et al., 2000; Smith et al., 1998). We cannot rule out additional roles for

vertex-knee interactions in assembly from the data reported here, but the

chimeric constructs demonstrate that leg segment interactions when trimerized

are sufficient to sustain assembly without these interactions. From this analysis

of clathrin assembly, we can infer important features of the thermodynamics of

clathrin assembly that provide insight into the regulation of clathrin assembly and

curvature in the cell.

Thermodynamic Properties of Clathrin Assembly

Multiple weak, simultaneous interactions have been proposed as the

mechanism for the assembly of clathrin terminal domains with adaptor

complexes and beta-arrestin (Kirchhausen, 2000b). Here we demonstrate that

similar principles govern clathrin self-assembly. Thus, as hypothesized over

twenty years ago (Crowther and Pearse, 1981), we now have evidence that the

process of clathrin coat formation joins actin, amyloid, tubulin, and others in the

large and diverse group of entropy-driven condensation reactions, for which the

tobacco mosaic virus rod-forming polymerization process is a model (Lauffer,
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1975). Based on what is known about these reactions, we must consider that the

primary driving force in clathrin assembly is hydrophobic, rather than

electrostatic. Typically, electrostatically mediated assembly would involve early

formation of weak long-range interactions, followed by the docking of proteins

into a higher affinity configuration requiring strong hydrophobic interactions

(Schreiber and Fersht, 1996). The predicted electrostatic interactions between

clathrin domains (Ybe et al., 1998) would be unlikely to act attractively at long

range due to electrostatic repulsion between charged, predominantly acidic leg

segments, especially if acidic clathrin light chains are bound (Chapter Two).

Furthermore, the absence of strong binding affinity between isolated leg

segments suggests that strong short-range salt bridges are also absent in this

interface However, electrostatic repulsion can function as a specificity

determinant to block misalignment of leg segments, as has been seen for other

self-assembling systems (Coleman et al., 1999). Thus, the weakness of the

interaction between leg segments demonstrates a possible role for repulsive

electrostatic specificity-determining interactions which are balanced out by

hydrophobic attractive interactions, as previously suggested for clathrin assembly

(Nandi and Edelhoch, 1984). In fact, the pH and salt sensitivity observed for

clathrin assembly is common among entropy-driven polymerizations (Lauffer,

1975) and may result in part from a simple reduction of the electrostatic repulsion

between acidic heavy chains near the isoelectric point of the leg segments

(Chapter Two). The possibility has been raised that the ionization state of

surface-accessible histidines is crucial to the pH-dependence of the assembly
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process (Ybe et al., 1998). Such histidines may participate in salt bridge

interactions, stabilize the heavy chain structure (Sali et al., 1988) or mediate

regulation of the dimerization with zinc or other metal ions (Christianson and

Alexander, 1989) (Chapter Two). However, given the evidence for electrostatic

interaction, the most likely explanation is the existence of pH-dependent

electrostatic hydrogen bonds via histidines, as has been found in other proteins

(Mejean et al., 2001).

The interface between two proximal leg segments in an assembled basket

is predicted to have a buried surface area on the order of 1500 A* (Chapter Two),

and would be expected to have affinity contributed by extensive van der Waals

associations, several charged and uncharged hydrogen bonds, and possibly a

small contribution from one or more salt bridges (Prevelige, 1998). Taking all of

these properties into consideration, along with the date reported here, we

propose that clathrin self-assembly is driven primarily by the entropic gain of the

hydrophobic effect when the assembled leg segments exclude water from their

interface.

Cellular Regulation of Clathrin Assembly and Curvature

The unstable and weak interaction between isolated leg segments raises

the question of how nucleation of clathrin assembly occurs in the cell. Clathrin

polymerization appears to proceed through an intermediate structure with 4-7

triskelia (Schwarz et al., 1989). With such weak interactions between isolated

leg segments as demonstrated here, we would expect that intermediates smaller
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than this would be unstable. In the cell, adaptors and accessory co-factors

AP180 (Ford et al., 2001) and epsin (Ford et al., 2002) are therefore required to

play a key role in initiating assembly through recruitment and stabilization of

clathrin polymerization on the membrane. Based on the thermodynamic

considerations above, assembly could also be readily stimulated by locally

lowered pH due to proton pump activity (Heuser, 1989) or recruitment to acidic

membrane lipids, which may have a similar effect on clathrin assembly

(Maezawa et al., 1989) as they do on laminin assembly (Freire and Coelho

Sampaio, 2000). Clathrin propagation, when recruited to the membrane in the

vicinity of a stable clathrin-coated pit locus (Gaidarov et al., 1999) and stimulated

to undergo a coordinated assembly, would occur more readily than nucleation

because it would by nature involve multiple segment interactions to join an

existing lattice.

A second issue relevant to our data is how curvature can be introduced

into a clathrin lattice. There are three factors that contribute to lattice curvature.

The first is the geometric requirement for introduction of twelve pentagons into a

hexagonal lattice in order to achieve a closed sphere or vesicle coat (Kaneseki

and Kadota, 1969). The second factor is the shape of the triskelion itself and its

inherent flexibility. In an assembled clathrin basket, a triskelion has increased

pucker at the vertex as well as greater curvature of the legs than it displays in

solution (Musacchio et al., 1999). It has been suggested that the knee region

between proximal and distal leg segments, which has little intrinsic curvature in

solution (Yoshimura et al., 1991) and no inherent additional elasticity compared
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with the proximal or distal leg segments (Jin and Nossal, 2000; Kocsis et al.,

1991), is responsible for most of the curvature in the assembled basket

(Kirchhausen et al., 1986; Musacchio et al., 1999). We have further shown that

ultimate flexibility at the knee by dissociation of the distal from the proximal leg

domain is compatible with introduction of curvature into a clathrin lattice (Greene

et al., 2000). In addition, theoretical analyses have indicated that triskelia may

form pentagons as well as hexagons with some torsional strain but little overall

free energy cost (Jin and Nossal, 1993), particularly in the presence of tetrameric

adaptors (Nossal, 2001). Thus changes in triskelion conformation can readily

occur and contribute to lattice curvature without posing a significant energy

barrier. The third factor regulating curvature of a clathrin lattice at the cellular

membrane is the participation of adaptors and accessory proteins in this process.

Tetrameric adaptor proteins AP1 (at the TGN) and AP2 (at the plasma

membrane) work with monomeric adaptors such as GGAs (Robinson and

Bonifacino, 2001) and Dab2 (Mishra et al., 2002) to induce invaginations in the

clathrin lattice. Epsin, which binds lipid, tetrameric adaptors and clathrin, is able

to accomplish this curvature even without the aid of tetrameric adaptors (Ford et

al., 2002; Nossal and Zimmerberg, 2002). In this case, epsin's mechanism of

action relies on deformation of the membrane by insertion of its hydrophobic

domain and its ability to manipulate clathrin to form pentagons through binding to

clathrin. Whether epsin and other adaptors can perform clathrin manipulations

within a preformed hexagonal array or only at the edge of such a lattice by
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interaction with newly recruited triskelia depends on the energetics of the

interaction of individual clathrin leg domains.

Here we show that the energetics of clathrin self-assembly are compatible

with lattice-modifying proteins being able to produce a bud from the interior of an

existing clathrin lattice, essentially to regulate rearrangement of a lattice.

Evidence presented here for weak interactions between clathrin leg segments

supports earlier theoretical free energy calculations for the assembly process

(Nossal, 2001), which estimated that the free energy gain on the addition of an

individual triskelion to a partially formed lattice is quite small, on the order of

thermal fluctuations. Such a low free energy threshold permits rearrangement in

the center of a lattice by cytosolic exchange of triskelia (Brown and Petersen,

1999, Wu et al., 2001) and is compatible with removal of a triskelion for

rearrangement of a hexagon into a pentagon (Kaneseki and Kadota, 1969;

Nossal, 2001). While our data support such a model for lattice rearrangement,

they do not absolutely contradict the suggestion that such pentagonal

arrangements are limited to the edges of the lattice (Harrison and Kirchhausen,

1983; Kirchhausen, 2000b). In either case, we would suggest that the presence

of lattice-modifying proteins in a budding segment of membrane allows

rearranged or new triskelia to be oriented so that they interact with more than

one leg segment of the partially or fully completed lattice at the same time,

stabilizing the interaction when compared with isolated leg segment interactions.

Thus, a delicate balance between individually weak, repulsive and attractive

electrostatic, hydrogen bonding, and hydrophobic interactions can be exploited
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by regulatory proteins. This allows clathrin self-assembly to be spontaneous,

readily reversible and finely regulated in the cell.
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Chapter Four: Clathrin Specialization Explained by

Phylogenetic Analysis

Abstract

It has long been known that vertebrates contain two clathrin light chains

LCa and LCb, but the functional difference between them remains unclear. In

recent years a second clathrin heavy chain has been identified in humans on

chromosome 22, which has a distinct function from the conventional clathrin

heavy chain on chromosome 17. Here we construct phylogenetic trees for

clathrin heavy chain and clathrin light chain. The position of the radiation nodes

for the second form of both clathrin heavy and light chains suggests each gene

was duplicated between 750 and 420 million years ago. Efforts are ongoing to

identify additional paralogous genes surrounding clathrin genes to determine

whether these duplications arose as part of a large-scale (possibly genomic)

duplication during chordate evolution. Such a duplication event would have

allowed rapid specialization to support increasingly sophisticated neuronal and

muscular functions. Further investigation of clathrin duplications may yield clues

to the functional differences between the two vertebrate forms of clathrin heavy

chain and clathrin light chain.
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Introduction

Conventional clathrin heavy chain CHC17 has fascinated researchers

ever since it was identified in insect oocytes endocytosing yolk protein in 1964

(Roth and Porter, 1964). It was subsequently cloned and sequenced in rat

(Kirchhausen et al., 1987a) and mapped to chromosome 17 in humans (Dodge et

al., 1991). No evidence was found of additional clathrin heavy chain proteins in

humans by biochemical studies or Southern blotting. It was therefore entirely

unexpected that a novel form of clathrin heavy chain would be identified on

chromosome 22 in the course of sequencing the human genome, now called

CHC22 (Brodsky, 1997, Gong et al., 1996; Holmes et al., 1997; Kedra et al.,

1996; Long et al., 1996; Sirotkin et al., 1996). The function of CHC22 is still not

fully defined. By contrast, the presence of two forms of clathrin light chain was

shown in 1983 (Brodsky and Parham, 1983), and the sequence of each

vertebrate clathrin light chain was documented in 1987 (Jackson and Parham,

1988; Jackson et al., 1987; Kirchhausen et al., 1987b). Interestingly, both LCa

and LCb appear to bind CHC17 in-vitro but not CHC22 (Liu et al., 2001b), and

they compete with one another for binding sites on the heavy chain in an

apparently random distribution with redundant function (Brodsky et al., 1991).

The investigation of the evolutionary divergence between the two forms of

clathrin heavy and light chains described here may shed light on the function of

CHC22, any specialized differences between light chains LCa and LCb, and

whether regulatory light chain subunits exist for CHC22. In addition,

determination of the circumstances under which the gene duplications occurred
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may lend support to the theory of en-bloc genome duplication during chordate

evolution, and may possibly help to identify an extended locus of genes involved

in membrane traffic.

The Clathrin Sequences

Efforts to determine the function of the novel CHC22 form of clathrin in

humans were undertaken by our laboratory upon its discovery (Liu et al., 2001b).

CHC22 was shown to be expressed at high levels in cardiac and skeletal muscle

and in the testis, leading some researchers to call it muscle-specific clathrin

(Brodsky, 1997). CHC22 has 90% protein sequence similarity and 85% protein

sequence identity with CHC17. The homology is strong throughout the sequence

(Figure 4.1A) with only the C-terminal trimerization having below 80% protein

sequence identity. The DNA shows identical intron/exon boundaries (data not

shown), and there is 74% nucleotide sequence identity between CHC17 and

CHC22 genes. CHC22 is 1640 amino acids long compared with 1675 for

CHC17. While the function of CHC22 is still undetermined, it does not appear to

function in endocytosis or conventional membrane trafficking pathways alongside

traditional CHC17. Studies suggest a structural or cytoskeletal role for CHC22

(Liu et al., 2001b; Towler et al., 2002), possibly in muscle cell differentiation.

CHC22 orthologous sequences have now been found in chicken and fish in the

course of this study, suggesting its presence in all vertebrate genomes.

Parasites, plants, and invertebrates each appear to have a single heavy chain,
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Figure 4.1: Clathrin Domains and Sequence Conservation
The two human forms of clathrins are compared side by side, with percent
identity noted in each domain. A. Clathrin heavy chain CHC17 shows high
conservation to CHC22 throughout the length of the sequence. Domains
include the globular N-terminal domain (blue) and linker (green), distal leg
segment (purple), proximal leg segment (yellow) and trimerization domain
(orange). Homology is weakest in the C-terminal trimerization domain,
which is somewhat shorter in CHC22. B. Clathrin light chains LCa and LCb
show variable conservation between domains, with the N-terminal domain
(N, blue)) having lowest homology and the adjacent alpha-consensus domain
(Con, green) being absolutely conserved. Other domains include the calcium
binding domain (Ca, yellow), the heavy chain binding domain (HC bind,
orange), the neuron-specific insert (Neur, magenta) and the calmodulin
binding domain (Cam, cyan).
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where plant and some of the other sequences share the same short length as

CHC22.

While invertebrates and yeasts have a single clathrin light chain and

plants appear to have multiple light chains, vertebrates have two light chains.

Each of the mammalian light chains is encoded on a different chromosome and

they share 60% sequence identity. Both light chains are expressed in every cell

type and they show no marked preferential ability to bind heavy chain relative to

one another (Brodsky et al., 1987), but bind in accordance with the ratio of the

protein expression level between the two forms. Within each cell there are

therefore populations of CHC17 triskelia with the three binding sites occupied by

three LCa molecules, three LCb molecules, two LCa and one LCb, or two LCb

and one LCa. All light chain binding sites are fully occupied in the cell, and light

chains do not appear to dissociate from heavy chains once bound (Brodsky et

al., 1991). In humans, the sequence homology between the two light chain forms

varies widely between the domains of the primary sequence (Figure 4.1B), with

the conserved consensus domain (28–50 LCa, 20-42 LCb) being absolutely

conserved and the neuronal insert/ calmodulin binding site (162-248 LCa, 155

228 LCb) having 72% homology. The least conserved region is the far N

terminus (1-28 LCa, 1-20 LCB).

The apparent functional redundance of the two vertebrate light chains in

tissue culture cells has led to studies to determine any specialized functions or

differences between the two. The potential exists for differential regulatory

control of the light chains by phosphorylation, binding of Hsc70, or disulfide bond

101



formation. LCb has a casein kinase II serine phosphorylation site near the N

terminus which is absent in LCa (Chu et al., 1999; Hill et al., 1988). In contrast,

LCa has a higher affinity binding site at positions 47-71 for Hsc70 (DeLuca

Flaherty et al., 1990), the heat shock protein involved in uncoating vesicles that

have budded from the membrane (Newmyer and Schmid, 2001; Rothman and

Schmid, 1986). The C-terminus of each light chain has a cysteine conserved at

position 228 which may be involved in transient disulfide bond interactions.

However, LCb has an additional disulfide bond (position 237), as does the

neuronal form of LCa (position 195) (Parham et al., 1989). Both forms of clathrin

light chain bind calcium (Nathke et al., 1990) and calmodulin (Pley et al., 1995),

but the former interaction may require high levels of calcium that are not

physiologically relevant (Nathke et al., 1990). However, the only observed

functional difference between the two vertebrate forms was the observation that

LCb is expressed at a higher ratio in cells with a role in regulated secretion

(Acton and Brodsky, 1990).

The Genomic Duplication Theory

Susumu Ohno proposed that during chordate evolution two

polyploidizations, or en-bloc duplications of the entire genome from N to 4N,

allowed rapid specialization of proteins to support increasingly complex

organisms (Ohno, 1970). The first duplication in this 2R hypothesis occurred

after the split between primitive chordates represented by amphioxus (lancelets)

and Cephalochordates (jawless fishes, such as the hagfish or lamprey), some
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Osteichthyes
420 myr ago

Chondrichthyes
528 myr ago 400

myr ago

Agnatha

Cephalochordata
Urochordata
750 myr ago

750

myr ago

Figure 4.2: A Timeline of Vertebrate Evolution and the Hypothesized
Genome Duplication
Radiation of the branches leading to modern day chordate and vertebrate
species is noted along an evolutionary timeline. Arrows denote the timing of
the theorized genome duplications during chordate evolution.
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750 million years ago. The second duplication may have occurred as recently as

528 million years ago, before the split between Chondrichthyes (cartilaginous

fishes, such as sharks) and Osteichthyes (bony fishes, such as pufferfish or

zebrafish) (Abi-Rached et al., 2002) (Figure 4.2). The duplicate chromosomes

arising from such an event, containing duplicated genes called "paralogues" of

one another, would then evolve over time. On each chromosome copy, many of

the genes would mutate to lose function, whereas other genes would be retained

with their mutations, leading each copy to a specialized or unique function within

the same gene family (Wolfe, 2001). This duplication would then allow rapid

diversification of protein families to support increasingly complicated systems in

the developing chordate and vertebrate lineage. Eventually, sequence

divergence between the duplicated chromosomes would return the polyploid

genome to the diploid state found in the human genome today, a process called

paleopolyploidy.

While this genomic duplication theory has gained acceptance in recent

years (Spring, 2002), skeptics remain who believe that while polyploidization is

evident in some genomes such as zebrafish (Taylor et al., 2001) and pufferfish

(Williams et al., 2002), the as-yet incompletely annotated human genome does

not provide strong support for en-bloc genome duplications. Specifically, if a

genome duplication occurred, it may have resulted from one rather than two

duplication events (Wolfe, 2001).

The prototypical examples in support of genome duplication are the HOX

gene clusters (Stellwag, 1999). Hox genes are crucial during embryogenesis for
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bilateral symmetry and overall morphology. The 38 HOX genes found in

humans, arranged in four clusters on separate chromosomes, appear to have

descended directly from a single cluster in the primitive chordate ancestor of

amphioxus through chromosomal duplications during the time frame proposed for

genome duplication, a perfect example of four modern gene clusters resulting

from two duplications of a single ancestral gene locus. Moreover, the clustered

organization of Hox genes suggested that entire blocks of genes like this would

be found functioning together at a single locus, having duplicated and evolved in

tandem. A similar clustered locus of genes was found for the the MHC (Major

histocompatibility complex) (Kasahara et al., 1999), with further investigation

showing evidence of genome duplication in MHC vertebrate evolution (Abi

Rached et al., 2002; Kasahara et al., 1999). Phylogenetic studies of other

membrane trafficking proteins have generated support for the 2R hypothesis,

suggesting that COPI subunits (involved in Golgi to ER membrane traffic)

evolved away from a common ancestor with the clathrin-associated AP adaptor

subunits after a genome-wide duplication (Schledzewski et al., 1999). In an ideal

scenario, a chromosomal locus for genes involved in membrane traffic might be

located near one of the clathrin genes, waiting for discovery.

Primitive Chordates and Vertebrates and the Evolution of Complex

Systems

Here I consider the early vertebrate families that evolved from our

common chordate ancestor during the development of vertebrate complexity.
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This sheds light on which functions our vertebrate ancestors developed in the

time frame when genomic duplication is proposed to occur. In particular, the

evolutionary acquisition of specialized functions for muscular and neuronal tissue

is the potential driving force leading to clathrin diversification. The modern day

descendants of chordates and early vertebrates and the novel features

distinguishing each from its ancestors on the chordate evolutionary tree are

detailed in this section.

The tunicates, or Urochordata, are perhaps the most primitive chordates.

These acraniate vertebrates include ascidians such as ciona, the sea squirt. The

adult sea squirt, a siphoning creature commonly attached to submerged rocks,

hardly resembles a close ancestor of humans. However, the tadpole larva has a

dorsal notochord and nerve chord, firmly establishing it as a chordate (Holland,

2002; Meinertzhagen and Okamura, 2001). The ciona genome is 17 times

smaller than the human genome and its radiation from the common chordate

ancestor occurred about 750 million years ago, before the first proposed round of

gene duplication, making ciona a good starting point for considering the

development of vertebrates.

The next group to radiate from the ancestral chordates was the

Cephalochordata, also known as amphioxus or more commonly as lancelets.

The lancelets are small fish-like marine chordates with no scales and a simple

dorsal notochord and nerve chord that persist throughout the animal's life.

Lancelets show a far more sophisticated musculature than ciona, with defined

blocks of muscles to allow efficient swimming. They have a cilia-based plankton
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feeding system. They have no distinguishable head and no eyes, nose, or ears,

though they do have primitive light receptors (Raven and Johnson, 1986).

Amphioxus appears to have a simple genome, which has not undergone

duplication or rearrangement in millions of years. While Ohno proposed the first

round of genome duplication before amphioxus radiation, most modern studies

estimate the first duplication happened just after amphioxus radiation (Furlong

and Holland, 2002).

The first primitive vertebrates that evolved had a distinct skull (cranium)

and brain, and the first traces of a vertebral column. This tremendous leap in

neuronal complexity is evident today in the Agnatha (jawless fishes, such as

lampreys and hagfish). Unlike lancelets, hagfish lack cilia for feeding on plankton

and instead force water through their pharynx using muscle contraction. Thus

both muscular and neuronal development evolved rapidly between

Cephalochordates and Agnatha (Klein et al., 2000; Raven and Johnson, 1986).

Chondrichthyes, which are cartilaginous vertebrate fishes such as the

ancestral shark, skate, ray, and dogfish shark, were the first Gnathostomes

(jawed vertebrates) that evolved. Their jaws, fins, and light skeletons allowed

them to become efficient swimmers and predators. The neuronal development

required for predator sensory perception and behavior is clear (Kusunoki and

Amenmiya, 1995). The liver contributes a significant portion of the body weight,

providing buoyancy and possibly representing a more sophisticated metabolism

appropriate for the diet of a predator. Constant swimming is required to push

water past the gills to provide oxygen, revealing further muscular development

*

107



(Raven and Johnson, 1986). Cartilaginous fishes are thought to have evolved

just after the second round of genomic duplication about 528 myr (million years)

ago (Abi-Rached et al., 2002; Furlong and Holland, 2002).

For almost 100 myr, cartilaginous fishes were the only vertebrates. Bony

fishes, or Osteichthyes, evolved about 420 myr ago, possibly in fresh water. A

bony skeleton and vertebral column that was present in the primordial ancestor

of the cartilaginous fish is retained in modern bony fishes such as pufferfish or

zebrafish. The swim bladder, used to regulate buoyancy, frees bony fishes from

the need to continually swim and thus allows heavier skeletal structure. Most

modern fish are derived from this class of animals (Grunwald and Eisen, 2002;

Raven and Johnson, 1986).

Thus the muscular, neuronal, respiratory, and metabolic systems were

undergoing significant development during the time frame in which the

vertebrates evolved and genome duplication took place. Perhaps it is

unsurprising then that the strongest support for the 2R genome hypothesis

comes from researchers studying evolutionary development (Postlethwait et al.,

1998), who maintain that the increase in sophistication required for chordates to

develop these pathways rapidly was best met by duplication of the entire genome

to specialize existing proteins rather than evolution of an entire set of proteins de

ITOVO.
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Single or Local Gene Duplication: Alternatives to Genome Duplication

Theory

Alternative explanations for the rapid evolution of gene families have been

put forward by skeptics of Ohno's theory (Wolfe, 2001). The chances that a

second or third gene evolved de novo and became highly homologous to a gene

already in the genome are considered remote, by any standard. However, there

are several possibilities that fall short of whole genome duplication that should be

considered. Aneuploidy, or the presence of extra or fewer copies of a given

chromosome, is one possibility. The paralogous chromosomal regions identified

to date (Spring, 2002) could be isolated examples of chromosome duplication

rather than extended duplication of the entire genome.

Also, continuous small-scale duplications, such as tandem or segmental

duplications, have been shown to have a significant role in the same time frame

as genome duplication (Gu et al., 2002). A molecular clock for such small

duplications was estimated by considering the rate at which gene duplications .

occurred in time frames not associated with genome-wide duplication, such as

before 750 million years ago or after 400 million years ago. Thus the overall

number of gene duplication events can be expressed as mR + C, where m is the

number of genome wide duplications (likely 1 or 2), R is the genome-wide

duplication, and C is the continuous small-scale duplication component.

Over time, tandem genes on a single chromosome resulting from such

small-scale duplications could be transposed to different genomic loci, away from

the originally amplified "founder gene" and from other paralogous genes.
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Tandem arrays of coding or noncoding sequences are considered by nature

dynamic and subject to ongoing gene deletions and expansions due to unequal

Crossing-over or replication slippage.

While some have interpreted the duplication of many proteins in the same

time frame as evidence of genome-wide duplication, others point out that

proteins that interact must co-evolve to maintain those interactions (Goh and

Cohen, 2002). In some cases this may involve duplication to mimic the new

regulatory or other features of the novel interacting gene copy. However, in the

case of clathrin, the light chain duplicates both remained associated with a single

heavy chain gene (Liu et al., 2001b), suggesting light chain and heavy chain

duplication, if it occurred in the same time frame, did not result from co

evolutionary pressures to allow each light chain to specialize to one of the heavy

chain variants.

Results

Here I investigate the phylogeny and evolution of clathrins. Three

approaches were taken in these studies. First, through literature searches and

searches of genomic databases, the genomic loci surrounding the clathrin genes

were identified and characterized. Clathrin sequences from all organisms were

then gathered from the public databases and used to create an alignment and

subsequently a phylogenetic tree, to determine when in evolutionary time clathrin

gene duplication occurred. Finally, a map-based approach to finding paralogons

in the chromosomal segments surrounding the clathrin genes was undertaken to
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determine whether clathrin duplication was a result of a small or large scale gene

duplication event.

The Chromosomal Loci of Clathrins

Conventional clathrin heavy chain CHC17 is located on chromosomal

segment 17q23.2 (Dodge et al., 1991). The 17q23 segment has been shown to

be amplified in poor-prognosis breast cancer (Barlund et al., 2000; Monni et al.,

2001) and in other tumors (Anderson et al., 2002), implicating several genes in

this region with the progression of the disease. Cancer is the likely outcome of

altered kinetics of endocytosis and recycling of growth factor receptors, such as

might result from amplification of clathrin (Floyd and De Camilli, 1998). However,

what is more relevant to this study is the propensity for amplification in this

segment of DNA. A study of the bovine chromosome containing the orthologous

CHC17 gene suggests that clathrin CHC17, MTMR4 (myotubularin related

protein 4), and MMD (monocyte-to-macrophage differentiation-associated) are

part of a single chromosomal block produced by radiation-induced breakage

during radiation mapping. This radiation hybrid linkage group has a less stable

centromeric location in cattle (Kirkpatricket al., 2002), as compared with its mid

chromosomal location in humans (Dodge et al., 1991). Similarly, the porcine

gene corresponding to the human CHC17 (Thomsen et al., 1998) maps to

porcine chromosome 2, as opposed to the remainder of the human chromosome

17 which maps to porcine chromosome 12 (Shi et al., 2001). These studies

suggest the CHC17 gene lies in a chromosomal region that was once prone to
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rearrangement or duplication, and may still tend toward instability under adverse

conditions.

Moreover, the genomic region 22d 11.21 around CHC22 is even more

unstable and is commonly deleted in various tumors and congenital disorders

(Edelmann et al., 1999, Shaikh et al., 2001), such as cat-eye syndrome, der(22)

syndrome, and velo-cardio-facial syndrome/ DiGeorge syndrome (VFCS/DGS), a

fact which led to the initial discovery of the CHC22 gene. VCFS/DGS is the most

common microdeletion disorder in humans with symptoms of cleft palate, heart

defects, learning disabilities, and behavioral disorders (Ryan et al., 1997).

Studies have revealed that the 22d 11 locus is prone to deletions (Shaikh et al.,

2000) resulting from meiotic inter- and intra- chromosomal homologous

recombination events between two segmental duplication breakpoints (also

called low copy repeats or LCRs) on either side of CHC22 and scattered

throughout 220.11(Edelmann et al., 1999). Further, most single nucleotide

polymorphisms (SNPs) in LCR segments, including those in 22011, are in fact

paralogous sequence variants (PSVs) resulting from segmental duplications of

the human genome in the progeny of subjects with a predisposition for certain

specific genetic rearrangements (Estivil et al., 2002). Interestingly, the

pericentromeric region of chromosomes, including the loci near CHC22, is

identified as a preferential site for integration of transposed duplicated DNA

(Bridgland et al., 2003; Horvath et al., 2000). This suggests not only that 22011

is in an unstable portion of the genome, but also that CHC22 may have

integrated at that site quite independently of the duplication event that generated
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its existence. Thus, the absence of a mouse CHC22 gene in the orthologous

mouse chromosome 16A region (Botta et al., 1997; Lund et al., 2000), confirmed

during the course of this work by the discovery of a mouse pseudogene at that

chromosomal location (mouse chr16: 17421-17396k, contig 53192,

contig 53.193, and contig 224459) does not rule out the existence of CHC22

elsewhere in the mouse genome, particularly since CHC22 Orthologues appear

to exist in dogs, rabbits, and primates (Holmes et al., 1997) and have been

identified in this work in the genomes of chicken and pufferfish (Table 4.5).

CHC22 has differentially spliced variants (Kedra et al., 1996; Long et al., 1996),

of unknown function. Perhaps the most unexpected discovery is the close

homology of CHC22 to CHC17, given the dynamic and unstable region of the

genome in which it is found. Presumably the selective pressure to maintain

features of its sequence is quite strong, which points toward a crucial, if yet

unspecified, role in the cell.

In contrast to the instability of the genomic sequences surrounding the

heavy chain genes, the light chain genes are located in chromosomal regions of

relative stability. The sequencing of the human genome has revealed that the

initially reported genomic location for the clathrin light chains was incorrect

(Jackson and Parham, 1988). The gene for light chain A (LCa) is found at

Sp13.3 LCa is surrounded by genes whose single nucleotide polymorphisms

lead to disease. Its downstream neighbor genes include GNE, which is

associated with hereditary inclusion gene myopathy (IBM2) (Eisenberg et al.,

2001), and PAX5, which is fused with other genes in leukemia (Cazzaniga et al.,
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2001). Meanwhile, just upstream lies the tumor suppressor RECK (Eisenberg et

al., 2002b). Light chain B (LCb) is located at a chromosome end, 5035.2.

Deletion of this 50 terminus is associated with central nervous system structural

defects (Angle et al., 2003). Each light chain gene has differentially spliced

variants (Jackson et al., 1987; Kirchhausen et al., 1987b). The longer forms of

light chain have a neuronal insert believed to function in the coordinated and

rapid speed of endocytic uptake of neurotransmitter required in brain tissue.

Interestingly, two clathrin light chain pseudogenes, here called LCps8 and

LCps12, are also found in the human genome. LCps8 is found at 8p22 and

LCps12 at 12p13.31. Each lacks introns, making them likely products of random

mRNA re-incorporation into the genome. Such processed pseudogenes are

common, it has been estimated that one of every five genes has spawned a

processed pseudogene in the human genome (Harrison and Gerstein, 2002).

Ps8 would code for a full-length protein, except for several single nucleotide

deletions and one single nucleotide insertion that make proper translation

impossible. The closest coding region to Ps8 is the putative N33 prostate cancer

tumor suppressor. Psl2 is missing the first 45 amino acids and has one single

nucleotide deletion and two stop codons making proper translation impossible.

The closest coding region is for predicted protein NT_024397, of unknown

function.
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Phylogenetic Analysis: A Tree Based Approach

A preliminary phylogenetic analysis suggested that CHC22 and CHC17

evolved from a common vertebrate ancestor (Sirotkin et al., 1996). We have

extended that analysis by searching for all known clathrin heavy chain

sequences or sequence fragments, including protists, parasites, plants, fungi,

and sea squirt (see Table 4.5 at end of chapter for accession codes). This

represents a significant leap from the sequences currently published or aligned

and allows a fuller view of the clathrin family and its conserved sequences. In

addition, efforts have been made to specifically locate CHC22 sequences,

leading to the identification of sequence fragments for chicken and pufferfish

CHC22. An alignment was created of all heavy chain sequences (Table 4.3, at

end of chapter), and used to construct a phylogenetic tree (Figure 4.3).

The results indicate that CHC22 and CHC17 diverged sometime after the

radiation of the tunicate sea squirt (Ciona intestinalis) but before the radiation of

the modern osteichthyes Japanese pufferfish (Takifugu rubripes). This narrows

down the time frame for clathrin heavy chain gene duplication to between 750

and 420 million years ago, squarely in the time frame in which the theorized en

bloc genome duplication was occurring. CHC22 is somewhat closer in sequence

to its invertebrate ancestors than CHC17. A Bayesian algorithm was then used

to infer the ancestral sequence of clathrin at the node for CHC22 radiation (Table

4.3, listed as ANCESTRAL CHC). The program infers an amino acid for each

position in the alignment, including those where most species have a gap--
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Majority rule
BO taurus CHC17
Ho sapiens CHC17
Su SCIOfa CHC17
Mu musculus CHC17
Ranorvegicus CHCH7
Ma fascicular CHC
Gagalus CHC17
Da remio CHC17
Tarubipes CHCH7
Ho sapiens CHC22
Gagalus CHC22
Tarubripes CHC22
Cintestinalis CHC
Drmelanogaster CHC
Ae aegypti CHC
An gambiae CHC
Ca elegans CHC
Ca briggsae CHC
Brmalay CHC
SC pombe CHC
Sa Cere wisiae CHC
Ca albicans CHC
As ■ urmigatus CHC
Di CišCoideum CHC
G|max CHC
Me truncatula CHC
Lojaponicus CHC

* GO arboretum CHC
º Arthaliana CHC

Ly 980■ lenium CHC
Be Vulgaris CHC
Me Crystallinum CHC
FO tremula CHC
SO bicolor CHC
Ze mays CHC
Or saiva CHC
Traestivum CHC
HD Vulgare CHC
Pitaeda CHC
P falcipanum CHC
P. yoei CHC
Th annulata CHC
Cr parvum CHC
To gondi CHC
En histolytica CHC
Gi intestinalis CHC
LB major CHC
Tr Cruce CHC
Pa brasilensis CHC

Figure 4.3: Bayesian Phylogenetic Tree of Clathrin Heavy chains.
A phylogenetic tree for clathrin heavy chain proteins was constructed using
MrBayes. Clades for CHC22, mammalian and bird CHC17, fish CHC17, and
heavy chains in insects, roundworms, fungi, and plants are well defined. Full
species names and accession codes for sequences are noted in Table 4.5.
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Majority rule
BO taurus CLCA

Ho sapiens CLCA

Mu musculis CLCA

Ranorvegious CLCA

HD Sapiens LCPS12

HD Sapiens LCPS8

X9 lapwis CLCA

Tarubripes CLCA
Darerio CLCA

Hosapiens CLCE
BO taurus CLCE

: Ranorvegicus CLCB
Mu musculus CLCB

Gagalus CLCE

XE laevis CLCE

Tarubripes CLCE
Dare■ id CLCE

Ci intestinalis CLC

Ap Californica CLC

Dr melanogaster CLC
Ae aegypti CLC

Caelegans CLC
Di CisCOideum CLC

Arthaliana CLC 1

A■ thaliana CLC2

Arthaliana CLC3

SC pombe CLC
Sa Cer9Wisiae CLC

Ne Crassa CLC

Figure 4.4: Bayesian Phylogenetic Tree of Clathrin Light Chains
A phylogenetic tree for clathrin light chain proteins and theorized sequences
from translation of pseudogenes (ignoring stop codons and single nucleotide
deletions) was constructed using MrBayes. Clades for LCa in mammals and
fish, LCb in mammals and fish, and light chains in fungi, and plants are well
defined. Full species names and accession codes for sequences are noted in
Table 4.6.
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an assumption requiring cautious interpretation. The resulting sequence strongly

resembles both ciona and the CHC22 orthologue in pufferfish, the two closest

sequences to the node. I anticipate that this sequence will be useful as a query

in BLAST searches for locating the CHC22 orthologue in other species, such as

zebrafish.

Likewise, we searched the databases for all light chain sequences and

sequence fragments and located the sequence for species ranging from the fungi

neurospora to the sea squirt (see Table 4.6 at end of chapter for accession

codes). Fortunately, a few fungi and plant light chains, which are quite divergent

in sequence from mammalian light chain, have been discovered and confirmed

biochemically (Scheele and Holstein, 2002; Silveira et al., 1990). This facilitated

identification of additional fungi, plant, and protist orthologues. Both LCa and

LCb sequences are known for many vertebrates including fish, chicken, and

rodents. An alignment of all light chain proteins was constructed (Table 4.4, at

end of chapter) and a phylogenetic tree was generated (Figure 4.4).

The light chain phylogenetic tree indicates that light chains also duplicated

after the radiation of the primitive chordate sea squirt (Ciona intestinalis) and

before the radiation of the modern bony fishes zebrafish (Danio rerio) and

pufferfish (Takifugu rubripes), between 750 to 420 million years ago. LCb

appears to be somewhat closer in sequence to its ancestors than LCa. Both light

chain pseudogenes LCps8 and LCps 12 are located within the LCa clade in the

tree, and appear to have been incorporated into the genome sometime after the

radiation of the amphibian frog (Xenopus laevis) and before the radiation of the
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rodents Norway rat (Rattus norvegicus) and Mouse (Mus musculus), relatively

recently in evolutionary time. Thus, the pseudogenes are not candidates for

CHC22-binding light chains that were lost over time due to mutations, but LCa

mRNA insertions of into an advanced vertebrate genome.

The more rapid rate of mutation of the clathrin light chain, as opposed to

the heavy chain, is evident in the lower homology between the LCa and LCb

domains (Figure 4.1) and in the differences in sequence between the

incorporated pseudogenes and the coding genes. The ancestral sequence at the

nodes where LCb radiation occurred from a chordate ancestor and where LCa

radiation occurred from an LCb-like ancestral sequence were also inferred using

Bayesian algorithms (Table 4.4, bottom of table ANCESTRAL LCa and

ANCESTRAL LCb). Again, the algorithm specification to infer a residue at every

position results in assignment of residues even in positions where most

sequences have a gap. The true ancestral sequence would likely lack most of

the residues in the gaps and at the end of the protein. The resulting sequence

draws heavily both from vertebrate LCb sequences and from the invertebrate

sequences such as insect or roundworm clathrin light chains. The domain of

residues near the N-terminus site conserved between mammalian LCa and LCb

(28-50) is also absolutely conserved in the inferred ancestral LCb sequence.

This inferred ancestral sequence should be a useful query tool to find additional

light chain sequences.
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Paralogue Analysis: A Map Based Approach

According to the 2R genome duplication theory, vertebrates could have up

to 4 gene family members for every gene derived from an invertebrate ancestor,

but many would have mutated and been lost (Spring, 2002). However, a recent

study shows a statistically significant number of chromosomal regions are

retained in modern day organisms which contain more genes with closely related

sequences and functions than would be located there by random chance

(McLysaght et al., 2002). Such segments were typically about 2 Mb long and are

called paralogous chromosomal regions. Two genes with similar function within

these domains are called paralogons. In order to determine whether clathrin

duplications were the result of a large event such as a genomic duplication or a

localized event, efforts are ongoing to locate additional paralogons between

chromosomal regions 17q23 and 22011 (Table 4.2), and likewise between

chromosomal regions 5035 and 9p13 (Table 4.1).

Potential paralogues were identified by examining the function, domains,

and similar proteins in the database for each coding gene near the clathrin

genes. All genes located near the clathrin genes in the current version of the

human genome were recorded. For each, a literature search and sequence

analysis yielded a list of protein domains and any potential functional role.

Genes with similarities of domain or function to those on the potential paralogous

region were identified as possible paralogons and investigated more deeply. A

pairwise BLAST alignment was created between these sequences (data not

shown) and any known phylogenetic relationship between the sequences was
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Segment 5p35 Genes Segment 9p13 Genes

Gene | Name Location Gene Name Location

CLTA | Clathrin 36360431 CLTB Clathrin light | 176638272

light chain chain LCb

LCa

RNF38 || Ring finger | 36505839 KIAA1100 | RING finger | 176772487

38 protein
FLJ21343 KIAA1100

MELK Mammal 36742315 GPRK6 G-protein 177696.412

embryonic coupled

leucine receptor

zipper kinase 6

kinase |

Table 4.1: Potential Paralogous Genes Between Chromosomal

Segments 5435 and 9p13.

researched in the literature. If necessary, this analysis will be extended to align

multiple family members and determine if the sequences are closely related on a

phylogenetic tree generated de novo. In order to satisfy the statistical criteria for

paralogous chromosomal regions put forth by Wolfe and colleagues (McLysaght

et al., 2002), we would need to locate six paralogons within a ~2 MB sequence

near the clathrin genes.
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Chromosomes 5 and 9

For the chromosomal regions 5035 and 9p13, five potential paralogon

pairs were identified in addition to clathrin light chains. The first potential pair of

paralogons was the RNA helicases ABS and VCP. Interestingly, VCP has been

shown to interact with clathrin heavy chain (Pleasure et al., 1993), implicating

any paralogon as a likely clathrin binding partner. Another pair of possible

paralogons was LIM-motif containing proteins ENIGMA and TESK. A third

potential pair of paralogons were Rab24 and Rab1b-like protein, which are

interesting because Rabs have a critical function in membrane traffic (Alberts et

al., 2002). However, a pairwise BLAST alignment showed no significant

similarity with a BLAST E-value of 10 for these three pairs, eliminating them from

consideration. In contrast, a typical BLAST hit for any closely related gene has

an E-value (expected frequency of such a hit being the result of random chance)

far below one. The Rabs in question are from completely different branches of

the Rab tree (Pereira-Leal and Seabra, 2001), and their short length combined

with diversity within the Rab family makes them divergent enough to show no

significant similarity.

GPRK6, a GPCR kinase, and MELK, mammalian embryonic leucine

zipper kinase, showed similarity over half their sequences and merited further

investigation.

RING finger protein genes KIAA1100 and RNF38 near the light chain

genes were evaluated as potential paralogons. These proteins were identified as

possible paralogues in an analysis by McLysaught. While a phylogenetic tree
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could not be found which included them because of their recent cloning

(Eisenberg et al., 2002a, Kikuno et al., 1999), they are the top blast hit for one

another and are likely paralogons. RNF38 is expected to be an E3 ubiquitin

ligase with RING-H2 and KIL domains. A phylogenetic tree of these latter two

potential paralogous gene pairs is in progress.

My preliminary analysis failed to generate a statistically significant number

of paralogons on these chromosomal regions. The presence of one or two

paralogons in a chromosomal region sequence of that size is a criteria met by

90% of the human genome (McLysaght et al., 2002). Loosening the stringency

of these statistical criteria may yield further evidence of genome duplication and

aid in the search for other possible light chains in the human genome. However,

unless additional paralogue candidates can be identified, I must conclude that

the light chains duplicated by a local duplication, possibly containing one or two

adjacent genes, or that this small number of paralogous sequences were

clustered together by random chance.

Chromosomes 17 and 22

Six pairs of proteins were identified as potential paralogons on

chromosome segments 17q23 and 22011 near the clathrin heavy chain. Two of

these, PNUTL1 with PNUTL2 and TBX1 with TBX2 and 4, had been previously

identified in the automated analysis for paralogous chromosomal regions by

McLysaght (McLysaght et al., 2002), and the remainder were located by mapping
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Segment 17q23 Genes Segment 22011 Genes

Gene Name Location Gene Name Location

FLJ20315 Hypothetical 58912512 TUBAL2 | Tubulin, 15533812

RING finger alpha-2-
like

MTMR4 Myotubularin 59050488 CLTCL1 Clathrin 16107229

related heavy

protein chain

FYVE-DSP2 CHC22

PNUTL2 SeptinA 59079091 PNUTL1 Septin5 16642252

CLTC Clathrin 60.146892 TBX1 T-box1 16684453

heavy chain isoform B

CHC17 | i.

TUBD1 Delta 60387.345 KIAA0371 MTMR3 27170470

Tubulin | FYVE

| DSP1c

TBX2 T-box2 61963306 KIAA1133 KIAA1133 26075986
TBX4 T-box4 62019593 RING

-

finger
l —l L |

Table 4.2: Potential Paralogous Genes

Segments 17q23 and 22411.

Between Chromosomal

the loci. One pair of ubiquitin proteases, NY-REN-60 and USP18, failed to show

any significant similarity in the Pairwise BLAST, eliminating it from consideration.

Delta tubulin on chromosome 17 and alpha-2-like tubulin on chromosome

22 were evaluated and found to have significant sequence similarity. However, a

literature search of phylogenetic trees places alpha and delta tubulins in distant
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clades (Jenkins et al., 2002). It remains to be seen if this alpha-like tubulin

actually groups in the alpha clade in further studies.

Two hypothetical proteins, FLJ20315 on chromosome 17 and KIAA1133

on chromosome 22, also showed some similarity and were tested as possible

paralogues. A partial alignment across two-thirds of the sequence was seen,

with a reasonable E-value of 3 x 10°. Further investigation suggested these

hypothetical proteins are RING finger proteins of unknown function. While

KIAA1133 is more distant from CHC22 than most other pairs under

consideration, this region of chromosome 22 appears to have made tandem

duplications of itself in this pericentrosomic region. Therefore, I believe the

broader region should also be considered and this pair merits further

consideration.

T box transcriptional factor genes on chromosomes 17 and 22 were also

analyzed. TBX2 and TBX4 on chromosome 22 lie adjacent, the likely result of a

tandem duplication. Each shows partial alignment with TBX1 from chromosome

17 by pairwise BLAST with good homology. A literature search for phylogenetic

trees located an analysis which places TBX2 and TBX4 in the same subclade,

near a TBX1 clade (Agulnik et al., 1998). This is a promising potential paralogue.

Septin genes PNUTL1 (Septin 5) on chromosome 22 and PNUTL2 (Septin

4) on chromosome 17 were also investigated. A pairwise BLAST search showed

good alignment. This was an exciting find because in addition to their well

documented role in cytokinesis, septins may have a role in vesicle targeting and

fusion, particularly during exocytosis (Kartmann and Roth, 2000), suggesting a
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possible functional grouping with clathrin. However, despite their common

categorization as Group Illa septins in one literature report (Kartmann and Roth,

2000), a phylogenetic tree from another group places them in distant clades

(Momany et al., 2001). Further investigation is merited.

Finally, myotubularin related proteins MTMR4 on chromosome 17 and

KIAA0371 (MTMR3) on chromosome 22 were evaluated as possible paralogues.

Both were found to be FYVE-DSP (dual specificity) phosphatases, acting on both

phosphotyrosine and phosphoserines. Mutations in the related gene MTMR1

causes a severe congenital muscular disorder, X-linked myotubular myopathy.

The protein sequences show good alignment in a pairwise BLAST search, and

literature reports suggest that MTMR4 is more closely related to MTMR3 than

other family members (Laporte et al., 1998). This is intriguing given the

association of CHC22 with muscle function (Towler et al., 2002) and the

muscular disorder VFCS/DGS (Holmes et al., 1997). However, this pair was also

further beyond CHC22 than most genes considered in this analysis, and is only

considered because of the likely tandem duplication along the labile 22011

segment.

My preliminary analysis has located two likely paralogues in addition to

clathrin, and three other possible paralogue pairs. Efforts are ongoing to identify

additional possible paralogous pairs. If all six of these are confirmed as

paralogues by further investigation, it would be statistically unlikely for these to

be located here by random chance (McLysaght et al., 2002). Then we would

conclude that the heavy chain gene probably duplicated as a result of a large
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scale duplication event such as a segmental or chromosomal duplication, in

accordance with the genome duplication theory.

Discussion

The duplication of both the clathrin heavy chain and light chain genes

occurred during the course of chordate evolution, between 750 to 420 million

years ago, when chordate and early vertebrate ancestors were developing

sophisticated muscular and neuronal systems. The mechanism of the

duplication, however, may differ significantly between heavy chains and light

chains.

Preliminary data suggest that the light chain duplication was the result of a

localized gene duplication event, affecting only a few genes at most. A tandem

copy of the light chain on the same chromosome most likely over evolutionary

time was moved to a different chromosome where we find it today. The light

chains evolved rapidly following their duplication, retaining the ability to bind the

more ubiquitous CHC17 but seemingly not CHC22. Pseudogenes in the genome

do not represent ancient CHC22-binding light chains, but merely genomic error in

reincorporating processed mRNA transcripts into the DNA genome. The

existence of alternatively spliced neuronal light chain variants suggests a

probable primary function of light chain in regulating the increasingly rapid and

complex endocytic events at the synapse. However, the functional difference

between LCa and LCb remains elusive.
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In contrast, the preliminary data suggests that the heavy chain duplication

may have been the result of a large-scale duplication event such as the

duplication of an entire genome, chromosome, or large chromosomal segment.

Despite the unstable and dynamic nature of the genomic loci of the heavy chain

genes, they remain highly conserved. This is surprising given the resiliency of

the structure and assembly mechanism when mutation is deliberately introduced

(Chapter Two). The selective pressures to resist mutation on clathrin heavy

chains are probably the result of binding interactions with other components of
"º-rºº
º

the endocytic machinery. Whether the paralogous proteins near the clathrin **, *. ---

genes represent a functional unit of proteins that may interact with clathrin is

inconclusive, though the presence of myotubularins and septins is intriguing.

Clathrin duplication allowed divergence of a novel form of clathrin that may

have a role in muscle function (CHC22). Surprisingly, CHC22 is evolutionarily

closer to the ancestral invertebrate light chain, yet it is the form with less º

ubiquitous function and it has lost its ability to bind light chains in-vitro. However, . . .
---------

* * * * *
- -

a recent yeast-two-hybrid screen in our laboratory for proteins interacting with *** * *

CHC22 yielded the more ancestral LCb but not LCa as a weakly interacting

protein. In muscle tissue, where CHC22 is most strongly expressed, the relative

expression levels for the light chains LCa and LCb have not been defined. It is

possible that the expression of LCb is low in muscle tissue, allowing other

proteins to out-compete LCb for binding to CHC22. This may have allowed

CHC22 to evolve in the absence of bound light chain and thus weakened the

interaction with ancestral light chain over evolutionary time. Thus clathrin CHC17
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has co-evolved with both light chains, but may have particularly co-evolved with

LCa, to allow an expanded neuronal role as the CNS developed in early

chordates.
º

Further analysis of the phylogenetic and evolutionary relationship between

clathrins may lead to a deeper understanding of the functional differences

between the two vertebrate clathrin heavy chains and two vertebrate clathrin light

chains.
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1.80

HosapiensCHC17(1)

-MAQILPIRFQEHLQLQNLG--INPANIGFSTLTMESDKFICIREKVGE-------QAQVVIIDMNDPSNP---IRRPIS
Ma
fascicularCHC17(1)

----------------------XXXXXXXXXXXXXXXXXXXXXXXXXX----XXXXXXXXXXXXXXX---XXXXX
BotaurusCHC17(1)

-MAQILPIRFQEHLQLQNLG--INPANIGFSTLTMESDKFICIREKVGE-------QAQVVIIDMNDPSNP---IRRPIS Su_scrofaCHC17(1)

-XXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXXX------XXXXXXXXXXXXXXX---XXXXXX
Mu
musculusCHC17(1)

-MAQILPIRFQEHLQLQNLG--INPANIGFSTLTMESDKFICIREKVGE-------QAQVVIIDMNDPSNP---IRRPIS Ra_norvegicusCHC17(1)

-MAQILPIRFQEHLQLQNLG--INPANIGFSTLTMESDKFICIREKVGE-------QAQVVIIDMNDPSNP–––IRRPIs
GagallusCHC17(1)-MAQII,

PIRFQEHLQLQNLG--INPANIGFSTLTMESDKFICIREKVGE---QAQVVIIDMNDPSNP–––IRRPIs
DarerioCHC17(1)

-MAQILPIRFQEHLQLQNLG--INPANIGFSTLTMESDKFICIREKVGE---QAQVVIIDMSDPNTP---IRRPIS
Ta
rubripesCHC17(1)

—MAQILPIRFQEHLQLQNLG--INPANIGFSTLTMESDKFICIREKVGE---QTQVVIIDMAL)PNTP---IRRPIS
HosapiensCHC22(1)

-MAQILPVRFQEHFQLQNLG--INPANIGFSTLTMESDKFICIREKVGE---
-QAQVTIIDMSDPMAP---IRRPIS

GagallusCHC22(1)

-XXXXXXXXXXXXXXXXXXX--XLPSNIGFSTLTMESDKFICIREKVGF---QAQVVIIDMSDPATP---IRRPIS
Ta
rubripes.CHC22(1)

-MAQILPIRFQEHLQLQNMG--VNPANIGFSYLTMESDKFICIREKVGD–––––––QNQVVIVDMSDPTNP---IRRPIS Ci_intestinalis
CHC(1)

-XXXXXXXXXXXNFQLQNVG--INAANIGFSTLTMESDKFICVREKVAD–––––––QAQVVIIDLADSANP---IRRPIS
Dr
melanogaster
CHC(1)

–MTQPLPIRFQEHLQLTNVG--INANSFSFSTLTMESDKFICVREKVND–––––––TAQVVIIDMNDATNP---TRRPIS
Ae
aegyptiiCHC(1)

-MSQALPIRFQEHLQLTNIN--INPSSISFTNLTMESDKFICVREKIGE-------TAQVVIIDMNDAQNP–––IRGPIS
AngambiaeCHC(1)

-MSQQLPIRFQEHLQLTNIN--INASSISFTNLTMESDKFICVREKVGE---TAQVVIIDMNLAQNP---IRRPIS
CaelegansCHC(1)

---MALPIKFHEHLQLPNAG--IRVPNITFSNVTMESDKNIVVREMIGD––-QQQVVIIDLADTANP---TRRPIS
Ca
briggsaeCHC(1)--MAALPI

KFHEHLQLPNAG--IRVPNITFSNVTMESDKNIVVREMI
GD––

-QQQVVIIDLADTANP---TRRPIS
BrmalayiCHC(1)

--XXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX-------XXXXXXXXXXXXXXX---XXXXXX Pi_taedaCHC(1)

-XXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXXX------XXXXXXXXXXXXXXX---XXXXXX Ly_esculentum
CHC(1)

-XXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXXX------XXXXXXXXXXXXXXX---XXXXXX
Be
vulgarisCHC(1)

–XXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXXX------XXXXXXXXXXXXXXX---XXXXXX Me_crystallinum
CHC(1)

–XXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXXX------XXXXXXXXXXXXXXX---XXXXXX
Go
arboretumCHC(1)

–XXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXXX------XXXXXXXXXXXXXXX---XXXXXX Ar_thalianaCHC(1)MAAANAP
IIMKEVLTLPSVG--IGQQFITFTNVTMESDKYICVRETAP–––-QNSVVIIDMNMPMQP---LRRPIT

Me
truncatulaCHC(1)

–MAANAPILMREALTLPSIG--INPQHITFTHVTMESDKYICVRETAP–QNSVVIVDMNMPNQP---LRRPIT
Lo
japonicusCHC(1)

XXXXXXXXXXXXXXQLPTLG--INTQFINFTHVTMESDKYICVRETAP–--QSSVVIVDMSMPNQP---LRRPIT Gl_max_CHC
(1)

MAAANAPIAMRETLTFPTIG--INPQFITFTHVTMESDKYISVRETAP––––––––QDSVVIIDMNMPNQP---LRRPIT
PotremulaCHC(1)

-XXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXXX------XXXXXXXXXXXXXXX---XXXXXX
HovulgareCHC(1)

-XXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXXX------XXXXXXXXXXXXXXX---XXXXXX Tr_aestivumCHC(1)

-MAANAPIAMREALTLTSLG--IAPQFVTFTHVTMESDRYICVRENSP--------QNNVVIIDIGMANQAP––LRRPIT
SobicolorCHC(1)

-XXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXXX------XXXXXXXXXXXXXXX---XXXXXX
OrsativaCHC(1)

-XXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXXX------XXXXXXXXXXXXXXX---XXXXXX
ZemaysCHC(1)

-MAANAPIAMREALTLTSLG--IAPQFVTFTHVTMESEKYICVRETSP-----QNSVVIIDMAMPMQP---LRRPIT
Di_discoideum
CHC(1)

--MTNLPIRFQEVLQLTNLG--IGSNSIGFSTLTMESEKYICIRETTPDD--–KNNVVIIDTDNPSQI–––LRKQMK ScpombeCHC(1)
-MAQQLPIRFSEVLQLASVG--IQPSSFGFANVTLESDKYVCVRDNPNG——–VNQVVIVDLEDPSNV---LRRPIS Sa_cerevisiae

CHC(1)

--MSDLPIEFTELVDLMSLG--ISPQFLDFRSTTFESDHFVTVRETKDG-––––––TN&VAIVDLAKGNEV---TRKNMG Ca_albicansCHC(1)

-MSNDIPIDFTELTQLTELG--IPQTSLDFKSTTLESDHYICVRES-GAQ––––––
GNTVAIVNLKNNNEV---TRKNMT

As
fumigatusCHC(1)

-XXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXTLESDHFVCVRQKLD--------KPQVIIVNLKNNNET---I
KRPIN Pa_brasilens

isCHC(1)

-XXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXXX------XXXXXXXXXXXXXXX---XXXXXX LemajorCHC(1)

---XXXXXXXXXXXXXXSGG--LRPGSISFKNVTLESEKYVCVRDVQGDG------PTSLVIVDLEKR-ES
–––IRNNVK

Trbrucei.CHC(1)

-MDNPLTSAEVFQLNSVSGG--LRPGT
IS

FKTLTLQSDKYVCIRDVQPDG------QTSLVIVDLGKR-ES---MRNSIR
En
histolyticaCHC(1)

--XXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXXGE-
––EKRVRIE'HNNKINSP---DSRSCA

Gi
intestinalis
CHC(1)

---MASALS
INELFTLRDAQ––VPEGSCSPEHLTVSSSSGICVCVTTGE----AANLTVVNTVNPQAT---KTFPIQ

Th
annulataCHC(1)

-XXXXXXXXXXXXXXXXXXG--FVDNNFKFDVLSI,E-DRYISIKEQDGD–––––––NLTVAIIDLYNNNSI---IRKPMK
TogondiiCHC(1)

--XXXXXXXXXXXXXXXXXG--VSASSFRFGNVAMHGDKNLVVKDTETNELFIFSLSVREVHEGRWSPSSPGFSFTKKPT
CrparvumCHC(1)–XXXXI

PITTNVLANLEELG--INSSCFRFGSLTLEGDKYVGVKETSVDG------GSQIVVIDTQSK-GI---NRKPMK Pl_falciparum
CHC(1)

-MSQNNPLSVCVADNLINYD–-IQNESFRLGNVSVEGDKYICVKENVNE-------NTQVVVINLHNK-NS---TRKHMK Pl_yoeliiCHC(1)

-MSSNSPISVSLVDNLASYN--IQNESFRLGNVSIFGDKFICVKENVND–––––––NTQVVVINLYNQVS––––IRKYMK ANCESTRALCHC(1)

MMAQILPIRFQEHLQLQNLGGGINPANIGFSTLTMESDKFICIREKVGDE------QAQVVIILMSDPTNP---IRRPIS Consensus
(1)PIELGIF
TMESDKICREVVIIDRRN--

Table4.3:Alignment
of
ClathrinHeavyChainSequencesandSequenceFragments
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HosapiensCHC17
Ma
fascicularCHC17

Bo_taurusCHC17 Su_scrofaCHC17
Mu
musculusCHC17 Ra_norvegicusCHC17 GagallusCHC17 Da_rerio_CHC17 Ta_rubripesCHC17 HosapiensCHC22 GagallusCHC22

Ta
rubripesCHC22 Ci_intestinalis

CHC Dr
melanogaster
CHC

Ae
aegyptii_CHC

AngambiaeCHC Ca_elegansCHC Ca
briggsaeCHC BrmalayiCHC

Pi_taedaCHC Ly_esculentum
CHC Be

vulgarisCHC
Me
Crystallinum
CHC

Go
arboretumCHC Ar

thalianaCho
Me
truncatulaCHC

Lo_japonicus
CHC

Gl_max_CHC
PotremulaCHC HovulgareCHC Tr

aestivumCHC SobicolorCHC OrsativaCHC ZemaysCHC

Di
discoideumCHC

ScpombeCHC

Sa
cerevisiaeCHC

Ca_albicansCHC As
fumigatusCHC

Pa
brasilensis
cho

LemajorCHC Trbrucei.CHC
En
histolyticaCHC

Gi
intestinalis
CHC

Th
annulataCHC To

gondii_CHC
CrparvumCHC Pl_falciparum

CHC

Pl_yoeliiCHC ANCESTRALCHC

Consensus
Table4.3continued

(68) (47) (68) (69) (68) (68) (68) (68) (68) (68) (68) (68) (68) (68) (68) (68) (66) (67) (67) (69) (69) (69) (69) (69) (68) (67) (68) (68) (69) (69) (68) (69) (69) (67) (68) (68) (67) (68) (67) (69) (66) (68) (68) (66) (67) (77) (68) (67) (67) (72) (8.1)
81160

–ADSAIMNPASK-VIALKAGK------
TLQI

FNIEMKSKMKAHTMTDDV--TFWKWISLNTVALVTDNAVYHWSMEGE-- –XXXXXXXXXXX-XXXXXXXX------XXXXXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX-T –ADSAIMNPASK-VIALKAGK------
TLQI

FNIEMKSKMKAHTMTDDV--TFWKWISLNTVALVTDNAVYHWSMEGE-- XXXXXXXXXXXXXXXXXXXXX —ADSAIMNPASK-VIALKAGK —ADSAIMNPASK-VIALKAGK—— —ADSAIMNPASK-VIALKAGK-- —ADSAIMNPASK-VIALK-GK--
-XXXXXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX--

–TLQI

FNIEMKSKMKAHTMTDDV--TFWKWISLNTVALVTDNAVYHWSMEGE--
–TLQI

FNIEMKSKMKAHTMTDDV--TFWKWISLNTVALVTDNAVYHWSMEGE--
–TLQI

FNIEMKSKMKAHTMTDDV--TFWKWISLNTVALVTDNAVYHWSMEGE--
–TLQI

FNIEMKSKMKAHTMTEDV--SFWKWISLNTIALVTDNAVYHWSMEGD––
—ADSAIMNPASK-VIALKAAK------
TLQI

FNIEMKSKMKAHTMTDDV--TFWKWISLNTVALVTDNAVYHWSMEGD–– -AESAIMNPASK-VIALKAGK------
TLQI
FNIEMKSKMKAHTMAEEV--IFWKWVSVNTVALVTETAVYHWSMEGD–– -AESAIMNPASK-VIALKAGK------

TLQI

FNIEMKSKMKAHTMAEEV--IFWKWISVNTVALVTETAVYHWSMERE-- —ADSAIMNPASK-VIALKAAK------
TLQI

FNIEMKSKLKAHTMTEDV--MFWKWISVNTVALVTDSAVYHWSMEGD–– -AESAIMNPASK-VIALKAGR –ADSAIMNPASK-VIALKAQK– –ADSAIMNPASK-VIALKAQK—— —ADSAIMNPASK-VIALKAQK––––
–TLQI

FNMEMKSKLKAHTMTEDV--VFWKWISTNMVGLVTETSVYHWSMEGNS
–TLQI

FNIEMKSKMKAHTMNEDV--VFWKWISLNTLALVTETSVFHWSMEGD––
–TLQI

FNIEMKSKMKAHAMTEEV––VFWKWITLNTLSLVTETSVYHWSMEGD––
—TLQI

FNIEMKSKMKAHTMTEEV--VFWKWITLNTLSLVTETSVYHWSMEGD––
—ADSVIMHPTAK-ILALKSGK––––––
TLQI

FNIELKAKVKAHQNVEDV--VYWKWISEKTIALVSDTAVYHWSIEGD–– —ADSVIMHPTAK-ILALKSGK––––––TLQIFNIELKAKVKAHQNVEDV--VYWKWISDKLIALVSDTAVYHWSIEGD–– -XXXXXXXXXXX-XXXXXXXX------XXXXXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX-- XXXXXXXXXXXXXXXXXXXXX------XXXXXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX-- XXXXXXXXXXXXXXXXXXXXX------XXXXXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX-- XXXXXXXXXXXXXXXXXXXXX---XXXXXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX-- XXXXXXXXXXXXXXXXXXXXX
--

-XXXXXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX-- XXXXXXXXXXXXXXXXXXXXX------XXXXXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX—— –ADSALMNPNSR-ILALKAQVPGTTQDHLQIFNIEAKAKLKSHQMPEQV--AFWKWITPKMLGLVTQTSVYHWSIEGD–– -ADSALMNPNSR-ILALKAQLQGTTQDHLQIFNIELKAKMKSYQMPEQV--VFWKWIXPXLXXXXXXXXXXXXXXXXX-- —ADSALMNPNSR-ILALKXXX------
XLQI

FNIELKAKMKSYQMPEQV--VFWKWISPKTLGLVTLTSVYHWSIEGD–– –ADSALMNPNSR-SLALKTQLQGTTQDHLQIFNIEFKSKMKSYQIPEQV--SFWKWITPKLLGIVTQTSVYHWSIEGD–– XXXXXXXXXXXXXXXXXXXXX------XXXXXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX-- XXXXXXXXXXXXXXXXXXXXX------XXXXXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX—- –ADSALMNPNTR-ILALKAQIAGTTQDHLQIFNIEAKTKVKSHQMPEQV——VFWKWITPKLLGLVTQTSVYHWSIEGD–– -XXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX-- XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX-- -ADSALMNPNAR-ILALKAQIPGTTQDHLQIFNIEAKTKIKSHQMPEQV--VFWKWITPKLLGLVTQTSVYHWSIEGD–– -TDAAIMNPKEP-ILALKIGQ------VLQLISIEQKMQLKSCQMQEPL––EFWKWISPNTLALVTATSVFHWTKEGN-- —ADSVILHPKKK-IIALKAQR------
QLQV

FDLEAKAKINSYVMNQDV--VYWTWISDSVIGMVTDTSVFHWTVSG--- –GDSAIMHPSQM-VISVRANG-----
TIVQI

FNLETKSKLKSFTLDEPV--IFWRWLSETTLGFVTARSILTSNVFDGN
-ADNAIMHPKEF-VISLRAGT------
TLQI
FNLGSKQRLKAFTMDQPV——IFWKWLDDTYLGLVTQSSIYYWNVFDG-- —ADSAIMHWSRN-IIALRAGR––––––

TIQI

FDLSAKQKLKSAVMNEDV--VYWKWFSETSLGLVTDASVYHWDV
FDP--

XXXXXXXXXXXXXXXXXXXXX—- DAESCIMNPKSK-ILALRSGR-- DAESAIMNPMAK-ILALRSGR
--

-XXXXXXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX-- ––NLQVFDVDASRRLKATLFHEDV--AYWRWIDDRTLGIVTAKAVYHWSLDTAT
––NLQI

FDVDAANRLKVVVFNEDV--VYWCWIDARTVGIVSNTAVYHWSLDTAAD
–ADFAIMHPTKQ-IMAVAAGT-–––––TVQMFDVQSKSKVADITLQTPL––VFWKWANEHILAIVTSTSVFHFDLNSP-— —AQHAIQHRKNPNIVVLRTPV------LLQTLDVSTMTPYGRFDFPNPIGVDYWGWATDEKLALVCPDAVYFWNCMTG--

—AEAAIMNPNKP-IIALRAXX------XXXVFNLENKEKLGYYQFDQRI––IYWKWLNNMELVIITETLVYHWMIGSN-- QAEAALMHPSEK-VVALPAKTEGSAGHMIQVLNLETKVRLGTAQMNEPV--VYWRWVAPTLLALVTDRAVYHWTVGENGE —AESALIHPIEN-ILVVRGPYEDN-GCTVQIFNLDSKEKLGAFLFPESV--VFWRWLTPRILAIVGDKGIYHWTIESGN
–

—AESVIIHPNDP-ILALKGTIKNMNTIFLQVFNIETKEKICSLNLNEYM––NYWKWINNDTIAIVCEKNVYHWNIDIHNT —ADSVIIHPNDP-ILALRGSIKNANTIFLQVFNIETKEKICSLNLNEHI--NYWKWINNDTIAIVCEKNVYHWNIDMYNT DADSAIMNPASKNVIALKAGKPGTTQDTLQIFNIEMKSKMKAHTMTEDVNVMFWKWISVNTVALVTDTAVYHWSMEGDSQ
ADSAIMNPALKALQIFNIE
KKKMEv.
FWKWILVTVYHWIDG
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HosapiensCHC17
Ma

fascicular_CHC17 BotaurusCHC17 SuscrofaCHC17
Mu
musculusCHC17 Ra_norvegicus_CHC17 GagallusCHC17 DarerioCHC17

Ta
rubripes.CHC17 HosapiensCHC22 GagallusCHC22 Ta_rubripes.CHC22

Ci
intestinalis
CHC Dr.

melanogaster
CHC

Ae
aegyptii_CHC

AngambiaeCHC Ca_elegansCHC Ca
briggsaeCHC BrmalayiCHC

Pi_taedaCHC Ly_esculent
umCHC Be

vulgarisCHC
Me
crystallinum
CHC

Go
arboretumCHC Ar

thalianaCho
Me
truncatulaCHC Lo

japonicusCHC

Gl_max_CHC
PotremulaCHC HovulgareCHC Tr_aestivumCHC SobicolorCHC OrsativaCHC ZemaysCHC

Di
discoideumCHC

ScpombeCHC

Sa
cerevisiaeCHC

Ca_albicansCHC As
fumigatusCHC Pa_brasilens

isCHC

LemajorCHC
Trbrucei.CHC

En
histolyticaCHC

Gi

intestinalis_CHC Th
annulataCHC TogondiiCHC CrparvumCHC Pl_falciparum

CHC

Pl_yoelii_CHC ANCESTRALCHC

Consensus
Table4.3continued

(136) (115) (136) (139) (136) (136) (136) (135) (136) (136) (136) (136) (137) (136) (136) (136) (134) (135) (135) (139) (139) (139) (139) (139) (142) (141) (136) (142) (139) (139) (142) (137) (139) (141) (136) (135) (137) (136) (135) (139) (136) (139) (136) (137) (135) (154
)

(142) (143) (143) (152) (161)

SQPVKMFDRHSSLAG----CQIINYFTDAKQKWLLLTGISA—-QQ----NRVVG XXXXXXXXXXXXXXX----XXXXXXXXXXXXXXXXXXXXXX--xx----XXX& SQPVKMFDRHSSLAG----CQIINYRTDAKQKWLLLTGISA—-QQ----NRVVG --------------------------XXXXXXXXXXXXXXX----XXXXXXXXXXXXXXXXXXXXXXXXXX----XXXXX --------------------------SQPVKMFDRHSSLAG----CQIINYRTDAKQKWLLLTGISA—-QQ----NRVVG SQPVKMFDRHSSLAG----CQIINYRTDAKQKWLLLTGISA——QQ----NRVVG
--

--SQPVKMFDRHSSLAG----CQIINYRTDAKQKWLLLTGISA—-QQ––––NRVVG
--

-XXXXXXRTDAKQKWLLLIGISAQ-VQ----NRVVG -

-CQI

INYRTDAKQKWLLLIGISAQVQQ----NRVVG —COVIHYRTDEYQKWLLLVGISA—-QQ----NRVVG
--------------------------SQPQKXXXXXXXXXX----XXXXXXXXXXXXXXXXXXXXXX--XX----XXXXX --------------------------FHPAKVFDRHASFAG----CQIINYRTDQQQKWLLLIGISA——QQ----NRVVG --------------------------QQPVKMFDKHPSLAK----CQIINYRTDAKQKWLLLIGISA—-QA----NRVVG --------------------------SMPQKMFDRHSSLNG----CQIINYRCNASQQWLLLVGISA—-LP----SRVAG

--

STPVKMFFRHSSLNG----CQIINYRTDPKQAWLLLVGISA——QQ----NRVIG
--

STPIKMFERHSSLNG----CQIINYRTDPKQAWLLLVGISA--QQ----NRVIG AAPVKMFDRHQSLAG----TQIINYRADAENKWLVLIGISA—-KD––––SRVVG AAPVKMFDRHQSLAG----TQIINYRADAESKWLVLIGISAK–D–– XXXXXXXXXXXXXXX----XXXXXXXXXXXXXXXXXXXXXX--XX—
——
—XXXXX

--------------------------XXXXXXXXXXXXXXX----XXXXXXXXXXXXXXXXXXXXXXXXXX—
——
—XXXXX

--------------------------XXXXXXXXXXXXXXX----XXXXXXXXXXXXXXXXXXXXXXXXXX----Xxxxx --------------------------XXXXXXXXXXXXXXX----XXXXXXXXXXXXXXXXXXXXXXXXXX—
——
—XXXXX

--------------------------XXXXXXXXXXXXXXX----XXXXXXXXXXXXXXXXXXXXXXXXXX----Xxxxx XXXXXXXXXXXXXXX----XXXXXXXXXXXXXXXXXXXXXXXXXX----XXXXX –NQIINYKCSPNEKWLVLIGIAPGSPERP--QLVKG -XXXXXXXXXXXXXXXXXXXXXXXXXX----XXXXX
–NQI

INYRSDPTEKWLVLIGIAX--XX----XXVKG
-NQI

INYRCDPTEKWLVLIGILHGSPERP--QLVKG
--------------------------XXXXXXXXXXXXXXX----XXXXXXXXXXXXXXXXXXXXXXXXXX----XXXXX XXXXXXXXXXXXXXX----XXXXXXXXXXXXXXXXXXXXXXXXXX----XXXXX SEPTKMFDKTANLGN----NQIINYPCDPAXKWLXXXXXXXXXXX----XXXXX

--------------------------XXXXXXXXXXXXXXX----XXXXXXXXXXXXXXXXXXXXXX--XX----XXXXX -NQIINY
CRDPAEKWLVLIGIAPGAPERP--QLVKG

-TEI

INYRSDSTQNWLVLVAIHQ--RD----GRVVG –TQIISYKSNYNEEWFTLIGISS--RD––––NRIAG
------------------------VNAKPQLLTLRHANLNN----TQIINEVANKNLDWFAVVGILQ--EN----GRIAG ------------------------TNNGPTKLTDRHHTLNN----CQIINFVAEPDLNWFAVTGIAQE–D–––––GRIAG ------------------------TQNQPLKI

FDRLPNLSVS–––CQIINYRVNDDEKWMVVVGISQ--QQ----GRVVG --------------------------XXXXXXXXXXXXXXX----XXXXXXXXXXXXXXXXXXXXXX--XX----XXXXX --------------------------DAPQHIFDRSADYDSS---VQILSYRSDEQKKWLVVTGVARD-PS----GTMVG
--

—APPQLVFSRAPEFDAS---EQVLSYQTDEQKKWLMLCGVMR--TA----EGMVG
--

–SAPKKIVDRHSELAAS––––QIIGYKIDPTEKWVAILALLQ--KN----NEIVG
--

––EFSPGFARDVSLTSTYSNSRITDLAVSSDADWVAITALGT--DQA---NHTQG ----------------------------PKYMFELTGKLLDSN--TKIVGYSSDITNKWCLVFGIYSN-DQG–––VSIDG ------------------------TTAEPEKVCSREGRLAD–––AVQI.ISYAVDKDLKWCILTGIXXXXXXXXXXXXXXX ------------------------SNSIPVRI
FERAGKLAEQS--TQIVGYQTLSGQRWCMLMGLCPVTNESTGSISVKG KKNKDNNDNNNNNNNNNNNNNNNNYFNTLTKVFEKAQIFIDNN--SQILYYSTDKDMKWCILCGIST--DQG---KSIDG KKNK--------------------ENNVLTKVFEKAQIFIDNN--SQILYYGTDKEMKWCILCGISTQ-DQG---KSIDG NKNKDNNDNNNNNNNNNNNNNNNNYFSQPAKMFDRHASLAGNNSNCQIINYRTDQQQKWLLLIGISAQQQQRP--NRVVG PKFRLQIIYDKWLGIG
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HosapiensCHC17
Ma
fascicular_CHC17 BotaurusCHC17 SuscrofaCHC17

Mu
musculusCHC17 Ra_norvegicusCHC17 GagallusCHC17 Da

rerio_CHC17 Ta_rubripes.CHC17 HosapiensCHC22 GagallusCHC22
Ta
rubripesCHC22 Ci_intestinalis

CHC Dr.
melanogaster
CHC

Ae
aegyptii_CHC

AngambiaeCHC CaelegansCHC Ca_briggsaeCHC BrmalayiCHC
Pi_taedaCHC

Ly
esculentumCHC Be

vulgarisCHC Me_crystallinum
CHC

Go
arboretumCHC Ar

thaliana_CHC
Me
truncatulaCHC

Lo_japonicus
CHC

Gl_maxCHC
PotremulaCHC HovulgareCHC Tr

aestivumCHC SobicolorCHC orsativaCHC ZemaysCHC Di_discoideum
CHC

ScpombeCHC

Sa
cerevisiaeCHC

Ca_albicansCHC As
fumigatusCHC

Pa
brasilens
isCHC

LemajorCHC Trbrucei.CHC
En
histolyticaCHC

Gi
intestinalis
CHC

Th
annulataCHC To

gondii_CHC Cr_parvum_CHC Pl_falciparum
CHC

PlyoeliiCHC ANCESTRALCHC

Consensus
Table4.3continued

(180) (157) (180) (185) (180) (180) (180) (180) (182) (180) (178) (180) (181) (180) (180) (180) (178) (179) (179) (185) (185) (185) (185) (185) (190) (187) (180) (190) (185) (185) (188) (181) (187) (189) (180) (179) (183) (182) (182) (181) (182) (184) (180) (185) (181) (207) (196) (216) (197) (230) (241)
241320

AMQLYSVDRKVSQPIEGHAASFAQFKMEGN-AEESTLFCFAVRGQAG----GKLHIIEVGTPPTGN-------------- XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXX----XXXXXXXXXXXXXXX-- AMQLYSVDRKVSQPIEGHAASFAQFKMEGN-AEESTLFCFAVRGQAG----GKLHIIEVGTPPTGN-- XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX---XXXXXXXXXXXXXXX-- AMQLYSVDRKVSQPIEGHAASFAQFKMEGN-AEESTLFCFAVRGQAG----GKVH
IIEVGTPPTGN--

AMQLYSVDRKVSQPIEGHAASFAQFKMEGN-AEESTLFCFAVRGQAG----GKLHIIEVGTPPTGN-- AMQLYSVDRKVSQPIEGHAASFAQFKMEGN-AEESTLFCFAVRGQAG–GKLHIIEVGTPPTGN--
AMQLYSVDRKVSQPIEGHAAGFAQFKMEGN-AEESTLFCFAVRGQAG----GKLHIIEVGTPPTGN-------------- AMQLYSVDRKVSQPIEGHAAGFAQFKMEGN-SEESTLFCFAVRGQAG----GKLHIIEVGTPPTGN-------------- AMQLYSVDRKVSQPIEGHAAAFAEFKMEGN-AKPATLFCFAWRNPTG XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXX AMQLYSVDRKVSQPIEGHAAAFGDFKVEGN-TKPSTLFCFAVRSQAG-GKLHIIEVGQPAAGN--

AMQLYSVERRVSQPIEGHAASFAQIKLEGN-XXXSTLFCFAVRGPQG––––GKLHIIEVGSPAGN--------------- AMQLYSVERKVSQAIEGHAASFATFKIDAN–KEPTTLFCFAVRTATG----GKLHIIEVGAPPNGN-------------- AMQLYSVERKVSQAIEGHAASFATFKMEEN-KEPSTLFCFAVRSANA----AKLHIIEVGAPPTGN-- AMQLYSVERKVSQAIEGHAASFATFKMEEN–KELSTLFCFAVRSQTA----AKLHIIEVGTPPAGN-------------- SMQLYSTERKVSQPIEGHAACFVRFKVDGN-QNPSNLFCFSVKTDNG----GKLHVIEVGTPAAGN-------------- SMQLYSTERKVSQPIEGHAASFVRFKVDGN-QQPSNLFCFSVKTETG
–GKLHILEVGT
PATGN----

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXX----XQLHVIEIGSPPAGN--- XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX---XXXXXXXXXXXXXXX--- XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX---XXXXXXXXXXXXXXX-------------- XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX---XXXXXXXXXXXXXXX-------------- XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX---XXXXXXXXXXXXXXX-------------- XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX---XXXXXXXXXXXXXXX-------------- NMQLFSVDQQRSQALEAHAASFAQFKVPGN-ENPSILISFASKSFNAG---QITSKLHVIELGAQPGK------------ RMQLFSVEQQRSQALEAHAASFA.FKVPGN-ENPSTLFLFATNPNAG----QIITKLHVIELGAQPG--- XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX---XXXXXXXXXXXXXXX-------------- XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX---XXXXXXXXXXXXXXX-------------- XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX----XXXXXXXXXXXXXXX--- XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXX----XXXXXXXXXXXXXXX--- XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX---XXXXXXXXXXXXXXX--- NMQLFSVDQQRSQALEAHAASFATFKVVGN-ENPSTLICFASKTTNAG---QITSKLHVIELGAQPGK------------ RIQLYSVEKQISQSIEGHAACFANYIVPGA-TRPSTLFAISSRTQNA----SKILVLEVSKGDG---------------- NLQLYSKKRKVSQPLESHASAFAVIQPEGV-DHEVQVLALASRLPTG----SKLSIVEVDRNPN-N--- RIQLFSKQRNISQAIDGHVAIFTNILLEGNGSTPVQVFVTGNRNATTG--AGELRIIEIDHDASLP-------------- HIQLYSKSRNVSQAIEGHVCKFASISLSGG-VQPTKVFCVGNKNAQGQ---GNMHIIEIDHVDG-N-------------- SMQLYSKDRGISQFIEGHAAAFASIRVEGS-PLEHKLFTFAVRTJTG----AKLQIAEIDHQEPN--- XXXXXXXXNSLVIVVDGHAGTFISTNTPTE-PRACNIMCLAWNTPHEG---GKVQLMELPTSPKMD-- KALLYSVENRSSRVLDGHACCFISTSTPSE-PRKCNVMCLAWNSPQQG---GQVMIMELPTGSKTD-- KTQLFSVENNSGRVLDGHSGTFISTNTPTD-PRSCNLMCLAWNNPSTG---GKILIMELPTGSKTD-------------- KIQLFSIEKNASQIIDGYAASFYNYKFDGA-SQGISYVCLCTKXXXXX---XXXXXXXXXXXXXXX-------------- MIQLYCFSRAYTRMLSGQCVTEVDWQLDAT-RPKTTLLAYAHKPTGSQ--EITINIMEPAPQVGADGASI––––––––––
VIQLYSVDKRQQQI,
FEGYAGTFTQLRTNNQTLKKSNLLIFCEHKKNTHN--IKLHLMDIGSLGQSN----TSNGVSSGVG XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXX

QLQLFSVEKRQQQLIEGFSGNFGELIVDDFVHSPASIVCFVEKKQEHSN--ARLHVMDISGQRAGSGE-----
FGSSLSP

YMQLYSCEKKFDQTIEGFIGCFGSFVFDNL--DMKPLFCFVEKKKNS--TISRLHLMDIYTNKTET HMQLYSCEKKLHQIIEGFIGCFCSFIFENW--DTKPLFCFIEKKKNSS--MSRLHLMDIYNSKTEG AMQLYSVDRKVSQPIEGHAAAFAEFKMEGNMAKPSTLFCFAVRSQAGG---QITGKLHIIEVGQPAAGNRES--------
QLYSSQEGHA
FLCE.

-- --
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Consensus
Table4.3continued

(241) (218) (241) (248) (241) (241) (241) (241) (243) (241) (239) (241) (241) (241) (241) (241) (239) (240) (240) (248) (248) (248) (248) (248) (254) (249) (241) (252) (248) (248) (250) (242) (250) (293) (239) (239) (247.) (243) (242) (243) (244) (246) (242) (252) (255) (286) (269) (278) (259) (299) (321)
321400 -----

QPFPKKAVDVFFPPEAQ-------NDFPVAMQISEKHDVVFLITKYGYIHLYDLETGTCIYM-NRISGETIFVT XXXXxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx-xxxxxxxxxxx NDFPVAMQISEKHDVVFLITKYGYIHLYDLETGTCIYM-NRISGETIFVT --xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxx

NDFPVAMQVSEKHDVVFLITKYGYIHLYDLETGTCIYM-NRISGETIFVT NDFPVAMQISEKHDVVFLITKYGYIHLYDLETGTCIYM-NRISGETIFVT NDFPVAMQISDKHDVVFLITKYGYIHLYDLETGTCIYM-NRISGETIFVT NDFPVALQISSKHDVVFLITKYGYIHLYDLETGTCIYM-NRISGETIFVT NDFPVAMQVSAKHNVVFLITKYGYIHLYDLETGTCIYM-NRISGETIFVT -----QPFVKKAVDVFFPPEAQ-------NDFPVAMQIGAKHGVIYLITKYGYLHLYDLESGVCICM-NRISADTIFVT
-----

Xxxxxxxxxxxxxxxxxx------XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXX
-----QPFAKKAVDVFFPPEAQ-------TDFPVAMQIGSKHGVIYLITKYGYIHLYDLESGVCIYM-NRISAETIFVT

--NDFPVAMKVSPNQNVVFVVTKYGYIHMYDLETAVCIFM-NRISADTI
FVT

--NDFPVAMQVSAKYDTIYLITKYGYIHLYDMETATCIYM-NRISADTIFVT SDFPVAMQVSPKYOVIYLITKYGYIHMYDIETGTCITM-NRI
SADTIFVT

SDFPVAMQVSPRYDWIYLITKYGYIHMYDIETATCIYM-NRISGDTIFVT --GDFPVSMQVSAKQGIIYLVTKQGYVHLYDVESGTRIYS-NRISTDTVFVT GDFPVSMQVSTKQGIIYLVTKQGYVHLYDVESGLRIYS-NRISTDTVEVT TDFPVAMQVSSKHGIIYLVTKYGYVHLYDIETAVCIYM-NRISSETIFVT --xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx-xxxxxxxxxxx XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXX XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXX XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXX --DDFPVAMQVSHKFNLIYVITKLGLLFVYDLETASALYR-NRISPDPIFLT XXXXXxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx-xxxxxxxxxxx DDFPVAMQISHKYSLIYVITKLGLLFVYDLFTATAVYR-NRISPDPIFLT DIFPVAMQISHKYNLIYVITKLGLLFVYDLETATAVYR-NRISPDPIFLT XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXX XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX DDFPVAMQISQKYGLVYVITKLGLLEVYDLETAAAVYR-NRISPDPIFLT xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx-xxxxxxxxxxx
-----XXXXXXXXXXXXXXXXXX---XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX –––––PGFSKKQADI,FFPPDFQ----DDFPVAMQVSQKYGLIYVITKLGI,LFVYDLETAAAVYR-NRISPDPIFLT

–––––PNFOKRASDVFYPPEIGA---SDFPVAMQVSEKYEVIYMVTKLGYIHLFDLGTANLIYR-NRISNENIFVT -------
NDFPIAIEIGSTYNVAYVVTKYGFIHWYDLETAKCIYM-NRVSGESIFVT

-------
NDFPIAVQVSEKYGIIYLLTKYGFIHLYELETGTNLFV-NRITAESVFTA --NDFPISLQASNKYGIvyVLTKYGFIHLYDMETGANLFV-NRITADPVFTA --NDFPVAMQVSRKYDIVYLVTKYGFIHLYDLETGTCIFM-NRISSETIFTT

----------
GDFPVALTVSPRHKLLTIMTSRGTAILMDIFTGTIIQS-QQVTSNIVFCG

----------GDFPVAMNVSDRHKLLTVATSRGSFVLMDIFTGTILVE-QQFSSSVVFCG –––ADFMVGLVVSVKYETILLVSRMGYIYGFYSGDGTLFFQ-GRVIDDIVFLT VDHPLFLRGKEKYGFLYMFSKQGNVTLVDIYSGLLIYQ-GPISGEMV
FAIG

TSVGTTGTTTGGTDILKINCIMERNEEFPNDFPISIHVFDSNGIILILTKNGFAHFYFSNTLTHLFTXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXXAP-------TDFPLSIHISQKFGVVYIVTKGGYLILLDALTGXXXXXXHRILQDAVFLA
PTPFKAVIELPTVDEGSAGGAHS------FDFPIYTYVSSYFGVIFIITRGGILYIVEPTSNTLLYc-NKVCQDSVFLG TIPY

KIVKEINLINENL-------NDFPIYISLNTLQGVIYIVTKCSYVYVFDEGTLSLIVK—EKISEDNIFIC -STPYKIVKEINLINDTL-------NDFPIYISLNTLQGVIYVITKCSYVYIFDESTLTEIVR-EKISDDNIFIC ----IQPFAKKAVDVFFPPEAGQ------NDFPVAMQIGAKHGVIYLITKYGYIHLYDLESGVCIYM-NRISAETIFVTG F.KDP
DFPVA
QSKTH:GYDETINRIsIF.T
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Consensus
Table4.3continued

(307) (284) (307) (316) (307) (307) (307) (307) (30.9) (307) (306) (307) (307) (307) (307)-----
APHESSGGIIGVNRKQQVLSVTVDEEQIIPYINTVLQNPD----LALRMAVPNNLSGAEDLFVRK--

(307)

–––––APHESSGGIIGVNRKGQVLSVTVDEEQIIPYINTVLQNPD––––LALRMAVRNNLSGAEDLFVRK--
(305) (306) (306) (315) (315) (315) (316) (315) (320) (316) (307) (319)

SEATSVGGFYAINRRGQVLLATVNEQTIVNFVSGQLNNLE----LAVNLAKRGNLPGAEKLVVER--
(315)

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXxxxxxxxx----xxxxxxxxxxxxxxxxxxxxx--
(316)

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX----XXXXXXXXXXXXXXXXXXXXX--
(319) (30.9) (318) (319) (306) (305) (313) (30.9) (.308) (306) (307) (30.9) (30.9) (320) (334) (358) (341) (.344) (325) (368)

TCYEGAPHEATSGIIGVNKKGQVLSVCVEEENIVNYATNVLQNPDDK--LALRLAVRSNLAGAEELFARKKCINDMDFNT
(401)
GN
KGQVL
LNLAARLGA.L.F
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Consensus
Table4.3continued

(371) (348) (371) (380) (371) (371) (371) (371) (373) (371) (370) (371) (371) (371) (371) (371) (369) (370) (370) (379) (379) (379) (380) (379) (384) (380) (371) (383) (379) (380) (383) (373) (332) (383) (370) (369) (377) (373) (372) (370) (371) (373) (373) (389) (399) (426) (406) (417) (398) (446) (481)
481560

LFAQGNYSEAAKVAANAPKGI-------------------LRTPDTIRRFQSVPAQ––PGQTSP-LLQYFGILLD-QGQL XXXXXXXXXXXXXXXXXXXXX-------------------XXXXXXXXXXXXXXXX--XXXXXX-XXXXXXXXXX-XXXX LFAQGNYSEAAKVAANAPKGI-------------------LRTPDTIRRFQSVPAQ––PGQTSP-LLQYFGILLD–QGQL XXXXXXXXXXXXXXXXXXXXX-------------------XXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXX LFAQGNYSEAAKVAANAPKGI-------------------LRTPDTIRRFQSVPAQ––PGQTSP-LLQYFGILLD-QGQL LFAQGNYSEAAKVAANAPKGI-------------------LRTPDTIRRFQSVPAQ––PGQTSP-LLQYFGILLD-QGQL LFAQGNYSEAAKVAANAPKGI-------------------LRTPDTIPRFQSVPAQ––PGQTSP-LLQYLRILLD-QGQL LFAGGNYSEAAKVAANAPKGI––--LRTPDTIRRFQSVPAQ––PGQTSP-LLQYFGILLD-QGQL LFAAGNYSEAAKVAANAPKGI
–

--LRTPDTIRRFQSVPTQ--PGQTSP–LLQYFGILLD-QGQL LFAQGSYAEAAKVAASAPKGI---LRTRETVQKFQSIPAQ--SGCASP-LLOYF.GILLD-QGQL XXXXXXXXXXXXXXXXXXXXX-------------------XXXXXXXXXFQSVPAQ--PGMRLP--CSSTWNMLD-QGQL LFSQGNYSEAAKVAASAPKGI-------------------LRTAETIRKFQSVPAQ––PGQASP-LLQYFGILLD–QGQL LFAQGNYTEAAKVAANAPKGI-------------------LRTSQTIQKFLSVPAQ––PGQNSPPLLQYFGILLD-QGKL LFTAGQYAFAAKVAALAPKAI-------------------LRTPQTIQRFQQVQTP--AGSTTPPLLQYFGILLD-QGKL LFQNGQYAEAAKVAAIAPRGI-------------------LRTPQTIQKFQQVPAQ––PGTNSPPLLQYFGILLD-QGKL LFQNGQFAEAAKVAAIAPKGI–––––––––––––––––––LRTPQTIQKFQQVPAQ––PGTNSPPLLQYFGILLD-QGKL LFSNGQFGESAKVAASAPQGI––--LRTPATIQKFQQCPST--GPGPSP-LLQYFGILLD-QGKL LFSNGQFGEAAKVAASAPQGI——––LRTPATIQKFQQCPST--GSGPSP-LLQFFGILLD-QGKL LFGNGNYAEAAKVAATAPQGI
––

––LRTPQTIQKFQQCPHT--GGGPSP-LLQYFGILLD-QGQL XXXXXXXXXXXXXXXXXXXXX-------------------XXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXX-XXXX XXXXXXXXXXXXXXXXXXXXX-------------------XXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXX-XXXX XXXXXXXXXXXXXXXXXXXXX-------------------XXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXXX—
——————————————————

XXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXXX-------------------XXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXX-XXXX
LFAQTKYKEAAELAAESPQGI
––

XXXXXXXXXXXXXXXXXXXXX-- LFAQTKYKEAAELAAESPQGI––
----------

LRTPDTVAKFQSVPVQ--AGQTPP-LLQYFGTLLT-RGKL --XXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXX-XXXX ––LRTPDTVAKFQSVPVQ--SGQTPP-LLQYFGTLLT-RGKL
LFAQTKYKEAAELAAESPQGI––––LRTPDTVAKFQSVPVQ--AGQTPP-LLQYFGTLLT-RGKL XXXXXXXXXXXXXXXXXXXXX-------------------XXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXX-XXXX XXXXXXXXXXXXXXXXXXXXX-------------------XXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXX

LFAQTKY
KEAAELAAESPQGL-------------------LRTPETVAKFQSVPVQ--AGQTPP-LLQYFGT
LLT-RGKL

XXXXXXXXXXXXXXXXXXXXX-------------------XXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXX-XXXX XXXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXXX

--XXXXXXXXXXQSVPVQ--AGQTPP-I,LQYFGTLLT-RGKL --XXXXXXXXXXXXXXXX---XXXXX-XXXXXXXXXX-XXXX
YF.K.)
GQYKEAAKVAADSPGSI
––

--LRNLQTIQKFQSIPPI
—-

PDQPSA-LLQYFGMLLE-KCKL LMAQGNYSEAAKVAASSPRGI----------LRTSQVIDQFKLIQAA--PGQIAP-ILQYFGTLLD-KGPL LLLQNDYQNAAKVAASSTS----------LRNQNTINRLKNIQAP––PGAISP-ILLYFSTLLD-KGKL YLNQGDYSNAAKVAASSEQ---------------------LRTQDTINKLKNITPQ--PGQISP-ILQYFSTLLD-RGTL LLAQGNYSEAAKIAANSPRGF-------------------
LRTPET
INRFKNAPQT--GQQMSV-ILQYFGMLLD-KGSL GLRVGNIEEAIRACLRAPNNA-------------------

LRVPEVLQRFVHQIDS--RGRHAPXXXXXXXXXXX-XXXX FLRNGNVEEAVRTCI,RAPGNS-------------------LRTREILMRFMQMPQQ--PGQ-PPAISTYFKIALA—ETSL QLRAGNIEEAVRTCLRAPNNA--––LRGPDILSRFQLMPPI––PGQQPA—ISTYFKVAVA—ETTL LLNAGQIREAALIAANSPGEL----IRNANTINKLSQMQAQ––PGQN-PPLFLYFATILE-SSSL YLGQYQWSEAAELVKIAPAGV----LRTKATIDRFLAGAAFTAPGAPTP-IMIYLTRMLENDGKL XXXXXXXXXXXXXXXXXXXXX------------------XXXXXXXXXXXXXXXXXXXXXXXXXALSYYESILLE-VDKL XXXXXXXXXXXXXXXXXXXXX-------------------XXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXX-XXXX SIKRQDYQNACRVVSLNKNGS-------------------LRTPATLNHFKMVDs------SNKLLFQYFTTVFK-FHTL ASKIICLMKNTKI
FEEHSNNIAESILIMNRKNIDIRIIPPLRTQQVLNSFKSFKNT--SGOLSP-LLLY
FSVLLE-YDKI, ASKIICLLKNPKIFEKY

SNSISEAITIMNKKNMDIRIVSPLRTQQVLNSFKTFRNS--QGQLSP-LLLY
FSVLLE-LDKL

LFAQGNYSEAAKVAASAPKGIAESILIMNRKNIDIRIIPILRTAETIRKFQSVPAFTQPGQASPPLLQYFGILLDNQGQL
LGEAAAAPLRTTFPGQPLLQYFLLGL
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Consensus
Table4.3continued

(428) (405) (428) (439) (428) (428) (428) (428) (430) (428) (426) (428) (429) (429) (429) (429) (426) (427) (427) (437) (437) (438) (4.39) (437) (441) (438) (428) (440) (437) (4.39) (440) (431) (4.39) (4,39) (427) (426) (432) (428) (429) (428) (428) (4.30) (4.30) (449) (460) (484) (460) (493) (474) (526) (561)

640

tº-aircra,-----------""cºl{{{IECSEEIGLINKSWDP1-ALSWIFAN--VPNKVIQ xxxx-xxxxxxYXXX-------------XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXX--XXXXXXX NKYB-SLELCRPVLQ-------------0g|KOLIFKWLKEDKIECSEFLCDLVKSWDPT-LALSWYLRAN--VPNKVIQ XXXXXXXXXXXXXXX-------------XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX--XXXXXXX NKYE-SLELCRPVLQ-–––QGRXXXXXXXXXXXXXXCSEELGDLVKSVDPT-LALSVYLRAN--VPNKVIQ NKYE-SLELCRPVLQ-------------QGRKQLLEKWLKEDKLECSEELGDLVKSVDPT-LALSVYLRAN--VPNKVIQ NKYE-SLELCRPVLQ-------------QGRKQLLEKWLKEDKLVCWDELGDLVKSVDPT-LALSVYLRAN--VPNKVIQ NKFE-SLELCRPVLQ-------------QGRKQLLEKWLKEDKLECSEELGDLVKSVDPT-LALSVYLRAS.--WPIKVIQ NKFE-SLELCRPVLQ-------------QGRQ--AAARKMVEQLECSEELGDLVKAVDPT-LALSVYLRAN--vPNKVIQ
NKLE-SLELCHLVLQ----QGRKQLLEKWLKEDKLECSEELGDLVKTTDPM-LALSVYLRAN--VPSKVIQ NKFE-SLELCRPVLQ-------------QGRKQLLEKWLKEDKLECSEELGDLVKTADPT-LALSVYLRAN--VPNKVIQ NKFE-SLELCRPVLQ-------------QGRKQLLEKWLKEDKLECSEELGDLVKASDPT-LALSVYLRAN--VPNKVIQ NKFE-SLELCRPVLQ-------------QGRKHLMEKWLKDEKLECSEELGDLVKPVDST-LGLSIYLRAT--IPNKVVM NKFE-SLELCRPVLL-------------QGKKQLCEKWLKEEKLECSEELGDLVKASDLT-LALSIYLRAN--VPNKVIQ NKYE-SLELCRPVLA------–––QGRKQLCEKWLKEEKLECSEELGDLVKPSDHM-LALSIYLRAN--VPNKVIQ

NKY

E-SLELCRPVLA-------------QGRKQLCEKWLKEEKLECSEELGDLVKPSDPT-LALS
IYLRSN--VPNKVIQ NKYE-TLELCRPVLA—

———————————

—QGRKELITKWLNDQKLECCEELGDLIKPHDVN-TALSVYLRGN--VPHKVVQ NKYE-TLELCRPVLA------–––QGRKELITKWLNEQKLECCEELGDLIKPHDVN-TALSVYLRGN--VPHKVVQ NKYE-TLELCRPVLA------–––QGRKQLLEKWLTEGKLECTEELGDLVRPHDVN-VALSVYLRGN--VPHKVVQ XXXX-XXXXXXXXXX-----
–––2.

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXX--XXXXXXX XXXX-XXXXXXXXXX-------------XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXX--XXXXXXX XXXXXXXXXXXXXXX-------------XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXEAR--ATPKVVA XXxxxxLELSRLVVN----QNKKNLLENWLADDKLECSEELGDLVKTDNDL--ALKIYIKAR--ATPKVVA xxxx-xxxxxxxxxx-------------XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXX--XXXXXXX NSYE-SLELSRLVVN-------------QNKKNLLENWLAEDKLECSEELGDLVKTVDND-LALKIYIKAR--ATPKVVA
XXXX-XXXXXXXXXX----XXXXXXXXXXXXXXXXXXXXXXXXXXXTVDNL)–LALKIYIKAR--ATPKVVA NAFE-SLELSRLVVN-------------QNKKNLLENWLAEDKLECSEELGDLVKXXDND-LALKIYIKAR--ATPKVVA

NALE-SLELSRLVVN----QNKKNLLENWLAEDKLECSEELGDLVKTVUND-LALKIYIKAR--ATPKVVA XXXX-XXXXXXXXXX-------------XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXX--XXXXXXX XXXXXXLELSRLVVN-------------QNKKNLLENWLAEDKLECSEELGDLVKTVDND-LALKIY
IKAR--ATPKVVA NAYE-SLELSRLVVN-–––QNKKNLLENWLAEDKLECSEELGDLVKTVDND-LALKIYIKAR--ATPKVVA XXXX-XXXXXXXXXX-–––XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXX--XXXXXXX NAYE-SLELSRLVVN-–––QNKKNLLENWLAEDKLECSEELGDLVKTVDND-LALKIYIKAR--ATPKVVA XXXX-XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXDLALKIY

IKAR--ATPKVVA NKVE-SLELVRPVLAQGKKPILEKWLTEDKLECSEQLGDEVRPHDRK-LALSIYYRAN--ASDKVIT
NEHE-TIELARPVLA
---QNRIQLLEKWYGENKLACTEALGDLVKPYNTP-FALKIYETAN--VPNKVVM NKEE-TIELARPVLQQDRKQLFEKWLKEDKLECSEELGDIVKPFDTT–LALACYLRAG--AHAKVIS NKFE-SIELAKPVLQQDRKPLFEKWLKEDKLTSSEELGDIVKSYDTT–LALAVYIRAN--VNIKVVS NKYE-SVELVRPVLQ---------QNRKHLLEKWMRENKLEASEELGDIVRPYDMN-MALAIYLQAN--VPHKVIA XXXX-XXXXXXxxxx----XXXXXXXXXXXXXXXXXXxxxxxxxxxxxxxx-xxxxxxxxxx--XXXXXXX NECE—svel,ARAVVP-–––KGGIGYVKQQFDEGKLTASEELGDLVQQADST-MALKIFHQGN--AHAKVLN NAHE-SAELARAVIPKGGVDYVKQQYAADKLTASEELGDLMSAADPE-LAIKIYHKAE--AHAKVVG NALE-GFTLIQLLIPQNKLPAVEAWIVNDKIECSEKAGDLVKPYD.R-LALMIYSKH---ATGKVVQ AIEEESMELAKFLVQ---TSNVSTIETYIKEKRFFATEGLGDYLASVGLEQPSFTTYANAG--CHEKAIA NEIE-SIELIKPVII,QNRKELIKKWLENNKLTESETLGDLIYEIDYT-IAFKIYNKLH--LYQKAIN XXXX-XXXXXXXXXX-------------XXXXXXXXXXXXXXXXXXXXELGDVVRTLDAQ-LAVRVYREAK--AGAKVLQ

NQFE-STEFCRLLLSPNSTSLISEFTSITQPLAFLQVLINEEKLAFSEELGDTLLQNGEKKLALKIFKKCTPQNPTKILQ
NTYE-SIELVKPVVI,---------QKKKEYLEKWIKDDKLTCSEELGDLVKVLDLR-LALNIYLRCS--SHNKILS NTYE-SIELVKPVVL--------QKKKEYLEKWIKDDKLACSEELGDLVKSLDLR-LSLIIYLRCG--AHNKIIS NKFEESLELCRPVLQ-------------QGRKQLLEKWLKEDKLECSEELGDLVKASDPTQLALSVYLRAN--VPNKVIQ

NE
SLELRPVQKLEWLE

KLECSEELGDLVK
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HosapiensCHC17
Ma
fascicularCHC17 BotaurusCHC17 Su_scrofaCHC17

Mu
musculusCHC17
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norvegicusCHC17 Ga

gallus_CHC17 Da_rerio_CHC17 Ta_rubripes.CHC17 HosapiensCHC22 GagallusCHC22
Ta
rubripes.CHC22 ci_intestinalis

CHC Dr.
melanogaster
CHC

Ae
aegyptii_CHC

AngambiaeCHC Ca_elegansCHC Ca
briggsaeCHC

Br_malayiCHC
Pi_taedaCHC

Ly
esculentumCHC Be

vulgarisCHC
Me
crystallinum
CHC

Go
arboretumCHC Ar

thalianaCHC
Me
truncatulaCHC

Lo_japonicus
CHC

Gl_maxCHC
PotremulaCHC HovulgareCHC

Tr
aestivum_CHC

SobicolorCHC OrsativaCHC ZemaysCHC

Di
discoideumCHC

ScpombeCHC

Sa
cerevisiaeCHC Ca

albicansCHC As
fumigatusCHC Pa_brasilensis

CHC

LemajorCHC Tr_brucei.CHC
En
histolyticaCHC

Gi
intestinalis
CHC

Th
annulataCHC TogondiiCHC CrparvumCHC Pl_falciparum

CHC

Pl_yoeliiCHC ANCESTRALCHC

Consensus
Table4.3continued

(491) (468) (491) (504) (491) (491) (491) (491) (491) (491) (48.9) (491) (492) (492) (492) (492) (489) (490) (490) (500) (500) (503) (502) (500) (504) (501) (491) (503) (500) (503) (503) (49.4) (502) (503) (490) (48.9) (495) (491) (492) (491) (491) (493) (492) (514) (523) (5.47) (5.39) (556) (537) (591) (6.41)
641.

CFAETGQVQKIVLYAKKV--GYTPDWIFLLRNVMR-IS--PDQGQQ-------------------------------- XXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXX-XX--XXXXXX-- CFAETGQVQKIVLYAKKV--GYTPDWIFLLRNVMR-IS--PDQGQQ-------------------------------- XXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXX--XXXXXX-------------------------------- CFAETGQVQKIVLYAKKV--GYTPDWIFLLRNVMR-IS--PDQGQQ-- CFAETGQVQKIVLYAKKV--GYTPDWIFLLRNVMR-IS--PDQGQQ-- CFPETGQVQKIVCYAMKV--GYTPDWIFFVRNVMR-IS--PDQGQQ-- CFAETGQFQKIVLYAKKV--GYTPDWIFLLRNVMR-IS--PEQGLQ-------------------------------- CFAETGQFPKIVLYAKKV--GYTPDWIFLLRNVMR-IN--PEQGLQ-------------------------------- CFAETGQFQKIVLYAKKV--GYTPDWIFLLRGVMK-IS--PEQGLQ-- CFAETGQFQKIVLYAKKV--GYTPDWIFLLRSVMR-VS––PEQGLQ-------------------------------- CFAETGQFQKIVLYAKKV--GYTPDWVFLLRNVMR-VN--PDQGLQ-------------------------------- CFAETGQFQKIVMYAKKV--GYTPDYVFLLRNVMR-VN--PETGKQ-- CFAETGQFQKIVLYAKKV--NYTPDYVFLLRSVMR-SN--PEQGAG CFAETGQFQKIVLYAKKV--NYSPDYIFLLRSVMR-TN--PEQGAG CFAETGQFQKIVLYAKKV--NYSPDYVFLLRSVMR—TN--PEQGSG SFAETGQFDKIVMYAKRV--GFQPDYLFQLRQILRNSN--PDHGAK-------------------------------- SFAETGQFDKIVMYAKRV--GFQPDYLFQLRQILRNSN--PDNGAK--
CFAETGQFDKIILYAKKV--NFEPDYLFQLRQVLR-SN--PEMGAK-- XXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXX--XXXXXX-- XXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXX--Xxxxxx-------------------------------- AFAERREFDKILIYSKQV--GYTPDYLFLLQTILR-TD--PQGAVN-------------------------------- AFAERREFDKILVYSKQV--GYTPDYLFLLQTILR-TD––PQGAVN-- XXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXX--XXXXXX-------------------------------- AFAERREEDKILIYSK.V--GYTPDYMFLLQTILR-TD--PQGAVN-------------------------------- AFAERREFDKILVYSKQVX-XXXXXXXXXXXXXXX-XX--XXXXXX---- AFAERREFDKILIYSKQV--XXXXXXXXXXXXXXX-XX--XXXXXXX--- AFAERREFDKILIYSKQV--GYTPDYLELLQTILR-TD––PQGAVN---- XXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXX--XXXXXX-------------------------------- AFAERREFDKILIYSKQV--GYTPDYLFLLQTILR-TD––PQGAVN-------------------------------- AFAERREFDKILIYSKQV--GXXXXXXXXXXXXLR-TD--PQGAVN-- XXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXX-XX--XXXXXX-------- AFAERREFDKILIYSKQV---YLFXXXXXXXXXXX-XX--XXXXXX-- AFAERREFAKILIYSKQV--CYXXXXXXXXXXXXX-XX--XXXXXX--------------------------------

LFAETGEFDKIIAYCKKF--NYKPDFMFLLORMAN-AN––PMGAAD-------------------------------- CLSELGDFGKLATYTSQQ--NITPDYVSLLQNLVR—VN--PDQAAE-- CLAELQQFEKIIPYC.

KV--GYQPNFLVLISSLIR-SS——PDRASE-------------------------------- CLAELGQFDKILPYCQKV--GYNPDYTNLIQNLVR—VN--PDKASE-------------------------------- GFAETGQFDKILTYSKQV--GYQPDYTQLLQHIVR—VN--PEKGAE-- XXXXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXxxx--Xxxxxx--- LLLQRNETQKAVEYCKRA--SFSPDWRVIMNNFIR-VA--PQDAVN--- VLLQRNETQKAVEYCKRA--GFTPNWRVILNNAIH-VN--PQGAVG-------------------------------- SLAEMGQSDKIVAYCERA--GFSPDYLQILQXXXX-XX-----XXX---------------------------------- WLIAHNQYAIIPQYAQKFP-EYTPDYPRIISQALKQAEQRPDGASTIES CLLXXXXXXXXXxxxxxx--XXXXXXXXXXXXXXX-XX--XXXXXXXXXXX--------------------------- TLTELGNFDEIIAFAKET--KLEADYAGLLRNLVN-VH--PENAVK--------------------- TLIEIGNFSHVSEFIREQRASNWPTITTDIRSLLNSLLIANNIDATVEFVKTVILPPAP TYCLLNMFNNVLSYINNFK-QINFDYVGIFITIVNYEF—-PQGNADNKDSAFVGDFNSGSKNETMDFFN
IYCLLNMFNNVMTYINNYKHITNFDFVNIFIT
IINY

EF--PTTSGGGSFNSGNTNGNDSGssLDLHHTEKNESLDFFNDn CFAETGQFQKIVLYAKKWKHGYTPDWVFLLRNVMRNVNTDPEQGLQNKDSAFVGDFNDGSKNLFLY
FTNKNEMDFFYDFA EAEGFKIYKVGYPDLLRPFA *.....**

".---•**

*******...A

."•**-****
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HosapiensCHC17
Ma
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briggsaeCHC
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Go
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aestivumCHC SobicolorCHC OrsativaCHC ZemaysCHC

Di
discoideumCHC

ScpombeCHC

Sa
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Consensus
Table4.3continued

(534) (511) (534) (5.48) (534) (534) (534) (534.) (534) (534) (532) (534) (535) (535) (535) (535) (533) (534) (533) (5.44) (54.4
)

(54.6) (545) (5.44) (5.47) (545) (535) (54.6) (544) (54.6) (54.6) (537) (5.44) (546) (533) (532) (538) (534) (535) (535) (534) (536) (530) (567) (571) (590) (601) (625) (615) (671) (721)
721800

QMLVQDEE--------------------------PLADITQIVDVFMEYNLIQQCTAFLIDALK-NNRPS-EGPLQTRLL XXXXXXXX--------------------------XXXXXXXXXXXXXXXXXXXXXXXXXXXXX---XXXX-XXXXXXXXX QMLVQDEE--------------------------PLADITQIVDWFMEYNLIQQCTAFLLDALK-NNRPS-EGPLQTRLL XXXXXXXXX-------------------------XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
QMLVQDEE--
-PLADITQVMDVFMEYNLIQQCTAFLIDALK-NNRPS-EGPLQTRLL

QMLVQDEE--
–PLADITQIVDVEMEYNLIQQCTAFLIDALK-NNRPS-EGPLQTRLL

QMLFQDEE--
-PLADITQIVDVSMEYNLIQQCTAFLI,DALK-NNPPS–EGPLQTRLL QMLVQDEE--------------------------PLADITQIVDVFMEYNLIQQCTSFLLDALK-NNRPT-EGPLQTRLL QMLVQDEE--------------------------PLADITQIVDVFMEYNLIQQCTSFLLDALK-NNRPS-EGPLQTRLL RMLVQDEE--------------------------PLANISQIVDIFMENSLIQQCTSFLLDALK-NNRPA—EGLLQTWLL, QMLVQDEE--------------------------

PLAN

INQIVDVFMENSLIQQCTSFLLDALK-NNRPA—EGHLQTRLL QMLVQDEE--------------------------PLANINQIVDVFMEGNLIQQCTSFLLDALK-NNRPA-EGHLQTRLL MMLVQDDE--------------------------PLADVAQVXDVFMEQNLIQLCTAFLIDALK-NNRPA-EGALQTRLL
SMLVAEEE--
-

PLADINQIVDIFMEHSMVQQCTAFLI,DALK-HNRPA-EGALQTRLL SMLVADEE--
-

PLADINQIVDIFMEQNMVQQCTAFLIDALK-NNRPS-EGALQTRLL
SMLVADEE--

-PLADINQIVDIFMEQNMVQQCTAFLIDALK-NNPPA—EGALQTRLL QLLVSFSENGE-----------------------PLADLSQIIDCFMEVQAVQPCTSFLLEVLK-GDKPE—EGHLQTRLL QLLVSESENGE-----------------------PLADLSQIIDCFMFVQAVQPCTSFLLEVLK-GDKPE—EGHLQTRLL QMLVSEGENX------------------------XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXX XXXXXXXXX-------------------------XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXX XXXXXXXXX-------------------------XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXX LMMSQMEGG-------------------------CPLDYNTITDLFLQRNLIREATAFLLDVLK-PNLPE-HGYLQTKVL
LMMSQMEGG-–CPMDYNTITDLFLQRNLIREATAFLI,DVLK-PNLPE-HGYLQTKVL XXXXXXXXX-

-XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXX
LMMSQMEGG--SPVDYNTITDLFLQRNLIREATSFLLDVLK-PNLPE-HAFLQTKVL XXXXXXXX--------------------------XXXXXXXXXXXXXXXXXXXXXXXXXXXXX--XXXXX-XXXXXXXXX XXXXXXX---------------------------XXXXXXXXXXXXXXXNLIREATAFLI,DVLK-PNLPF-HGFLQTKVL LMMSQMEGG-------------------------CPVDYNTITDLFLQRNLIREATAFLI,DVLK-PNLPE-HGYLQTKVL XXXXXXXXX—

————————————————————————

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXX LMMSQMEGG-------------------------CPLDYNTITDLFLQRNMIREATAFLI,DVXX-XXXXX-XXXXXXXXX LMMSQMEGG-------------------------CPLDYNTITLLFLQRNMI
REATAFLI,DVLK-PNLEE-HAFLQTKVL XXXAQMEGG-–CPVDYNTITDLFLQRNMIREATAFLI.DVLK-PNLPE—HAFLQTKVL XXXXXXXXX-

-XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXX-XXXXXXXXX
XXXXXXXXX-

-XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXVL VKLVKEEGG-------------------------
PY

IDANQVVELFSARNMIQETSNFLFAILD-GDRPQ-DANLQTKLL TQMFNSN---------------------------PSINLEKIVDIFMSQNLVQQATAFLI.DALK-DDNPF-HSHLQTRLL VSLLQNPETA------------------------SQIDIEKIADLFFSQNHIQQGTSLLLDALK-GDTPD-QGHLQTRVL TSLLSSPD--------------------------ANLNVEQIADLFFSQNYIQQGTAFLI,DALK-NDTPA-EGHLQTKVL AQLANEESG-------------------------ALIDLDRVVDVFLSQNMIQQATSFLLDALK-DNRPE-HGHLQTRLL XXXXXXXX--------------------------XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
LMLYREMGDR--
-

PVLTADEVVDMFVSAQQIQQATEFLLEILR-NHNDESTMELQTKLL
QVLHRDMGDA——
-

PVVDPIEVVDMFVTAQHIQQATEFVLEVLR-DNTGENTKDLQTKLL
--------------XXIMISIIDLFARYRYLKEITALILDTLD-GDNEQ-YANIQTKVL LSITQALDATT-----------------------DGDKILDIADCFADIGRVNEATTILLEVCKRYNYSDDTVIYQSMVI XXXXXXXXXXXX----------------------XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX QQLLSSEP--------------------------PLADVTQVSEVLI,X)HKYQEFTSLMLDFLK-GNKPE-QGPLQTRLL TDLANSTSAESLD---------------------LNIDKTSVVEIFVSHSRYKEITSILLDHLK-ANKPE-DSALQTKLL ASISNDQNNSINKLNKGHINEVAIQYIKFLCENNISFDINKIIDYLLSKKKLQEATSILLDYLK-ENKAE-HKNLQTKLF NSVSNSKDLKNGNNHRNTNIEIATQYIKLLSDNNIQLDIGKIVDYLLNNNKLQEATSILLDYLK-DNKPE-HKHLQTKIF QMLVQDEEPTEFCRLLLTINEIAIQYIKLLCDGEPLANINQIVDVFMEGNLIQQCTSFLLDALKRNNRPADEGHLQTRLL

LDIDFNIQTFLLDLKNPGLQTLL .
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HosapiensCHC17
Ma
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Ci
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Ae
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briggsaeCHC BrmalayiCHC
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Go
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Me
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aestivumCHC SobicolorCHC orsativaCHC ZemaysCHC Di_discoideum
CHC
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CHC

Ca_albicansCHC As
fumigatusCHC Pa_brasilensis_CHC LemajorCHC
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Consensus
Table4.3continued

(586) (561) (586) (603) (586) (586) (586) (586) (586) (586) (584) (586) (587) (587) (587) (587) (588) (589) (.588) (598) (598) (599) (598) (598) (600) (596) (586) (599) (598) (599) (599) (590) (59.7) (600) (586) (583) (592) (586) (588) (589) (589) (591) (573) (624
)

(629) (642) (658) (703) (693) (751) (801)
801880

EMNLMHA-PQVADAILGNQMFTHYDRAHIAQLCEKAGLLQRALE----HFTDLYDIKRAVVHT-HLLNP----- XXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-- EMNLMHA-PQVADAILGNQMFTHYDRAHIAQLCEKAGLLQRALE-- XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-- EMNLMHA-PQVADAILGNQMFTHYDRAHIAQLCEKAGLLQRALE---------- EMNLMHA-PQVADAILGNQMFTHYDRAHIAQLCEKAGLLQRALE---------- EMNPMQA-PQVADAILGKPIFIHFDRAHIAQLCEKAGLLQGALE---------- EMNLMHA-PQVANAILGNQMFTHYDRAHVAQLCEKAGLLQRALE---------- EMNLMHA-PQVADAILGNQMFTHYDRAHIAQLCEKAGLLQRALE-- EMNLVHA-PQVADAILGNKMFTHYDRAHIAQLCEKAGLLQQALE-- EMNLIHA-PQVADAILGNQMFTHYDRAHIAQLCEKAGLLQRALE-- EMNLIHA-PQVADAILGNQMFTHYDRAHVAQLCEKAGLLQRALE-- EMNLMHA-PQVADAILGNQMFTHYDRAHVAQLCEKAGLLQRALE-- EMNLMSA-PQVADAILGNAMFTHYDRAHIAQLCEKAGLLQRALE---------- EMNLMSA-POVADAILGNAMFTHYDRAHIAQLCEKAGLLQRALE---------- EMNLMSA-PQVADAILGNAMFTHYDRAHIAQLCEKAGLLQRALE---------- FMNLLAA-PAVADAILANKMFSHYDRAAIGOLCEKAGLLQRALE---------- EMNLLAA-PAVADAILANKMFSHYDRAAIGQLCEKAGLLQRALE---------- XXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX---------- XXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX---XXXXXXXXXXXXXXXXXXXxx-- XXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX---XXXXXXXXXXXXXXXXXXXXX--
EINLVT
F-PNVADAILANGMFSHYDRPRIAQLCEKGGLY
LQALK--

EINLVTF-PNVADAILANGMFSHYDRSRNVQLCEKGGLYLQLLT---------- XXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX—
—————————

EINLVTF-PNVADAILANGMETHYDRPRIAQLCEKAGLYIQSLK-––––––––– XXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX—
—————————

EINLVTF-PNVADAILANGMFSHYDRPRIAQLCEKAGLYVRALQ--
EINLVT
F-PNVADAILANGMFSHYDRPRIAQLCEKAGLYVRALQ-- XXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX—— XXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-- EINLVTY-PNVADAILANGMFSHYDRPRIAQLCEKAGLYLRALQ-- EINLVTY-PNVADAILANGMFSHYDRPRIAQLCEKAGLYLRALQ----------HYSELPDIKRVIVNT-HAI

EP

XXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX----------XXXXXXXXXXXXXXX-XXXXX----- EINLVTY-PNVADAILANGMFSHYDRPRIAQLCEKAGLYLRALQ----------HYSELPDIKRV1VNT-HAI
EP—————

EINLLHA-PQNADAIMGGQKFTHYNRLRIGGLCEKAGLYQRALE----------HYTDLADIKRVLSHAGHMVNQ----- EINLINA-PQVADAILGNQMFTHFDRAVIASLCERAGLVQRALE-- EVNLLHA-PQVADAILGNNIFSHYDKPTIASLSEKAGLYQRALE-- EINLLHA-PQVADAILGNQMFSHYDKPTIGKLCEKSGLFORALE-- EMNLVNA-PQVADAILGNEIFTHYDRPRISQLCENAGLIQRALE-- XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX----------XXXXXXXXXXXXXXXXXXXXX-- EMNLKYSHPSVADKIFVRKICQCYDGMRLAPLCERAGLHQHAIDCYIMAQQQDSDLNNLASIRRCLQQL-QNFNP EINLKHSHPSVAEKIFARGVCVHFDAMLLAPLCERASLPQRAIECYVMAQRMDPG|IDNLANIRRCFSNA-QVLNP–––––
EMNLIGA-PQIADTIFENDMLKHFDHNRIGKLCEQAGLFKRALQ----------
I

FEQFDDIRRVLAHA-SAIPP----- ELNRGVN-QAVVDAIQAKGVLARINRAEITKRSFESGLYQRAFE----------FCDSDAECRRIASTYAAKLGKSIFS XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-- EVNLLHS-PQVAETIFQMEMLTHFDRAKIAALCEKVGLSQRALE-- EVNLLHA-PQVAEALFQMDLFTHYDKHAIAALCEKAGLYERALE-- EFNLYNN-VQVAETLFQMDIFTYYDKNKIAYLCEEKGLYQRALE----------NYTNINDIKRVITKSTCFQKGGNNNN EFNLHHN-VQIAETIFQMDIFTYYDKNRIAYLCEEKGLYQRALE----------NYTNINDIKRVITKSACFQKNGN--- EMNLIHAHPQVADAILGNQMFTHYDRAHIAQLCEKAGLLQRALENYVMAQRMDPHYTDLYDIKRAVVHTGHLLNPGNNNN
ENL
PQVADAIL
NMFHYDRIAQLCEKAGLQRALE
HI,
DIKR
VTP
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Pi_taedaCHC

Ly
esculentumCHC Be

vulgarisCHC Me_crystallinum
CHC

Go
arboretum_CHC

Ar
thalianaCHC

Me
truncatulaCHC
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Consensus
Table4.3continued

960

-----------------------------EWLVNYFGSLS--VEDSLECLRAMLSANIRQNLQICVQVA—--SKY
HEQLS

-----------------------------XXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX---XXXXXXXX -----------------------------EWLVNYFGSLS--VEDSLECLRAMLSANIRQNLQICVQVA---SKY
HEQLS

----XXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX---XXXXXXXX ––––EWLVNYFGSLS--VEDSLECLRAMLSANIRQNLQICVQVA---SKY
HEQLS

––––EWLVNYFGSLS--VEDSLECLRAMLSANIRQNLQIWVQVA---SKY
HEQLS

ECLVNYFGSLS--VENSLEWLSAILSANIRQNLQICVQVA---SKYHEQLS EWLVNFFGSLS--VEDSMECLRAMLSANIRQNLQICVQVA---SKYHEQLS ––––EWLVNFFGSLS--VEDSLECLRAMLSANIRQNLQICVQVA---SKYHEQLS EWLVNFFGSLS--VEDSVECLHAMLSANIRQNLQLCVQVA---SKY
HEQLG

EWLVNFFGSLS--VEDSVECLRAMLSANIRQNLQLCVQVA---SKYHEQLG EWLVNFFGSLS--VEDSLECLRAMLSANIRQNLQLCVQVA---SKYHEQLG EWLVNYFGSLS--VEDSLECLKAMLTANIRQNLQICVQVA---TKYHEQLT ––––EWLVSFFGTLS--VEDSLECLKAMLTANLRQNLQICVQI.A.---TKYHEQLT DWLVGFFGTLS--VEDSLECLKAMLTANIRQNLQICVQI.A.---TKYHEQLT DWLVGFFGTLS--VEDSLECLKAMLTANIRQNLQICVQIA---TKYHEQLT ––––DWLVGYFGSLS--VEDSVECLKAMLTQNIRQNLQVVVQIA---SKY
HEQLG

––––DWLVGYFGSLS--VEDSLECLKAMLTQNIRQNLQVVVQI.A.---SKYHEQLG ––––XXXXXXXXXXX--XXXXXXXXXAMLQTNMRQNLQIVVQIA---TKYHEQLT
-----------------------------XXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX---XXXXXXXX

(
662)
–––––––––––––----------------XXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX---XXXXXXXX ----QALVEFFGTLS--KEWALXCMKDLLLVNLRGNLQIIVQTA---KEYSDQLG

XXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX---XXXXXXXX XXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXxx---XXXXxxxx ––––QALVEFFGTLS--SEWAMECMKDLLLVNLRGNLQIIVQAC---KEYCEQLG ----XXXXXXxxxxx--xxxxxxxxxxxxxxxx
xxxx
xxxxxxx---xxxxxxxx –––QVCLVEFFGTLS--QEWALECMKDLLLANLRGNLQLIVQVA---KEYCEQLG

-----------------------------QSLVEFFGTLS--REWALECMKDLLLVNLRGNLQII.V.V.A.---KEYCEQLG -----------------------------XXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX---XXXXXXXX -----------
XXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX---XXXXXXXX

-----------
QALVEFFGTLS--KEWALECMKDLLLVNLRGNLQIVVQAA---KEYCFQLG --QALVEFFGTLS--REWALECMKDLLLVNLRGNLQIVVQAA---KEYSEQLG XXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX---XXXXXXXX QALVEFFGTLS--REWALECMKDLLLVNLRGNLQIVVQAA---KEYSEQLG --EFLVSYFGSLN--PEDRMECMRDFLRTNPRQNLQLVVAIA---VSYSDQIT EWLMNYFSRFS--PDEVYDYLREMLRSNLRQNLQIVVQI.A.---TRYSDLVG DWLVGYFGKLN--VEQSLACLKALMDNNIQANIQTVVQVA---TKFSDLIG DWLVSYFGQLN-—VDQSVACIKELLSNNMQQNLQVVIQVA---TKYSDLIG EWLMNYFGRLS--VEQTLDCMDTMLEVNIRQNLQAVVQIA---TKFSDLLG --XXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXX---Xxxxxxxx EWIVDFFGKLN--KQDSLKCLEDLCTDS-RQNFKVIVQVA---TKYSDALG DWVIEFFGKLS--PGDSMKCLKDLLANH-HQNFKIIVQVA---TKYNEALG

-----------
ELIIESFRKLE--PEQAILVLQDLLRTNPRGNLQIIIKIL---LEFHTGLG –SPRWYGAYIKRASRFSNPTDDVIKSLFAFQ-QQMLEITIGGE---RIYADHVA

--->

xXxxxxxxxx—-XXXXXXXXXXXXXXXXXXXXXXXXXXX---xxxxxxxx
-----------------------------EFTQQFFGNLP--PDASLEILTDMLRSS-SQNLQAVVAVA---IKFHGQIG -----------------------------

DWLANY
LSKLS--PRTRFDCLKELLXXXXXXXLQSVIQVC---IKNVDNIG

(772)

TTTTTTTTSSNMGDGHFDMNNVSKGKISIEWIKNYFSTLS--DSVCEELLFDFMKGS-KINMEVVISIC---VQYYDKIG
(759)–––––––
ISNNLNSEGGSGNMSLHGGISLEWIKNYFSTLS--DSVCQDLLFDFMKGN-KVNIEIIISIC---VQYYNKIG (831)

TTTTTTTISSNLGDGGFDMNNVLKGKISQEWLVNFFGSLSRFVEDSLECLRAMLSANIRQNLQLCVQVASACSKYHEQLG
(881)WLVFGLSE.ECLLN

RQNLQWQAKYEQL

#** -*-** *~*..""....; ---º*;--- -*.---
*-------wa
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HosapiensCHC17
Ma
fascicular_CHC17 Bo_taurusCHC17 Su_scrofaCHC17

Mu
musculusCHC17 Ra_norvegicusCHC17 GagallusCHC17 Da_rerio_CHC17

Ta
rubripes.CHC17 HosapiensCHC22 GagallusCHC22

Ta
rubripesCHC22 ci_intestinalis

CHC Dr.
melanogaster
CHC

Ae
aegyptii_CHC

AngambiaeCHC CaelegansCHC Ca
briggsaeCHC BrmalayiCHC

Pi_taedaCHC

Ly
esculentumCHC Be

vulgarisCHC
Me
Crystallinum
CHC

Go
arboretumCHC Ar

thalianaCHC
Me
truncatulaCHC Lo

japonicusCHC

Gl_max_CHC
PotremulaCHC HovulgareCHC Tr

aestivumCHC sobicolorCHC orsativaCHC ZemaysCHC

Di
discoideumCHC

ScpombeCHC

Sa
cerevisiaeCHC

Ca_albicansCHC As
fumigatus_CHC Pa_brasilensis_CHC LemajorCHC Tr_brucei.CHC

En
histolyticaCHC Gi_intestinalis

CHC
Th
annulataCHC To

gondii_CHC
Cr
parvum_CHC Pl_falciparum

CHC

Pl_yoelii_CHC ANCESTRALCHC

Consensus
Table4.3continued

(695.) (670) (695.) (714) (695.) (695.) (695.) (695.) (695.) (695.) (693) (695.) (696) (696) (696) (696) (697) (698) (697) (708) (708) (708) (706) (708) (70.9) (705) (696) (708) (708) (708) (708) (699) (706) (70.9) (696) (692) (701) (695.) (697) (700) (708) (710) (682) (741) (740) (751) (768) (846) (826) (911) (961)

1040

---QALTELFESFK--SFE-GLFYFLGSIVN----––––FSQD–––– QALVEL
FESFK--SYK–GLFYFLGSIVN----

-
––––FSQD---- ---QSLVXXXXXXX--XXX-XXXXXXXXXXX----

-———

—XXXX----

--FSQD---- ––––FSQD–––– ––––FSQD---- ----------------------------XXXX----

----SSED––––
———

—XXXX---- ----XXXX---- ––––MSED---- ––––ssED–––– ––––DsED––––

--XXXXXXXXXxx--XXX-XXXXXXXXxxx-––XXXX---- --DACIKLFEQFK——SYE-GLYFFLGSYLS––––––––
———

—ssED–––– --DACIKLFEQFK——SYE-GLYFFLGSYLS----SSED----

––––LTQD–––– ––LSED–––– --TTND---- --TCLD---- --XXXX---- ----FSSD---- ----XXXX---- --------------LSNNSLST KKIVNKFEENK--NYE-GIFYFISSILNELQNMGTVGNANDIGKYNDNNSISSNNNINNNLSSS TGFALSPIVVSNVSLCQALVELFESFKNGSYE-GLFYFLGSIVNDLPNLIVKGNNNDIGKYNDNNSISSNDNFSQDLLSS
I
LFEFKSEGLYFLGSIV
SD

-,- -* ***º-º

-

E



HosapiensCHC17
Ma
fascicular_CHC17 Bo_taurusCHC17 Su_scrofaCHC17

Mu
musculusCHC17 Ra_norvegicusCHC17 GagallusCHC17 Da

rerio_CHC17
Ta
rubripes.CHC17 HosapiensCHC22 GagallusCHC22

Ta
rubripesCHC22 ci_intestinalis

CHC Dr

melanogaster_CHC Ae
aegyptii_CHC

AngambiaeCHC CaelegansCHC Ca
briggsaeCHC BrmalayiCHC

Pi_taedaCHC Ly_esculentum
CHC Be

vulgarisCHC Me_crystallinum
CHC

Go
arboretumCHC Ar

thalianaCHC
Me
truncatulaCHC

Lo_japonicus
CHC

Gl_max_CHC
PotremulaCHC HovulgareCHC Tr_aestivumCHC SobicolorCHC orsativaCHC ZemaysCHC

Di
discoideumCHC

ScpombeCHC

Sa
cerevisiaeCHC

Ca_albicansCHC As
fumigatusCHC Pa_brasilensis

CHC

LemajorCHC Trbrucei.CHC En_histolytica
CHC Gi

intestinalis
CHC

Th
annulataCHC To

gondii_CHC
Cr
parvum_CHC Pl_falciparum

CHC
Pl
yoelii_CHC ANCESTRALCHC

Consensus
Table4.3continued

10411120
(725)

-----------------------------------PDVHFKYIQAACKTG-QIKEVERICRES-NCYDPERVKNFLKEAK
(700)

-----------------------------------XXXXXXXXXXXXXXX-XXXXXXXXXXXX-XXXXXXXXXXXXXXXX
(725)

-----------------------------------PDVHFKYIQAACKTG-QIKEVERICRES-NCYDPERVKNFLKEAK
(744)----

----XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
––––PDVHFKYIQAACKTG-QIKEVERICRES-NCYDPERVKNFLKEAK ––––PDVHFKYIQAACKTG-QIKEVERICRES-NCYDPERVKNFLKEAK PDVHFKYIQAACKTG-QIKEVERICRES-NCYDPERVKNFLKEAK PEVHFKYIQAAWKTG-QIKEVERICRES-NCYDPERVKNFLKEAK ––––PEVHFKYIQAACKTG-QIKEVERICRES-NCYDPERVKNFLKEAK PDVHLKYIQAACKTG-QIKEVERICRES-SCYNPERVKNFLKEAK

-----------------------------------XXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXXXXX
––––PDVHFKYIQAACKTG-QIKEVERICRES-NCYDPERVKNFLKEAK ––––PDVHFKYIQAACKTG-QIKEVERICRES-NCYDADKVKNFLKEAK ––––PEVHFKYIQAACKTN-QIKEVERICRES-NCYNPERVKNFLKEAK PEVHFKYIQAACKTN-QIKEVERICRES-NCYNAERVKNFLKEAK PEVHFKYIQAACKTN-QIKFVERICRES-NCYNAERVKNFLKEAK ––––PEVHFKYIQAATRTG-QIKEVERICRES-QCYDAERVKNFLKEAK PEVHFKYIQAATRTG-QIKEVERICRES-QCYDAERVKNFLKEAK PEVHFKYIQAATRTG-QIKEVERICRES-NCYEAERVKNYLKEAK

----------------------XXXXXXXXXXXXXXX-XXXXXXXXXXXX-XXXXXXXXXXXXXXXX ----------------------XXXXXXXXXXXXXXX-XXXXXXXXXXXX-XXXXXXXXXXXXXXXX PDIHFRY
IEAAAKTG-QLKEVERVTRES-NFYDAEKTKNFLMEAK -----------------------------------XXXXXXXXXXXXXXX-XXXXXXXXXXxx-xxxxxxxxxxxxxxxx -----------------------------------XXXXXXXXXXXXXXX-XXXXXXXXXXXX-XXXXXXXXXXXXXXXX

PEIHFKYIEAAAKTG-QIKEVERVTRES-NFYDAEKTKNFLMEAK PDIHFKYIEAAAKTG-QIKEVERVYRES-SFYDPEKTKNFLMEAK PDIHFKYIEAAAKTG-QIKEVERVTRES-NFYDAEKAKNFLMEAK PDIHFKYIEAAAKTG-QIKEVERVTRES-SFYDPEKTKNFLMEAK
-----------------------------------

Xxxxx

xxxxxxxxxx-XXXXXXXXXXXX-XXXXXXXXXXXXXXXX
--XXXXXXXXXXXXXXX-XXXXXXXXXXXX-XXXXXXXXXXXXXXXX PDIHFKYIESAARTG-QIKEVERVTRES-NEYDAEKTKNFLMEAK PDIHFKYIFAAARTG-QIKEVERVTRES-NFYDAEKTKNFLMEAK --XXXXXXXXXXXXXXX-XXXXXXXXXXXX-XXXXXXXXXXXXXXXX --XXXXXXXXXXXXXXX-XXXXXXXXXXXX-XXXXXXXXXXXXXXXX ––PEVHFKYIEAAAKIN-QFKEVERMCRDS-NYYDPEKTRDFLKEAK

-----------------------------------PEVVYKYIQAACLMN-QFTEVERICRDN-NVYNPEKVKNLLKEAK -----------------------------------
KDVVYKY
IEAAAKMK-QYREIERIVKDN-NVYDPERVKNFLKDAN -----------------------------------PDVVFKYIQAAARMN-QTKEIERVVRDN-NVYNGEKVKNFLKEFK

–PEVHFKYIEAATAMG-QITEVERICRES-NYYNPEKVKNFLKEAK
-----------------------------------XXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXXXXX

PEVHFRYIEAAAEMG-QMQELERMTRES-PCYDAERTKNYLKSKQ PEVHFRYIEAAAEVG-QVQELERMTRES-PCYDPERTKNYLKNKK --KMVVFKYIEACARSG-QFQELARVVQEN-DVYDPKEVKEFLKNAK SSIHNFLLRTILQLDSKTLELTHIVAED–QYLDPNECFTIMTTTT --XEIIIRYMKLCIEYN-DIIELENILLYN-NNFNLFDAKELIKNSQ PEVHFKYIEAAAKLN-HTQEVERVCRES-KCYEPQRVKEFLKVKE XXXHFKYIFASVHLG-QIQEAERICRDFPQSYEPEQVIEY
FKSIK

(894)

YNNMNDEDASILLTSDICSTPQYSYETANLKLEDVHYIMFKYIEACVKIN-NIQELDRICKDKNAKYNPEQIKNFLKDCK
(888)

RSNNDDTSSILINSDIGIGTQFPYENNSVLTIEDLHHIMFKYIEACVKIN-NIQELDRICKDRNAKYNPEQIKNFLKECK
(990)

YNNMDDEDAILLLSDDIISTPFYYYENANLKLEDLPDVHFKYIQAACKTGSQIKEVERICRESNNCYDPERVKNFLKEAK
(1041)
P
VHFKYIAAG
QIKEVERIRESNYDE
KNFLKEAK
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totaurusCHC17 Su_scrofaCHC17
Mu
musculusCHC17 Ra_norvegicusCHC17 GagallusCHC17 Da

rerio_CHC17
Ta
rubripesCHC17 HosapiensCHC22 GagallusCHC22

Ta
rubripes.CHC22

Ci
intestinalis
CHC Dr

melanogaster
CHC

Ae
aegyptii_CHC

AngambiaeCHC CaelegansCHC Ca
briggsaeCHC BrmalayiCHC

Pi_taedaCHC

Ly
esculentumCHC Be

vulgarisCHC Me_crystallinum
CHC

Go
arboretumCHC Ar

thalianaCHC
Me
truncatulaCHC

Lo_japonicus
CHC

Gl
max_CHC

PotremulaCHC HovulgareCHC Tr
aestivumCHC SobicolorCHC OrsativaCHC ZemaysCHC

Di
discoideumCHC

ScpombeCHC

Sa
cerevisiaeCHC

Ca_albicansCHC As
fumigatusCHC Pa_brasilensis

CHC

LemajorCHC
Trbrucei.CHC

En
histolyticaCHC Gi

intestinalis
CHC

Th_annulataCHC TogondiiCHC CrparvumCHC Pl_falciparum
CHC

PlyoeliiCHC ANCESTRALCHC

Consensus
Table4.3continued

--
-------
^^^^^^^^^^XXXXXXXXXX__
___ºrvºrºvNP-SRLevvIgGL_________

(768)

ºi----irº._-----------XXXxxxxxxxxxxxx-xx….I
-
(739)

XXXXXXX----xxxxxxxxxxxxxxxxxx...IIINLQKYIEIYVQKVNP-SPLPvv
IgG--

-
(768)
LTDQLP-----IIvcDºnºvº.ITTXXXXXXXXXXXXXxx-xxxxxxxxxx---

-
(768)

LTDOLPL----IIvcnºnº-ll-TNLQKYIEIYVQKVNP-SPLPVVIGGL––––
-

-----SLQKY
IEIYVQKVNP–SRLPVVIGGL––

-

(768)
LTDQLPL----IIVCDRFDFVHDLVLYLYRN--NLQKYIEIYVQKVNP–SRLPVVIGGL––

-
(769)LTDQLPL----IIVCDRFDFVHDLVLYLYRN--------------NLQKYIEIYVQKVNP-SRLPVVIGGL--

-
(768)LTDQLPL----IIVCDRFDFVHDLVLYLYRN--------------NLQKYIEIYVQKVNP–SRLPVVVGGL––

-
(768)LTDQL,PL----I
IVCDRFGFVHDLVLYLYRN--------------NLQRYIEIYVQKVNP–SRTPAVIGGL–––––––––

(767)

XXXXXXX----XXXXXXXXXXXXXXXXXXXX--------------XXXXXXXXXXXXXXX-XXXXXXXXXX---------
(768)
ºnJ.P.T.————TTV'■TºpFT.FºrHTT.V.I.Y.T.Y.E.

M--------------NLQKYIEIYVQKVNP-SRLPVVIGGL---------
(769)LTDQLPL----IIVCDRFDFVHDLVLYLYRN--------------NIPKYIEIYVQKVNP-SRLPVVVGGL–––––––––

(769)
–NLQKYIEIYVQKVNP-SRLPVVVGGL--

(769)
–SLQKYIEIYVQKVNP-SRLPVVVGGL––

(769)
–SLQKYIEIYVQKVNP-SRLPVVVGGL––

(770)LNDQLPL----IIVCDRHNMVHDLVLYLYRN––––––––––––––QLQKYIEVEVQKVNA-ARLPIVVGAL––
(771)LNDQLPL----IIVCDRHNMVHDLVLYLYRN––––––––––––––QLQKYIEVFWQKVNA—ARLPIVVGAL––

(770)LTDQLPL----IIVCDRHDMVHDLVLYLYRN--------------NLQKYIEVEVQKVNP-ARLPIVVGGL---------
(781)

XXXXXXX----XXXXXXXXXXXXXXXXXXXX--------------XXXXXXXXXXXXXXX-XXXXXXXXXX---------
(
181)

XXXXXXX----XXXXXXXXXXXXXXXXXXXX--------------XXXXXXXXXXXXXXX-XXXXXXXXXX—
————————

(781.)

LPDARPL----INVCDRFGYVPDLTHYLYTN--------------NMLRYIEGYVQKVNP-ANAPLVVGQL---------
(779)

--XXXXXXXXXXXXXXX-XXXXXXXXXX--
-

(781)
--XXXXXXXXXXXXXXX-XXXXXXXXXX—-

-
(782)--NMLRYIEGYVQKVNP-GNAPLVVGQL––

-
(778)

LPDARPL----INVCDRFGFVPDLTHYLYTS-–––––––––––––NMLRYIEGYVQKVNP-GNAPLVVGQL–––––––––
(769)

LPDARPL––––INVCDRFGFVPDLTHYLYTN--------------
NMLRY
IEGYVQKVNP-GNAPLVVGQL–––––––––

(781)

LPDARPL----INVCORFGFVPDLTHYLYTN--------------
NMLRY
IEGYVQKVNP-GNAPLVVGQL–––––––––

(181)

XXXXXXX----XXXXXXXXXXXXXXXXXXXX--------------XXXXXXXXXXXXXXX-XXXXXXXXXX---------
(781)

-XXXXXXXXXXXXXXXXXXXX--------------XXXXXXXXXXXXXXX-XXXXXXXXXX---------
(781)
–

INVCORFGFVPDLTHYLYTN—
—————————————

NMLRYIEGYVQKVNP-GNAPLVVGQL---------
(77.2)
–

INVCORFGFVPDLTHYLYTN--NMLRYIEGYVQKVNP-GNAPLVVGQL--
(779)
XXXXXXX----XXXXXXXXXXXXXXXXXXXX---XXXXXXXXXXXXXXX-XXXXXXXXXX
-- (782)XPDAR

PL----INVCDRFGFVPDLTHYLYTN—--NMLRYIEGYVQKVNP-GNAPLVVGQL––
(769)LPDQLPL----IIVCDRYEFISDLTN.YLYKN--------------

NLSKY
IEAYVQKINP-VNTPLVVGAL---------

(765)

LADQLPL----ILVCDRYDFVNDLVFYLFRN-–––––––––––––NMFQFIEIYVQRINP–SKTPQVVGAL---------
(774)

LEDQLPL----VIVCDRFDFVHEMILYLYKS--------------QNLKFIETYVQQVNP-SKTAQVVGAL---------
(768)QY

FKFIEVYVQSVNP-ANTPQVVAGL–––––––––
(770)

QQYKSIEVYVQRVNP-SRTPAVVGGL---------
(774)

XXXXXXXXXXXXXXX-XXXXXXXXXX---------
(781)–GNES

FIEQYVTRRNP-GKTPQVVQAL--
(784)
MTNLWPL----INVCDQHNFVDELIRYLIDT-–NNEALIEQYVQRRNP–LKTPAVVGAL--

(755)IADQIPF----IIVCDKHGYVEEMTQYLYQN––––––––––––––GNHRFIEAYVKKINP-MNTPKWVGAL–––– (832)PASPDAFLQAFLT
FCERFHLGKKLGLFLTDSITNKVLGKDTFFTLNAATIVEAFIGGHGV-AQTHDLLFGLFEG------

(813)
LSTTKPF----IIICYRLNNIQELLLFLFNYYDTVLAQPDTN---STNNLTTSTIGTVVPGIKDTTTVGASTVTGTVKEE

(824)
LPDPRPL----IXVCDLHGYVTELAEYLFKN

(842) (973) (967) (1070)LTDQLPLLQAFIIVCDRFDFVHDLVLYLYRNITNKVLGKDTFFTLNLQKYIEIYVQKVNP–SRLPVVIGGLFEGGVLAVP
(1121)
LDPLIVCDRF.FVDLYLYNYIEYVQKVNP
PVVGI,
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--J.:::*****
-
LºwLEARIHEGcEE

XXXXxx
ºxxxxxxxx-xxxxxxxx….......VRGQFSTDELVAEvekR-NRLKLII,

PWLEARIHEGCEEPAºx3--Xxxxxxxxxxxxxxxxxxxxx…............PPVPCSEDVIKNLILV--VRGQFSTDELVAEvekrºnº. LDVDCSEDVIKNLILV--VRGQFSTDELVAEvekR-NRLKLLlewleaf
HEGGEEEA

LDVD.CSEDVIKNLILV--VRGQFSTDELVAEVEKR-NRLKLLLPwl.EARIHEGCEEPA LDVD.CSEDVIKNLILV--VRGQFSTDELVAEVEKR-NRLKLLLPWLEARIHEGCEEPA LDVD.CSEDVIKSLILV--VRGQFSTDELVAEVEKR-NRLKLLLPWLESRIHEGCEEPA LDVD.CSEEVIKHLIMA--VRGQFSTDELVAEVEKR-NRLKLLLPWLESQIQEGCEEPA XXVDCSEDVIKNLIMV--VRGQFSTDELVAEVEKR-NRLKLLLPWLESRIHEGCEEPA
LDVDCAEDVIKNLIIV--VRGQFSTDELVEEVEKR-NRLKLLLPWLESRIHEGCEEPA LDVDCQEDTIKNLIMV--VRGQFSTDELVEEVEKR-NRLKLLLPWLESRVHEGSEEPA LDVD.CSEDIIKNLILV--VKGQFSTDELVEEVEKR-NRLKLLLPWLESRVHEGCVEPA LDVDCSEDIIKNLILV--VKGQFSTDELVEEVEKR-NRLKLLLPWLESRVHEGCIEPA LDVD.CSEDIIKNLILV--VKGQFSTDELVEEVEKR-NRLKLLLPWLESRVHEGCVEPA

LDVD.CSEDAIKQLIIN--TRGKFDIDELVEEVEKR-NRLKLLNHWLESKIQEGATDAA LDVD.CSEDAIKQLIIN--TRGKFDIDELVEEVEKR-NRLKLLNHWLESRIQEGATDAA
LDVD.CSEDAIKQLIIN--TRGKFDIDELVDEVEKR-NRFLLXXXXXXXXXXXXXXXXX

(833)

----------------------XXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXX LDDECPELXXXXXXXX--XXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXX LDDECPEDFIKGLILS--VRSLLPVEPLVEECEKR-NRLRLLTQFLEHLVSEGSQDVH LDDECPEDFIKGLILS--VRSLLPVEPLVAECEKR-NRLRLLTQFLEHLVSEGSQDLH LDDECPEDFIKGLILS--VRSLLPVEPLVEECEKRRNRLRLLTQFLEHLVSEGSQDVH LDDECPEDFIKGLILS--VRSLLPVEPLVEECEKR-NRLRLLTQFLEHLVSEGSQLVH XXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXX LDDECPEDFIKGLILS--VRSLLPvEPLVDECEXX-XXXXXXXXXXXXXXXXXXXXXX LDDECPEDFIKGLILS--VRSLLPVEPLVDECEKR-NPLRLLTQFLEHLVSEGSQDVH XXXXXXXXXXXXxxxx--XXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXX LDDECPEDFIKGLILS--VRSLLPVEPLVDECEKR-NRLRLLTQFLEHLVSEGSQDVH LDLDCQEDYLRNLIMS--VRNMCPADSLVEQVEKR-NRLKLLLPWLEARVAEGNIEPA –––LDIDCDEELVQNLLMS--VVGQVPVDELVEEVERR-NRLKLLLPYLESLLQSGSQDRA LDMDCDEAFIQSLLQS--VLGQVPINELTTEVEKR-NRLKILLPFLEQSLSQGIQDQA LDVD.CDENIIKGLLMS--VLGRVPIKELVEEVEKR-NRLKILLPFLEKTLEGGSNDQE
(822)–––LDVD.CDEAI

IKNLLST-VEPSVIPIDELVSEVETR-NRLKLLLPFLEATLATGNQQQA
(826)

----------------------XXXXXXXXXXXXXXXX--XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
(833)
----------------------IECNVSEERIKNMLTV--VGAMCPIEELVDRVEEV-GRLHLIKQWLEDRRSEKKTDKA

(836)

---IDCNVQEDFIKNILNS--VGTMCPIAELVDVAEER-SRLRLIGPWLEARLAEKKTDTA
(807)
----------------------LDCGCGEDYIQQLINA--VGGICPADELIKTCESR-NRLIILLPWLEQRLSEGSPDVS

(905)

GVLAVPFRPALDAVFSADMLSKLMEKPAVQAGCDINKVVDACFTSSRTLKVGRSLLEKRLASGTTDTF
(886)

LILKDIKILLEMNPKLLTEVIIILLELSEELINKILIN–-ITNITLLKEIIKLIEER–HQLIILKPFLEMKCKEIN-EPI
Su_scrofaCHC17

Mu
musculusCHC17 Ra_norvegicusCHC17 GagallusCHC17 DarerioCHC17 Ta_rubripes.CHC17 HosapiensCHC22 GagallusCHC22

Ta
rubripes.CHC22 ci_intestinalis

CHC Dr.
melanogaster
CHC

Ae
aegyptii_CHC

AngambiaeCHC CaelegansCHC Ca
briggsaeCHC BrmalayiCHC PitaedaCHC Ly_esculentum

CHC Be
vulgarisCHC Me_crystallinum

CHC
Go
arboretumCHC Ar

thalianaCHC
Me
truncatulaCHC

Lo_japonicus
CHC

Gl
max_CHC

PotremulaCHC HovulgareCHC Tr
aestivum_CHC

SobicolorCHC orsativaCHC ZemaysCHC Di_discoideum
CHC

ScpombeCHC Sa_cerevisiae
CHC

Ca_albicansCHC As
fumigatusCHC Pa_brasilens

isCHC

LemajorCHC Trbrucei.CHC

En
histolyticaCHC

Gi

intestinalis_CHC Th
annulataCHC To

gondii_CHC
Cr
parvum_CHC Pl_falciparum

CHC

Pl_yoeliiCHC ANCESTRALCHC

Consensus
Table4.3continued

(876)

IDQDAAEDFIRNLLQS--VRGGCSAQQLVEEFEKR-NRLRLLLQWLEARVAEGNQEPA
(894)---I

DLDGSEDLVKSLLQE--IKSSFSFGELIQQAENR-NRLKLLLSWLEERVQEGYQDPA
(1025)
----------------------LDLDASEDFLLNLLNN--IKNISNIGNLIEIAEKR-NRLKLLLPWLESRANEGY
ENIE (1019)

----------------------LDLDASEDFLLNLLNN--IKNISNIGNLIDIAEKR-NRLKLLLPWLESRSNEGY
ENIE (1149)------------------ERPALDVDCSEDVIKNLIMVPAVRGQFSTDELVEEVEKRRNRLKLLLPWLESRIHEGCEEPA

(1201)LDDCEDIFLIVELVEEKRNRLKLLLPWLE
EGA
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BotaurusCHC17 Su_scrofaCHC17
Mu
musculusCHC17 Ra_norvegicusCHC1. GagallusCHC17 DarerioCHC17

Ta
rubripesCHC17 HosapiensCHC22 GagallusCHC22 Ta_rubripes.CHC22
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(1096) (1070) (1096) (1123) (1095) (1096) (1096) (1099) (1096) (1096) (1094) (1096) (1098) (1097) (1097) (1097) (1098) (1099) (1098) (1109) (1109) (1109) (1106) (1109) (1110) (1119) (1098) (1109) (1109) (1108) (1109) (1100) (1107) (1111) (1097) (1092) (1102) (1096) (1099) (1103) (1108) (1111) (1082) (1258) (1179) (1159) (1208) (1409) (1396) (1606) (1681)

-MVKEAIDSYIKADDPSSYMEVVQAANTS––––––––
–MVKEAIDSYIKADDPSSYMEVVQAANTS--

-

------

YEFAERCNEPAVWSQLAKAQLQKG--------------MVKEAIDSYIKADDPSSYMEVVQAANAS––
-

------

YEFAERCNEPAVWSQLAKAQLQKG--------------MVKEAIDSYIKADDPSSYMFVVQAANTS
––- ------

YEFAERCNEPAVWSQLAKAHFQNG--------------MVKDAIDSYIKADDPSSYMQVVQAANTS
––––––––

XKFAERCNEPAVWSQLARAQLQKD––
------

YEFAERCNEPAVWSQLGRAQLHRG--
—LvKEAIDSYIKAVDPSAYMEVVNAAS
–––-

–MIKEAIDSYIKADDPSSYMEVVEASNKs––
-

------

NEFAERCNEPAVWSQLAKAQLQQG--------------LVKEAIDSYIKADDPSAYVDVVDVASKV--
-

------

NEFAERCNEPAVWSQLARRQLQQG--------------LVKEAIDSYIKADDPSAYMDVVETASKN--
-

------

NEFAERCNEPAVWSQLARAQLQQG--------------LVKEAIDSYIKADDPSAYIDVVETASKN--------
------

YEFAEKCNQSDVWASLAKAQLQQN--------------LVKEAVLSFIKADDPGAYMEVVNKCSQT-––––––– YEFAEKCNQSDVWASLAKAQI,KQD––––––––––––––LVKEAVDSFIKADDPGAYMEVVNKCSQT-––––––– –YEFAERCNEPGVWASLAKAQLKEG-–––––––––––––LVKEAVDSFIKADDPTAYMEVVSKCSET–––––––– XXXXXXXXXXXXXXXXXXXXXXXX
-LVSDAIESFIRAFDA.T.)
FLDVIRAAEGG--

--------------XXXXXXXXXXXXXXXXXXXXXXXXXXXX-- –LVSEAIESFIRADDATQFLEVIKAAEDA—— –LVSEAIESFIRADLYWTHFLDVIRAAEEA—
—

-LVSFAIESFIRADDATHFLDVIRAAEEA--
EQYAEKYDTPELWYQLGTAQLDGL-- QEFAERVELPDVWSKVAKAQLDGL-- XXXXXXXXXXXXXXXXXXXXXXXX—— VEFAQRCNEADVWRKLGRAQLRQK-- MDLSKVQDFASYCNDNSVWDVLGQQYLKIS-- DDLNRAIEFAQKCNNNDVWFILGKAQLKLN-------------- EDLNRAIEFAQKCNVNDVWFILGKAQLKLN-------------- IGNLDRYEFAERCNEPAVWSQLARAQLQKGSAYASEDNGRFALKLVKEAIDSYIKADDPSAYMEVVQAASRSSKAFMHTH

EFARCNEAVWSQLAKAQL
GVEAIS
IKADDP
YVAA

***....*-i. *:t****- te*;
-----...v.A
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Consensus
Table4.3continued

1840

ESYVETELIFALAKTNRLAELEEFING---------PNNAHIQQVG---- XXXXXXXXXXXXXXXXXXXXXXXXXXX---------XXXXXXXXXX---- ESYVETELIFALAKTNRL.AELEEFING---
ESYVETELIFALAKTNRL.AELEEFING--- —ESYVETELIFALAKTNRL.AELEEFING---

---------PNNAHIQQVG---- ---------PNNAHIQQVGDRVG –PNNAHIQQVG----
---------PNNAHIQQVG---- ---------PNNAHIQQVG---- –PNNAHIQQVG----

---------PNNANIQQVG---- ---------PNHADIQKIG---- ---------PNHADIQKIG---- ---------PNHADIQKIG----

(1150)–––––

EHWEDLVRYLQMARKK——SR-----ESYIETELVFALAKTGRLTELEEFIAG---------
PNHAQIGQIG---- -----

EHWEDLVRYLQMARKK--SR--
-

–––––––––PNHAQIGQIG----

––––PNHAQIQQIG----
---------XXXXXXXXXX---- XXXXXXXXXX---- ––––PNVANLQNVG---- xxxxxxxxxx----

---------PNVANLQNVG---- ––––PNVANLQHVG---- ––––XXXXXXXXXX---- ––––PNVANLQNVG----
---------PNVANLQNVG---- XXXXXXXXXX---- ––––PNVANLQNVG---- PNVANLQNVG----

---------PNVANLQNVG----

—EPKVDGELIFAYAKI
DRLsDIEEFILM---

—EPAIESELIFAYAKVNKLAEMEDFINS---
---------snvADVKAVG---- ---------SNVANLDHVG---- ---------THNVQIQPVA---- ---------ANCANLTSIA---- ——TNTANVQAVG---- --INTVQLQKIG----

(1686)

SVEVRNNWEDLVKFLQMARKKSSARGETSSESYVETELIFALAKTNRLAELEEFINGVNPRDSTVIPNNAHIQQVG----
(1761)EDLVKYLMARKREv.ELIAYAKRLEEEFIPNAQVG

wº

*º

;

-------
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Consensus
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(1203) (1177) (1203) (1230) (1202) (1203) (1203) (1210) (1203) (1203) (1201) (1200) (1205) (1204) (1204) (1204) (1205) (1206) (1205) (1216) (1216) (1216) (1213) (1216) (1217) (1226) (1205) (1216) (1216) (1214) (1216) (1207) (1214) (1218) (1204) (1199) (1209) (1203) (1206) (1210) (1217) (1220) (1189) (1408) (1280) (1268) (1320) (1524) (1511) (1762) (1841)
18411920

DRCYDEKMYDAAKLLYNNVSNFGRLASTLVHLG-EYQAAVDGARKANSTRTWK-EVCFACVDGKEFRLAQMCGLHIVVHA XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXX
DRCY

DEKMYDAAKLLYNNVSNFGRLASTLVHLG-EYQAAVDGARKANSTRTWK-EVCFACVDGKEFRLAQMCGLHIVVHA DRCYXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXX DRCYDEKMYDAAKLLYNNVSNFGRLASTLVHLG-EYQAAVDGARKANSTRTWK-EVCFACVDGKEFRLAQMcGLHIVVHA DRCYDEKMYDAAKLLYNNVSNFGRLASTLVHLG-EYQAAVDGARKANSTRTWK-EVCFACVDGKEFRLAQMCGLHIVVHA DRCYDEKMYEAAKLLYNNVSNFGRLASTLVHLG-EYQAAVDGARKANSTRTWK-EVCFACVDGKEFRLAQMCGLHIVVHA DRCYDEKMYEAAKLLYNNVSNFGRLASTLVHLG-EYQAAVDGARKANSTRTWK-EVCFACVDGKEFRLAHMCGLHIVVHA DRCYDEKMYEAAKLLYNNVSNFGRLASTLVHLG-EYQAAVDGARKANSTRTWK-EVCFACVDGKEFRLAQMCGLHIVVHA DRCYEEGMYEAAKLLYSNVSNFARLASTLVHLG-EYQAAVDNSRKASSTRTWK-EVCFACMDGQEFR
FAQLCGLHIVIHA

DRCYEEGMYEAAKLLYNNVSNFARLASTLVHLG-EYQAAVDSGRKANSTRTWK-EVCFACVDGREFRLAQICGLQXXXXX DRCYEEGMYEAAKLLYNNVSNFARLASTLVHLG-EYQAAVDSARKANSTRTWK-EVCFACVDGEEFRLAQICGLHIVIHA DRCYDQKMYEAAKVLFNNISNFARLASTVVHLEGEYQTAVDSARKANSTRTWK-EVCFACVDGEEFRLAQICGLHIVVHA NRCFSDGMYDAAKLLYNNVSNFARLAITLVYLK-EFQGAVDSARKANSTRTWK-EVCFACVDAEEFRLAQMCGLHIVVHA DRCFNDKMYEAAKLLYNNVSNFARLAITLVHLK-EFQGAVDGARKANSTRTWK-EVCFACVDAEEFRLAQMCGLHIVVHA DRCFNDRMYEAAKLLYNNVSNFARLAITLVHLR-EFQGAVDGARKANSTRTWK-EVCFACVDAEEFRLAQMcGLHIVVHA DRCFDNGMFDSAKILFNNVSNFAKLSVTLVRLG-EYQGAVDAARKANSTKTWK-QVCFSCVENGEFRLAQMCGLHIVVHA DRCFDNGMFDAAKILFNNVSNFAKLSVTLVRLG-EYQGAVDAARKANSTKTWK-QVCFSCVENGEFRLAQMCGLHIVVHA DRCFDSGMYEAAKILHNNISNFAKLSVTLVRLN-EFQGAVDAARKANSTKTWK-QVCFACVDNEEFRLAQMCGLHIVVHA XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXX
DRLFDEALYEAAKI
IYAFISNWAKLAVTLVRLK-QXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXX

DRLFDEALYEAAKI
IFAFISNWAKLAVTLVRLK-QFQGAVOAARKANSAKTWX-XXXXXXXXXXXXXXXXXXXXXXXXXX

DRLYDEALYEAAKI
IYAFISNWGKLAVTLVKLQ-QFQGAVDAARKANSAKTWK-EVCFACVDAEEFRLAQICGLNIIIQV XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXANSAKTWK-EvcFACVDEEEFRLAQICGLNIIIQV

DRLYDEALYEAAKIIFAFISNWAKLAITLVKLK-QFQGAVD--RKANSSKTwk-EvoFACVDEEEFRLAQICGLNIIIQV
DRLYDEELYEAAKI
IFAFISNWAKLAVTLVKLK-QFQGAVDAARKANSAKTwk-EvoFACVDAEEFRLAQIcGLNIIIQV XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXX DRLYDEELYEAAKIIYAFISNWAKLAVTLVKLK-QFQGAVDAARKANSAKTWK-EVCFACVDAEEFRLAQICGLNI

IVQV

DRLYDEELYEAAKIIYAFISNWAKLAVTLVKLK-QFQGAVDAARKANSAKTWK-EVCFACVDAEEFRLAQICGLNIIIQV DRLYDEELYEAAKIIYAFISNWAKLAVTLVKLK-QFQGAVDAARKANSAKTWK-EVCFACVDAEEFRLAQICGLNI
IVQV DRLYDEELYEAAKI

IYAFISNWAKLAVTLVKLK-QFQGAVDAARKANSAKTWK-EVCFACVDAEEFRLAQICGLNI
TVQV DRLY

DEELYEAAKIIYAFISNWAKLAVTLVKLK-QFQGAVDAARKANSAKTWK–EVCFACVDAEEFRLAQICGLNI
IVQV

DRCFENGLYEAAKVLYTNISNFSRLTSCLVKLG-QYQAAVDAARKANSTKTWK-EVSAACIDAKEFRLAQVCGINI
IVHG

DECFESKNYEAAKLMYSSISNWSMLATTLVYLG-EYQGAVDCARKANSIKVWK-QVGTACIDKREFRLAQICGLNLIVHA DKLFENKEYKAARLCYSAVSNYSKLASTLVYLG-DYQAAVDTARKASNIKVWK-LVNDACIEKKEFKLAQICGLNLIVHA DKLFEAKNYKGAKILYSNVSKYSKLATTLVYLG-DYQGAVDCARKASNTQVWK-QVNSACIENKEFRLAQICGLNLIIDA DKAYAEGYHQAAKIFYTSISNWAKLATTLVHLE-DYQAAVECARKANSVKVWK-EVNQACVDKKEFRLAQICGLNLIVHA XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXX DKCFQDKLYESARVLYTVANNYARVASTEVMLN-NLPAAVEAAKKAKSIHAYK-EANLACIEAGDLKLAGVCAVPVVLKA DKCFEDGYYDSARLLYSMSMNFHKLALTLVRMN-NLAEAVDAAQKAQSRSTWD-AVNHACIEANDVRLAAICAVPLVLQV
ERCYNEELY
GAAKILYTSLNNYIKLASCLLKLK-DYAGAVEAAKKANSTRTWK-EVTFACIDAKEFTLAQETGINILIAG EKCFAEEHYKAAKYFFEFVGDWSRLSLTLVKLR-CLKEAVEAATRAADPECWK-AVAAECLEIRDFELAKSVFLNLVLVE XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXX-XXXXXXXXXXDNKLLNRVGIELLNYP DRLFAEQRYKVRRLLYASLPNYAKLASCFVRLE-DFAASVDAARKAKNPKTWK-EVAFAALSKGELKCAHAAALSLIVHP DRLMDEQDYRYSIIFYQAIPNYSRLTSCYIQLG-EYNNALETAKKANSPKTWK-ELLQICMQIGESELAHQAGLNIIvy

P

DRLYKEEEYEVAKILYSNIPNNRKLTACYLKLK-EYALAIEAAKKAKSLKTWEKEVNFICVKYKQLKYAHTAGLQLIMHA DRLYKEKEYDAAKILYSSIPNNQKLTFCHLKLK-EYSLAIEAAKKTKSLKTWR-EVNLVCVKYKQLKFAHIAGLQLIMHA DRCYEEGMYEAAKLLYNNVSNFARLASTLVHLG-EYQAAVDSARKANSTRTWKKEVCFACVDGEEFRLAQICGLHIVIHA
DRCY
E
YEAAKLYSNLATLVLQAVDARKANSTWKEVCFACVDEFRLAQCGL
I

****...**'-***:;;Aº *...,t*,***--iº
-----~~"º-wa
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Consensus
Table4.3continued

(1281) (1255) (1281) (1308) (1280) (1281) (1281) (1288) (1281) (1281) (1279) (1278) (1284) (1282) (1282) (1282) (1283) (1284) (1283) (1294) (1294) (1294) (1291) (1294) (1295) (1304) (1281) (1294) (1294) (1292) (1294) (1285) (1292) (1296) (1282) (1277) (1287) (1281) (1284) (1288) (1295) (1298) (1267) (1486) (1358) (1346) (1398) (1603) (1589) (1841) (1921)
19212000 DELEELINYYQDRGYFEELITMLFAALGPQKMREHLE--LFWSR-VN XXXXXXXXXXXXXXXXXXXXXXXXXXXXXxxxxxxxx--Xxxxx-xx DELEELINYYQDRGYFEELITMLEAALGPQKMREHLE--LFWSR-VN

---xxxxxxxxx--xxxxx-xx PQKMREHLE--LFWSR—VN PQKMREHLE--LFWSR—VN ––PQKMREHLF--LFWSR-VN ––PQKMREHLE--LFWSR-VN ––PQKMREHLE--LFWSR—VN

DELEELINYYQDRGYFEELITMLEAALG DELEELINYYQDRGYFEELITMLEAALG DELEELINYYQDRGYFEELITMLEAALG------ DELEELINYYQDRGYFEELITMLEAALG–––––– DELEELINYYQDRGYFEELITMLEAALG------ DELEELMCYYQDRGYFEELILLLEAALG------LERAHMGMFTELAILYSKFK-------PQKMLEHLE--LFWSR—VN XXXXXXISYYQDRGYFEELMALLEAALG------LERAHMGMFTXXXXXXXXXX-------XXXXXXXXX--XXXXX-XX DELEDLISYYQDRGYFEELIALLEAALG--––PQKMREHLE--LFWSR-VN DELEELITXXXXXXXXXXXXXMLEAALG DELEDLINYYQNRGYFDELIALLESALG--

---
PGKMREHLE--LFWSR-VN ––PskMREHLE--LFWSR-VN

DELEDLITYYQDRGHFEELIGLLEAALG------LERAHMGMFTELAILYSKYK-------PAKMREHLE--LFwsR-VN DELEDLINYYQDRGYFEELIGLLEAALG------LERAHMGMETELAILYSKYK-------PAKMREHLE--LFwsR-VN DELEEL

INFYQDRGHFEELIALLEAALG------LERAHMGMFTELAILYSKYK-------PEKMREHLE--LFWSR—wn DELEEL

INFYQDRGHFEELIALLEAALG------LERAHMGMFTELAILYSKYK-------PEKMREHLE--LFWSR—Vn DELEELINYYQDRGYFEELIGLLEAALG------LERAHMGMFTELAILYSKYK-------AEKMREHLE--LFWSR—VN XXXXXXXXXXXXXXXXXXXXXXXXXXXX----XXXXXXXXX--XXXXX-XX XXXXXXXXXXXXXXXXXXXXXXXXXXXX------XXXXXXXXXXXXXXXXXXXX-------XXXXXXXXX--XXXXX-XX XXXXXXXXXXXXxxxxxxxxxxxxxxxx------XXXXXXXXXXXXXXXXXXXX-------XXXXXXXXX--xxxxx-xx XXXXXXXXXXXXXXXXXXXXXXXXXXXX------XXXXXXXXXXXXXXXXXXXX-------XXXXXXXXX--XXXXX-XX XXXXXXXXXXXXXXXXXXXXXXXXXXXX------XXXXXXXXXXXXXXXXXXXX-------XXXXXXXXX--XXXXX-XX DDLEEVSEYYQNRGCFNELISLMESGLG-- DDLEEVSEYYQNRGCFNELISLMESGLG------––PEKLMEHIK--LFATR-LN XXXXXXXXYYQNRGHFNELISLMESGLG–––PEKLMEHIK--LFSTR-LN DDLEEVSEYYQNRGCENELISLMESGLG------LERAHMGIFTELGVLY
ARYR-------HEKLMEHIK--LFATR-PN XXXXXXXXXXXXXXXXXXXXXXXXxxxxXXXXXXXXX--XXXXX-XX DDLEEVSEYYQNRGCFSELISLMESGLG----PEKLMEHIK--LFSTR-LN DDLEEVSEYYQNRGCFNELISLMESGLGPEKLMEHIK--LFSTR-LN DDLEEVSEYYQNRGCENELIALMESGLG------LERAHMGIFTELGVLY

ARYR-------PEKLMEHIK--LFSTR-LN DDLEEVSEYYQNRGCENELISLMESGLG--XXXXXXXXX--XXXXX-XX DDLEEVSEYYQNRGCFSELIALMESGLG--
--sekLMEHIK--LFSTR-LN DELEELIRQYEDRGYFNELISLLESGLA—---EEKLMEHLK--LFYSR-LN

——YEKLMEHIK--LFSTR-LN

EELPGLIRLYEERGYFEEVISLMEAGLG------LERAHMAFYTELAILYAKYK-------PERMMEHLK--LFWGR-LN EELDELVERYEsNGYFEELISL
FEAGLG------LERAHMGMFTELAILYSKYE-------
PDKT

FEHLK--LFwsR-In EELPELVKTYEYNGYFNELIAL
FENGLS------LERAHMGMFTELAILYAKYS
––

––PEKVMEHLK--LFWSR-IN EELQDLVRQYERNGYFDELISVLEAGLG-––LERAHMGMFTELGIALSKYH-------PDRVMEHLK--LFWSR-IN XXXXXXXXXXXXXXXXXXXXXXXXXXXX---XXXXXXXXXXXXXXXXXXXX-------XXXXXXXXX--XXXXX-XX EEVSGMCNRYESRGLWEELFSVLRNAss------HQGAHMSIFTEMGVLLAKYR-------PEKLMEHVI--MYAKK-IN ESLQDVVNRYEAYGLYDELFAVLKSAST------NSGAHMGIFTEMGLQLAKYK-------PEKLLEHVH--MYSKK-IN DEITELVYYYEKNELYDQVIELLEAGLK------IENVHVSMFTELAILYSKYK-------EEKLYDYLK--QYVAK-IQ
SELPSIVQYYEKYGFIEELLEVLEAGAEQPQAATYTSMETNIFTILAILYCKYMWIVRKTDPQRLQTYIK--THGNK-IH EFLVSVVASYESMGLFDDLIELLRNTTK----------TVATSTELAICIAKYH-------

PEELMEHLRNVAFESNSLN DHLDSLIERYEQLCLFKELIELLEQGLQ----SSKLMDYIR--QHSGK-VN DYCEDVVSEYEKKGLTAELLTLLEGAIQN-----TDRANGSLFTELGILYAKYT-------PEKLMDYCS--SYSGR-IN DHLDEIIKIYEKKKYINELMNLLENGLN------NERAHVGIYTELGILYAKYK-------
PEKLMEFIR--NYTNK-MN

DHLDEIIKIYEKKKYINELLSLLENGLn------SERAHVGIYTELGMLYAKYK-------PEKLMEFIR--SYTNK-MN DELEELISYYQDRGY
FEELIALLEAALGNPQAATLERAHMGMFTELAILYSKFKWIVRKTDPQKMREHLE--LFWSR-VN

DELEEYYQRGFELILLE.LGLERAHMGFTELILYKYPKEHL.F.R.N.
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Table4.3continued

(1345) (1319) (1345) (1372) (1344) (1345) (1345) (1352) (1345) (1345) (1343) (1342) (1348) (1346) (1346) (1346) (1347) (1348) (1347) (1358) (1358) (1358) (1355) (1358) (1359) (1368) (1345) (1358) (1358) (1356) (1358) (1349) (1356) (1360) (1346) (1341) (1351) (1345) (1348) (1352) (1359) (1362) (1331) (1563) (1421) (1410) (1463) (1667) (1653) (1918) (2001)
20012080

IPKVLRAAEQAHLWAELVFLYDKYEEYDNAIITMMNHPTDAWKEGQFKDIITKVAN-VELYYRAIQFYLEFKPLLLNDLL XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXX IPKVLRAAEQAHLWAELVFLYDKYEEYDNAIITMMNHPTDAWKEGQFKDIITKVAN-VELYYRAIQFYLEFKPLLLNDLL Xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx-xxxxxxxxxxxxxxxxxxxxxxx IPKVLRAAEQAHLWAELVFLYDKYEEYDNAIITMMNHPTDAWKEGQFKDIITKVAN-VELYYKAIQFYLEFKPLLLNDLL IPKVLRAAEQAHLWAELVFLYDKYEEYDNAIITMMNHPTDAWKEGQFKDIITKVAN-VELYYKAIQFYLEFKPLLLNDLL IPKVLRAAEQAHLWAELVFLYDKYEEYDNAIITMMNHPTDAWKEGQFKDIITKVAN-VELYYKAVQFYLEFKPLLLNDLL IPKVLRAAEQAHLWGELVFLYDKYEEYDNAIITMMNHPADAWKESQFKDIITKVVANVELYYRAVQFYLEFKPLLLNDLL IPKVLRAAE.AHLWAELVFLYDKYEEYDNAIITMMNHPTDAWKEGQFKDIITKVAN-VELYYKAVQFYLEFKPLLLNDLL IPKVLRAAEQAHLWAELVFLYDKYEEYDNAVLTMMSHPTEAWKEGQFKDIITKVAN-VELCYRALQFYLDYKPLL
INDLL

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXX IPKVLRAAEQSHLWAELVFLYDKYEEYDNAVLTMMSHPTEAWKEGLFKDIIPKVAN-VELYYKSLSFYLDYKPLLLNDLL IPKVLRAAEQAHLWAELVFLYDKYEEYDNAIVTMMAHPTDAWKEGQYKDIITKVAN–IELYYKSLQFYLDYKPMLINDLL IPKVLRAAESAHLWSELVFLYDKYEEYDNAVLAMMAHPTEAwREGHFKDIITKVAN–IELYYKAIEFYLDFKPLLLNDML IPKVLRAAEQAHLWSELVFLYDKYEEYDNAVLAMMAHPTEAwREGHFKDIITKVAN-IELYYKAIQFYLDYKPLLLNDML IPKVLRAAEQAHLWSELVFLYDKYEEYDNAVLAMMAHPSFAWREGHFKDIITKVAN-IELYYKAIQFYLDYKPLLLNDML IPKVLRAAEQAHLWSELVFLYDKYEEYDNAALTMMQHPTESWREQHFKEVIAKVAN-VELYYKAMQFYLDYKPLLLNDLL IPKVLRAAEQAHLWSELVFLYDKYEEYDNAALTMMQHPTESWREQHFKEVIAKVAN-VELYYKAMQFYLDFKPLLLNDLL IPKVXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXX IPKLIRACDEQQHWQELTYLYIQYDEFDNAATTVMNHSPEAWEHMQFKDIVAKVAN-VELYYRAVQFYLEFKPLLLNDLL IPKLIRACDEQQHWKELTYLYIQYDEFDNAATTIMXXX--XWDHMQFKDVAVKVAN-VELYYKAVHFYLEEHPDLINDIL IPKLIRACDEQQHWTELTYLYIQYDEFDNAATTIMNHSPEAWDHMQFKDVIVKVGN-VELYYKAVHFXXXXXXXXXXXXX IPKLIRACDEQQHWKELTYLYIQYDEFDNAATTIMNHSPEAWDHMQLKDVVVKVAN-VELYYKAVHFYLQEHPDLINDVL XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXTIMNHSPEAWDHMQFKDVVVKVAN-VELYYKAVHFYLQEHPDLINDLL IPKLIPACDEQQHWKELTYLYIQYDEFDNAATTIMNHSPDAWDHMQFKDVCVKVAN-VEIYYKAVHFYLQEHPDLINDLL IPKLIRACDEQQHWKELTYLYIQYDEFDNAATTIMNHSPDAWDHMQFKDVAVKVAN-VEIYYKAVHFYLQEHPDLINDLL IPKLIRACDEQQHWKELTYLYIQYDEFDNAATTIMNHSPDAWDHMQFKDVCVKVAN-VELYYKAVHFY
LQEHPDLINDML

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXX IPKLIRACDEQQHWKELTYLYIQYDEFDNAATTIMNHSPDAWDHMQFKDVCVKVAN-VELYYKAVHFYLQEHPDLINDML VPKVIKACQANQQWPQLTYLYIHYDEHDNAIQTMINHSIEAWDHVLFKETIPKVAK-LDLYYSAISFYLEEQPLLINDLL MAKVIRACDQMHLWNEAVFLYVHDQSYDNAAAVMMEQP-EAFDHQSFKDIIVHVAN-LELYYRALNFYLEQHPMLLTDLL IPKVIRAVEQAHLWSELVFLYAHYDEWDNAALTLIEKSTKDLDHAYFKEVVVKVSN-LEIYYKAINFYVKFHPSLLVDLL IPKVLTACEDAHLYPELIFLYCHYEEWDNAALTMIEKSEVAFDHSSFKEIIVKAPN-LEIHYKAIQFYMNENPSLLVDLL IPKMIRACFEANLWPELVFLYCHYDEWDNAALAMMERAADAWEHHSFKDIIVKVAN-LEIYYRALNFYLQEQPLLLTDLL XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXX THKMITVCEQYHHWVVLRVLHTNNEDWLAATNSMMQHHADAFDHEIFKDAVSHLGA-SELLYTAIGFYLKTHPDQLNDFL AHKLISVCEEYHHWLALRVLHVGNEDWLAAAKTMMCHFADAFDHDVFKDVASHLGA-SDFVYNAISFYVNTCPQNLCDFL
CQKV

IPTVNMNQQWKELVFLYVQVDQXXXAIETMISYPDDCFDHQLMKELLVNVPR-IDMIYKAESYYLAEKPEKVNEML IPTLLHWTRETRLWGEYAYLLAASRDFDKAVVEMIAHPPSSFNHDVMKKVIGRVSN-PELVAQVVSFYIEYSPEYLCDFL ISKTARECSNLWLWREAVFLYT-IDDSDKAILSMILHP-ECFEEQLFFRTLANVSN-TEVIYKALY
FYIQQYPTAVNKLL

IPRLIRACERQSLWKEAVYLHMNYDEYEQAANCLIMHP-AAWSHELFVQVSXXXXX-XXXVYRAISFYSEYHPLQLCLLL IPKLTRICEQRQLWNEVVYLYLQYQEFDQAVLTVISHPKEAWKNDQFLSILQNVTN-VDILYKSMTFYLQEHPELLNSLL TRKLIDVCENEYLLKEAVYLYISYDEYNLAVDTIIKHSPTAYTADTFMQVIHKVTN-SDIIHKVIDFYIEEHPLNLYNLL TRKLIDVCHNEYLLKEAVYLYISYDEYNLAVDTIIKHSPIAYQPDIFMQVIHKVTN-SDIIHKVIDFYIEENPLNLYNLL IPKVLRAAEQAHLWAELVFLYDKYEEYDNAVLTMMSHPTEAWKEGQFKDIITKVAN-VELYYKALQFYLDYKPLLLNDLL
IPKRALWELVLYYEDNATMMHAWFKDKVANELYYKAFYLP.

LLNDLL
*----- -

*****-****:*****-** *-•*-:-***
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Consensus
Table4.3continued

(1424) (1398) (1424) (1451) (1423) (1424) (1424) (1432) (1424) (1424) (1422) (1421) (1427) (1425) (1425) (1425) (1426) (1427) (1426) (1437) (1437) (1437) (1434) (1437) (1438) (1445) (1424) (1437) (1437) (1435) (1437) (1428) (1435) (1439) (1425) (1419) (1430) (1424) (1427) (1431) (1438) (1441) (1410) (1642) (1498) (1488) (1542) (1746) (1732) (1997) (2081)
20812160

MVLSP-------------RLDHTRAVNYFSKVKQLPLVKPYLRSVQNHNNKSVNESLNNLFITEEDYQALRTSIDAYDNF -XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
-RLDHTRAVNY
FSKVKQLPLVKPYLRSVQNHNNKSVNESLNNLFITEEDYQALRTSIDAYDNF -XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXxxxxxx

-------------RLDHTRAVNY
FSKVKQLPLVKPYLRSVQNHNNKSVNESLNNLFITEEDYQALRTSIDAYDNF -------------RLAHTRAVNY

FSKVKQLPLVKPYLRSVQNHNNKSVNESLNNLFITEEDYQALRTSIDAYDNF -------------
RLDHTRAVTFFTKVKQLPLVKPYLRSVQNHNNKSVNESLNNLFIIEEDYQALRTSIDAYDNF

-------------RLDHTRAVN
FFSKVKQLPLVKPYLRSVQNHNNKSVNEALNNLFITEEDFQALRTSIDAYDNF

---------RLDHSRAVN
FFSKVKQLPLVKPYLRSVQNHNNKSVNFALNNLFIIEEDYQALRTSIDAYDNF ---------RLDHTWTVS

FFSKAGQLPLVKPYLRSVQSHNNKSVNEALNHLLTEEEDYQGLRASIDAYDNF -XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX -RLDHSRAVSFFSKVNQLKLVKPYLRSVQNHNNKSVNEALNNLLTEEEDYQGLRASIDAYDNF -RMDHTRAVAFFRKVQHLPLVKPYLRTVQTHNNKAINEALNDLLIEEEDYSGLRNSIDAYDNF
-------------

RMDHTRAVSYFSKTGYLPLVKPYLRSVQSLNNKAINEALNGLLIDEEDYQGLRNSIDGFDNF
-------------RMDHTRSVN

FFTKQGHLQLVKTYLRSVQSLNNKAINEALNALLIDEEDYQGLRTSIDAFDNF -------------
RMDHTRAVSFFTKQGHLQLVKTYLRSVQSLNNKAINEALNGLLIDEEDYQGLRTSIDAFDNF

-------------
RLDHSRTVLFFNKLKQIPLVKPYLRQVQNLNNKAINEALNQLLIDEEDHAGLRSSI
EAQDNF P--—

——————————

RLDHSRTVLFFNKLKQIPLVKPYLRQVQNLNNKAINEALNQLLIDEEDHAGLRSSI
EAQDNF -------------

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXxx -XXDHTRVVDIMRKAGHLHLVKPYMVAVQSNNVAAVNEALNAIYVEEEDYERLRESIDMHDNF -XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXIELHDSF -XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
-------------

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
-------------

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
-------------RLDHTRAVDIMRKAGHLRLIKPYMIAVQSNNVSAVNFALNEIYVEEEDYDRLRESIDLHDSF -------------

RVDHTRVVDIMRKAGHLRLVKPYMVAVQSSNVSAVNEALNEIYVEEEDYDRL-ESIDLHDNF
-------------

XXXXXXXXXXXXXXXXLRLVKPYMVAVQSNNVSAVNEALNEIYVEEEDYDRLRESIDLHDNF
-------------RVDQARVVDIMRKAGHLRLVKPYMVAVQSNNVSAVNFALNEIYVEEEDYDRLRESIDLHDNF

–RVDHTRVVDIMRKAGQLRLVKPYMVAVQSNNVSAVNGALNGIYIEEEDYDRLRESIELHDNF -RLDHTRVVDIMRKAGQLHLVKPYMVAVQSNNVSAVNEALNELYVEEEDYERLRESVDMHDNF -RLDHTRVVDIMRKAGQLHLVKPYMVAVQSNNVSAVNEALNELYVEEEDYER
LRESVDMHDNF

-------------RLDHTRVVDIMRKAGQLHLVKPYMVAVQSNNVSAVN
FALNELYVEEEDYERLRESVDMHDNF --------------

XXDHTRVVDIMRKAGQLHLVKPYMVAVQSNNVSAVNEALNELYVEEEDYERLRESVDMHDNF
-------------

RLDHTRVVDIMRKAGQLHLVKPYMVAVQSNNVSAVNEALNELYVEEEDYERLRESVDMHDNF
-------------

RIDHTRAVTLIRSLGHLPLVKPYLVSAQDQNVAALNFALNELYVEEEDYESLRSSI
DANSNE

–RIDHPRVIRI
FEKSENTPLILNFMVAIQHLNIQAVNHAYNDLLIEMEDYQSLQDSIENYDHF

-RLDIPRTVKIFSKSLNLPLIKPFLINVLPKNNSVVNQAYHDLMIEEEDYKALQDAVDSYDKF –KLDLPRVVRMFVQSDNLPMIKPFLISVLDKNNSVVNSAYHDLLIEEEDYKSLRSSIESNNRF
–

RIDVNRVVRIFQSSDNIPLIKPFLLNVQSQNKRAVNDAINDLLIEEEDYKTLRDSVDNYDNF -XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
-------------RVDPERVMAETTKVAPIHVIRTYLEAAQERNAKKVNEALNNLY
I

FEDDFKALRHSVETYNNF -------------VLDPDRVLREVKNVAPIHLILPYLESAQPRNSRLINDALNDLYVEEENFVALRNSVENYNNF. -------------
RCDHTQVISIARKEKDLKTIREYLLYCLDLNKDSVNEALIDLFIDDGDAKSLKSLIEKNTNF KACQLGVPNADGSPGIPAALDPIRVIAMVRSYDCVPMIKSYLELFVGAHNQEINETLIKIYLESYDDEGLRRLIAATTAY

SCVKF-------------KLDT.GRVIKILRNNNCLQLAKEYFQ-QSDRNSQQINDTLYEIYVEEHDFESLEQDVSKY
INY KSLDK——

–KLDHSRVVQHVRKAGHLAVVEKYLRETQHLNITAVNEAVNELLVEGEDVDGLRESILEYDNF
MLTLK--
XXXXXXXXXXXXXXXXXISIIQEFLESISDENIQVVNEALINLYIEKVEVEKLMKLILTCDNY KILFN-------------KIDNNRLVQTLKKSNNLPLIQKYLEDIQAQNITAVNETLNEIYLONDDYISLRNSIDEYDNF KILEN-------------KIDNNRLVQTMKKSNNLPLIQKYLEDIQTQNITSVNETLNEIYLENDDYISLRKSIDEYDNF

TVLSPGVPNADGSPGIPARLDHTRAVSFFSKVGQLPLVKPYLRSVQNHNNKSVNEALNNLLTEEEDYQGLRASIDAYDNF
VLRDHRVKLLVKPYLVQN
WNEALN
L,
EEEDYLRSIDDNE
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Consensus
Table4.3continued

(1491) (1465) (1491) (1518) (1490) (1491) (1491) (1499) (1491) (1491) (1489) (1488) (1494) (1492) (1492) (1492) (1493) (1494) (1493) (1504) (1504) (1504) (1501) (1504) (1505) (1511) (1489) (1504) (1504) (1502) (1504) (1495) (1501) (1506) (1492) (1486) (1497) (1491) (1494) (1498) (1505) (1508) (1477) (1722) (1564) (1555) (1610) (1813) (1799) (20.77) (2161)
2161
"'--- *-......,

2240

DNISLAQR-LEKHELIEFRRIAAYLFKGNNRWKQSVELC-KKDSLYKDAMQYASESKDTELAEELL-----
QWFL–QEEK

XXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXX-----
XXXX-XXXX

DNISLAQR-LEKHELIEFRRIAAYLFKGNNRWKQSVELC-KKDSLYKDAMQYASESKDTELAEELL-----QWFL–QEEK XXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXX-----XXXX-XXXX DNISLAQR-LEKHELIEFRRIAAYLFKGNNRWKQSVELC-KKDSLYKDAMQYASESKDTELAEELL-----QWFL–QEEK DNISLAQR-LEKHELIEFRRIAAYLFKGNNRWKQSVELC-KKDSLYKDAMQYASESKDTELAEELL–––––QWFL–QEEK DNISLAQR-LEKHELIEFRRIAAYLFKGNNRWKQSVELC-KKDRLYKDAMQYASESKDTELAEELL–––––QWFL–QENK DNISLAQS-LEKHELIEFRRIAAYLFKGNNRWKQSVELCKKDKLYKVDAMQYASESKDTELAEELL–––––
QWFL-EDDK

DNISLAQR-LEKHELIEFRRIAAYLFKGNNRWKQSVELC-KKDKLYKDAMQYASESKDIELAEELL–––––
SWFL–QEDK

DNISLAQQ-LEKHQLMEFRCIAAYLYKGNNWWAQSVELC-KKDHLYKDAMQHAAESRDAELAQKLL–––––
QWFL–EEGK

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-----
XXXX-XXXX

DTIGLAQR-LEKHDLIEFRRIAAYLYKGNNRWRQSVELC-KKDKLYKDAMLYAAESKDAELAENLL–––––QWFL–EEGR DTIALAQQRLEKHELIEFRRIAAYLYKGNNRWKQSVELC-KKDLLYKDAMTYAGESRDTELAEELL–––––EWFL–ERQR DNIALAQK-LEKHELTEFRRIAAYLYKGNNRWKQSVELC-KKDKLYKDAMEYAAESCKQDIAEELL–––––GWFL–ERDA DNIALAQK-LEKHELTEFRRIAAYLYKGNNRWKQSVELC-KKDRLFKDAMEYAAESHQGELAEELL-----GWFL–ERGA DNIALAQK-LEKHELTEFRRIAAYLYKGNNRWKQSVELC-KKDRLFKDAMEYAAFSHQGELAEELL-----GWFL–ERGA DNITLAQQ-LEKHPLVEFRRISAYLFKGNNRWKQSIELC-KKDKLYKDAMEYAAESPNGELAEELL-----
SFFL-DEKI,

DNISLAQQ-LEKHPLVEFRRISAYLFKGNNRWKQSIELC-KKDKLYKDAMEYAAESRNGELAEELL-----
SFFL–DEKL

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXMEYAAESRQPEIAEELL–––––
SIFL-ENKL DQIGLAQK-VEKHELLEFRRIAAYIYKKAGRWRQSVALS-KKDNLYKDAMETSSQSGDRELAEELL–––––VY

FV-EQGK

DQIGLAQK-IEKHELLEMRRVAASIYKKAGRWKQSIALS-KKDNLYKDAMETASQSGDRELAEELL–––––VY
FI-EQGK

XXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXX-----XXXX-XXXX XXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXX-----XXXX-XXXX XXXXXXXX-XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXL–––––
VYFI-FQGK

DQIGLAQK-IEKHELVEMRRVAAYIYKKAGRWKQSIALS-KKDNMYKDCMETASQSGEHELAEQLL–––––VY
FI-EQGK

DQIGLAQK–IEKHELLEMRRVAAYLYKKAGRWKQSIALS-KKDNLYKDAMETASQSGERELAEELL–––––
VYFI-DQGK

DQIGLAQK–IEKHELLEMRRVAAYIYKKAGRWKQSIALS-KKDNLYKDAMETASQSGERELAEELL–––––
WYFL–MQGK

DQIGLAQK-IETHELLEMRRVAAYIYKKAGRWKQSIELCHKKDTLYKDAMETVSQSGDRELVEELL–––––VY
FI-DQGK

DQIGLAQK–IEKHELLEMRRVAAYIYKKAGRWKQSIALS-KKDNLYKDCMETCSQSGERELSEELL–––––
VYFI-EQGK

DQIGLAQK-LEKHELLEMRRIAAYIYKKAGRWKQSIALS-KKDNMYKDCMETCSQSGDRELSEDLL-----VYFI-EQGK DQIGLAQK-LEKHELLEMRRIAAYIYKKAGRWKQSIALS-KKDNMYKDCMETCSQSGDRELSEDLL–––––VY
FI-EQGK

DQIGLAQK-LEKHELLEMRRIAAYIYKKAGRWKQSIALS-KKLNMYKDCMETCSQSGDRELSEDL,L-
—VYFI-EQGK

DQIGLAQK-LEKHELLEMRRIAAYIYKKAGRWKQSIALS-KKDNMYKDCMETCSQSGDRELSEDLL DQICLAQK-LEKHELLEMRRIAAYIYKKAGRWKQSIALS-KKDNMYKDCMETCSQSGDRELSEDLL GTIALAQK-LEKHELLEFRRIAAYLYKKNNRWAQSVELS-KKDKLYKDAIQSASDSKNPAIGEELL DAIALARR-LEKHSLLEFRRIAAYIYRKNKRWTQSIELS-KQDR
FYKDAIITARDSDQTTIAEDLM DQLGLASR-LESHKLIFFKKIGALLYRRNKKWAKSLSIL-KEEKLWKDAIETAAISQDPKVVEALL––––– DSVELSAR-LEKMELFEFRKIALFLHRRHKAFDHALAVA-KENKLFQFAIDTAVESADPKVVEELL NKTGLANR-LKVHEDVEFRKIAAYLYSSSDDYKSAIELC-KSEGFDDDAMEIAKKSKDEEKVTDLL DAHALLDNLVSEDQTDDMRKLAVGLYGRLNRYDEGIKFG-LQNWFYEDAAECAADSGQIEHCEALLRLVCSSQ

FPTPKIR
DYMKLCTL-LEEHPLARMREIGAKILSRHNHYSRASIIYMKNNN-YIKAIDCARLSKSTQLVHETINNLI–LKEE

DQLALAQT-LENHPRVEMRRYAXXXXXXXXXXXXXXXXX-XXXXXXXXXXXXXXXXXXXRICFDLF-----RFFLALLED DQAKLSAR-LEKHPMNDLRKLAVKILDKNSNYQQALSIC-QKEMLIDEAILVVYKSGNVALIEELL-----EFLL-SNNK NQTNLINK-LENHKLAFMRRIAALLYKKNKKFKEAINLS-KKEGQIKDAIDIARVSKNHLYVEDLI–––––NYFI-QIKN

DNISLAQRRLEKHDLIEFRRIAAYLYKGNNRWRQSVELCHKKDKLYKDAMQYAAESKDAELAENLLNLVCSSQWFLEEGK
DILAQLEKHELEFRRIAAYLYKRWKQS
LKKDLYKDAM
ASELEELL
F

2.



HosapiensCHC17
Ma
fascicularCHC17 BotaurusCHC17 Su_scrofaCHC17

Mu
musculusCHC17

Ra
norvegicusCHC17 GagallusCHC17 Da_rerioCHC17 Ta_rubripes.CHC17 HosapiensCHC22 GagallusCHC22

Ta
rubripes.CHC22

Ci
intestinalis
CHC Dr

melanogaster
CHC

Ae
aegyptii_CHC AngambiaeCHC Ca_elegansCHC Ca

briggsaeCHC BrmalayiCHC
Pi_taedaCHC

Ly
esculentumCHC Be

vulgarisCHC
Me
crystallinum
CHC

Go
arboretumCHC Ar

thalianaCHC
Me
truncatulaCHC

Lo_japonicus
CHC

Gl_max_CHC
PotremulaCHC HovulgareCHC

Tr
aestivumCHC SobicolorCHC OrsativaCHC ZemaysCHC

Di
discoideumCHC

ScpombeCHC

Sa
cerevisiaeCHC

Ca_albicansCHC As
fumigatusCHC

Pa
brasilensisCHC

Le
major_CHC

Trbrucei.CHC

En
histolyticaCHC Gi

intestinalis
CHC

Th
annulataCHC To

gondii_CHC
CrparvumCHC Pl_falciparum

CHC
Pl
yoelii_CHC ANCESTRALCHC

Consensus
Table4.3continued

(1563) (1537) (1563) (1590) (1562) (1563) (1563) (1572) (1563) (1563) (1563) (1560) (1567) (1564) (1564) (1564) (1565) (1566) (1566) (1576) (1576) (1576.) (1573) (1577) (1577) (1583) (1561) (1577) (1576.) (1574) (1576) (1567) (1573) (1978) (1964) (1558) (1569) (1563) (1566) (1570) (1577) (1580) (1549) (1801) (1636) (1628) (1682) (1885) (1871) (2157) (2241)
2241

RECFGACLFTCYDLLRPDVVLETAWRHNI-MDFAMPYFIQVM----KEYLTKVDKLDASESLR-------- XXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXX----XXXXXQVDKLDASESLR RECFGACLFTCYDLLRPDVVLETAWPHNI-MDFAMPYFIQVM----KEYLTKVDKLDASESLR——
XXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXX----XXXXXXXXXXXXXXXXXX RECFGACLFTCYDLLRPDVVLETAWRHNI-MDFAMPYFIQVM----KEYLTKVDKLDASESLR-------- RECFGACLFTCYDLLRPDVVLETAWRHNI-MDFAMPYFIQVM----KEYLTKVDKLDASESLR-------- KECFGACLFTCYDLLRPDVVLETAWRHNI-MDFAMPYFIQVM----KEYLTKVDKLDASESLR-------- KECFAACLFTCYDLLRPDVVLETAWRHNL-MDFSMPYFIQVM----REYLSKVDKLDASESLR-------- KECFAACLFSCYDLLRPDVVLETAWRHNI-MDFSMPYFIQVM----REYLSKVDKLESSESVR.-------- RECFAACLFTCYDLLRPDMVLELAWRHNL-VDLAMPYFIQVM----REYLSKVDKLDALESLR-------- XXCFAACLFTCYDLLHPDVVLELAWRHNI-MDFAMPYFIQVM----REYLTKVDNLDASESLR KECFAACLFASYDLLHPDVVLELAWRHNI-MDFAMPYFIQVM----REYLTKVDKLEEAESQR YECFSAGLYSCYDLLRPDVVLEQAWRHGI-SDYAMPYLIQVM----REYTIRVDKLETS

ENVR—

YDCFAACLYQCYDLLRPDVILELAWKHKI-VDFAMPYLIQVL----REYTTKVDKLELNEAJR-------- HDCFAACLFQCYDLLR---RHILSWRHNI-MDFAMPYLIQVT----REYTSKVDKLEVADAER––––––––
YDCFAACLF.CYDLLRPDVILELAWRHNI-MDFAMPYIIQVT----REYTSKVDKLEASDAER–––––––– YDCFAASLYHCYDLLHPDVIMELAWKHKI-MDYAMPYMIQVM----RDYQTRLEKLERSEHER

––––––––

YDCFAASLYHCYDLLHPDVIMELAWKHKI-MDYAMPYMIQVM----RDYQTRLEKLFRSEHER–––––––– HDCFAASLYQMYDLLHPDVILELAWKHKI-MDFAMPYMIQVM----RDYHSRVXXXXXXXXXX-------- KECFASCLFTCYDLIRPDVALELAWFNNM-IDFSFPYLLQFI––––REYTTKVDELVKDKLEN KECFATCLFVCYDLIRADVALELAWMNNM-IDFAFPYLLQFI––––REYTGKVDELIKDKIEA XXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXX----XXXXXXXXXXXXXXXXX—— XXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXX----XXXXXXXXXXXXXXXXX-------- KECFASCLFVCYDLIRADVALELAWINNM-IDFAFPYLLQFI––––REYTGKVDELIKDKIEA––––––– KECFATCLFVCYDLIRPDVALELAWINNM-IDFAFPYLLQFI––––REYSGKVDELIKDKLFA------- KECFASCLFVCYDLIRADVVLELAWMHNM-IDFAFPYLLQFI––––REYTGKVDELVKHKIES------- KECFASCLFVCYDLIFADIALELAWMHNM-IDFAFPYLLQV--------------------------------------- KECFASCLFVCYDLIRADIVLELAWMNNM-IDFAFPYLLQFI––––REYTGKVDELVKDKI
EA------

KECFAACLFVCYDLIRPDVALELAWMNNM-IDFAFPYLLQFI––––REYTSKVDELIKAKLFA KECFASCLFICYDLIRADVALELAWTNNM-LDFAFPYLLQFI––––REYTSKVDDLVKDRIES
KECFASCLFICYDLIRADVALELAWTNNM-LDFAFPYLLQFI––––REYTSKVDDLVKDRIES KECFASCLFICYDLIRPDVALELAWMNNM-LDFAFPYLLQFI––––REYTSKVDDLVKDKIES-------

KECFASCI,FICYDI,
IRADVALELAWMNNM-VDXCIPXXXXXX—
——

—XXXXXXXXXXXXXXXXX--------
KEC

FASCLFICYDLIRPDVALELAWMNNM-MDFAFPYLLQFI––––REYTSKVDDLVKDKIES------- NSAFAACLYTCYDFLKPDAVIELAWRNNI-LNYSFPYLIQYV----KEYTTKVDQLVDDFKAR––––– YECFAAILYTCYHLLRNDLVMEISWRKGL-QDYAYPYFINFO----CEMFSKVLNLEKDLKDR----- REGFVALLYAAYNLVRIEFVLEISWMNSL-EDY
I

KPFEISIK----KEQNDSIKKITEELAKK------- HECFVALLYTSYEFIANDYVMELSWLHNL-SNFIKPYEISIAFENQKKLNEVYQDLQKRKEAD
RECYVGMLYACYDLIRPDVILEMSWRHGL-HDFTMPYMINFL––––CEQTRTIEMLKKDNEER—— XXXXXXXXXXXXXXXXXXXXXXXXXXXXX-XXXXXXXXXXXX----XXXXXXXXXXXXXXXXX-------- –DSFVSCLYACYDYLSPDVVLEKAWLNNR-INIAMPYLIQAI----HDFTQRVSRLEKGANDG----- KEAFGNCLNVCYDYVPTEVALELGYKNKL-MDQTMPFMCKKM----KDTNDRIKKLEQAEKDR-----

QNAKKELGYKNK

KEVFAVILIRCGHCIRPDVVMELAWVNRM-TDYMMPYMISTL----QRYGSAVRTLAGSIAEA--------
R--------

LNYLLVALVINFHLLDLPMVLESVWLNNVNLDVIMPLII----------------------------------------- PAGFAACLYTCYPLVKPDVALELAWRHKC-MDYCMPFLI.Q.---------------------------------------- KENFVACLYTCYEFLRPDTVMEMAWKHNC-LDATMPFFIQSL----RDMTNTIDXXXXXXXXX KEAFCACLIVCYDLLKPDYILEIVWTSGF-KDQAMLYFIQII––––SDYTNQIEHMKKQIEDM KEALCACLIACYDILKPDYVLEIIWLSGF-KDHAMLYFIQII––––SDYTQQIETMKKQIEDI––––––– KECFAACLFTCYDLLRPDVVLELAWRHNI-MDFAMPYFIQVM----REYLTKVDKLEAAESLRQNAKKELGKQEE-----
ECFAACLFCYDLLRPDVLELAW
N
DFAMPYIQREYKVDLKE

g



HosapiensCHC17
Ma
fascicularCHC17 BotaurusCHC17 Su_scrofaCHC17

Mu
musculusCHC17 Ra_norvegicusCHC17 GagallusCHC17 Da

rerio_CHC17
Ta
rubripes.CHC17 HosapiensCHC22 GagallusCHC22 Ta_rubripesCHC22

Ci
intestinalis
CHC Dr

melanogaster
CHC

Ae
aegyptii_CHC

AngambiaeCHC Ca_elegansCHC Ca
briggsaeCHC BrmalayiCHC PitaedaCHC

Ly
esculentumCHC Be

vulgarisCHC
Me
Crystallinum
CHC

Go_arboretum
CHC Ar

thalianaCHC
Me
truncatulaCHC

Lo_japonicus
CHC

Glmax_CHC
PotremulaCHC HovulgareCHC Tr_aestivumCHC SobicolorCHC orsativaCHC ZemaysCHC

Di
discoideumCHC

ScpombeCHC

Sa
cerevisiaeCHC

Ca_albicansCHC As
fumigatusCHC

Pa
brasilensisCHC

LemajorCHC
Trbrucei.CHC En_histolytica

CHC
Gi

intestinalis_CHC Th
annulataCHC TogondiiCHC Cr_parvumCHC Pl_falciparum

CHC

Pl_yoelii_CHC ANCESTRALCHC

Consensus
Table4.3continued

(1625) (1599) (1625) (1653) (1624) (1625) (1625) (1634) (1625) (1625) (1625) (1622) (1629) (1626) (1623) (1626) (1627) (1628) (1628) (1640) (1640) (1638) (1635) (1641) (1641) (1647) (1601) (1641) (1640) (1638) (1640) (1631) (1635) (1642) (1629) (1623) (1632) (1630) (1628) (1632) (1648) (1644) (1619) (1860) (1675) (1667) (1744) (1948) (1934) (2227) (2321)
23212400

QATETQPIVYGQPQLMLTAGPSVAVPPQAP–––––––––––––––––FGYGYTA-PPYGQP–––––––––QPGFGYSM--
QATETQPIVYGQPQLMLTAGPSVAVPPQAP-----------------FGYGYT-APPYGQP---------QPGFGYSM-- QATETQPIVYGQPQLMLTAGPSVAVPPQAP–––––––––––––––––FGYGYTA-PAYGQP---------QPGFGYSM-- XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX---XXXXXXX-XXXXXX—

—

-XXXXXXXX—- QATETQPIVYGQPQLMLTAGPSVAVPPQAP–––FGYGYTA-PPYGQP–––QPGFGYSM-- QATETQPIVYGQPQLMLTAGPSVAVPPQAP––
–

FGYGYTA-PPYGQP–––QPGFGYSM--
QATETQPIVYGQPQLMLTAGPSVAVPPQAP-----------------FGYGYTA-PPYGQP---------QPGFGYSM-- QLTEAQPIVYGTPQLMLTAGPNVAVPPQQP-----------------

YGYGY
PTATGYTQP––––––––AQPGFGYGM-- QATETQPIVYGTPQLMLTAGPSVPVAPQQA-----------------YGYGYQA-PAGYTQP––––––APQPGFTYGM--

HVTEPAPLVFDFDGHE---------------------------------------------------------------- QVTEPTPIVFXXXXXX----------------------------------------------------------------
EVTEPQPMVFGR––– EQTENKPIVYG------------------- DSTEHKNIIQMEPQLMITAGPAMGIPPQYA-–ATVTAAGGRN-MGYPYL----

ENSEHKSIILPEPQLMLTAGPGMGMP-QYA-----------------PQYAGGYVP——AGP-NMS
–––––PYPGYGGM-- ESTEHKSI

IMPEPQLMLTAGPGIGMP-QYA-----------------PQYAGAYVP--PQP–NMP
–––––PYQYGGFN--

AEQQQNNGMTMEPQLMLTYGAPAPQMTYPG-----------------GQPGYNAPGEM-- AEQQQNNKMTMEPQLMLTYGAPAPQM---------------------
GY

PGAPA-GYGGQP----AYGQPGQPGFNAPGF XXXXXXXXXXXXXXXXXX—
———————————

—XXXXX-------------------------------------------- KEKEEKIMVAQQNMYAQ– KENEEKDVMKQQNMYAQ XXXXXXXXXXXXXX---- KEQEEKEVIAQQNMYAQLLPLALPAPPMPGMG-GGFAPPPPMGG--------LGMPP---------------MPPFGMPP KEKEEKDMVSQQNMYAQ–––––––––––––––––––––––––––– KDNEEKELVAQQNMYAQ--------------------------------------------------------------- KEQEEKDVVAQQNMYAQLLPLALPAPP--GMG-----GPPPMGGMGMPPMGGMGMPP--MGGMGMPPMGPGPMPAYGMPP KEKEEKDLVAQQNMYAQLLPLALPAPPMPGMG-----GPPPMGGMGMPPMGGMGMPP
–––

–––MGPGPMPAFGMPP
XXXXXXXXXXX--------------------------------------------------—
——————————————————

KEKEEKDLVAQQNMYAQ--------------------------------------------------------------- KEQQNIESSQYQPDLTNL------SYGYA-–ATGGMLALPPAVG---YQQQQQP-QQMYNPNQ-MMGGFQQNYNQYGGF ESASTIGAGILGNTLMLTQGPMANNNDQF-------
DSFQ–––––QASPMPRLGNF------------------------ EHKDGQPLMLMNSAMNVQPTGF---------------------------------------------------------- EPGVGQPLMNGP--------------------------------------------------------------------

XXXXXXXXXXXXXXXXXX
--

QDPRSVPLMIEQGGGMP---------------------------------------------------
---

SRRGGVPGYAGGNDPLMIQAGPAQPMGVPM-----------HNVNIHPQPGYGG----------VPGQ--GYAGGMGNPN LMDQTMPFMCKKMKDTNDRIKKLEQAEKDR---QNAKKEP------QLAQQDTP-FGMLALPA----APGMMPMQQPMGG --GMIPAQQAPQQH------------------------------------------------------------------
XXXXXXXXXXXXXXXXXX—
—————

-XXXXXXXXX---------------------------------------- MNKSAPNDYSAMNNQFN-YSLNN--––NLSIMPPQNNF------MSSN---------SFDKYDMFN MNKSAPNDYSANTISNQFTYSLNK-----------------NLSIMPPQNNY--IPNNSDFDKYDISYMTTCEFYFL EVTEPQPMVFGRDGHELTLLGYGLA-----LAGPSVAVPPQAP––YGYGYQA--------PPGYGQPAPQPGFGYGMFMY
E *..*- a\\ º*****...
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HosapiensCHC17
Ma
fascicularCHC17 BotaurusCHC17 Su_scrofaCHC17

Mu
musculusCHC17 Ra_norvegicusCHC17 GagallusCHC17 DarerioCHC17 Ta_rubripes.CHC17 HosapiensCHC22 GagallusCHC22

Ta
rubripesCHC22

Ci
intestinal
isCHC Dr.

melanogaster
CHC

Ae
aegyptii_CHC

AngambiaeCHC CaelegansCHC Ca
briggsaeCHC BrmalayiCHC

Pi_taedaCHC

Ly
esculentumCHC Be

vulgarisCHC
Me
Crystallinum
CHC

Go
arboretumCHC Ar

thalianaCHC
Me
truncatulaCHC

Lo_japonicus
CHC

Gl_max_CHC
PotremulaCHC HovulgareCHC

Tr
aestivumCHC SobicolorCHC OrsativaCHC ZemaysCHC

Di
discoideumCHC

ScpombeCHC

Sa
cerevisiaeCHC

Ca_albicansCHC As
fumigatusCHC

Pa
brasilensisCHC

LemajorCHC
Trbrucei.CHC

En
histolyticaCHC

Gi
intestinalis
CHC

Th
annulataCHC TogondiiCHC CrparvumCHC

Pl
falciparumCHC

PlyoeliiCHC ANCESTRALCHC

Consensus
Table4.3continued ***

º
,...•!.-

*--.1-****

(1676) (1650) (1676) (1708)
(1on5) (1676) (1676) (1687) (1679) (1641) (1641) (1634) (1640) (1679) (1675) (1678) (1682) (1682) (1651) (1657) (1657) (1652) (1651) (1658) (1702) (1664) (1601) (1691) (1657) (1655) (1711) (1696) (1646) (1659) (1695) (1667) (1654) (1642) (1628) (1650) (1665) (1701) (1685) (1872) (1675) (1667) (1771) (1994) (1992) (2292) (2401)

CFFYFPYLFALRK GGF---YLEALRK

-*

-
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BOTAURUSCLCA
HOSAPIENSCLCA

MU
MUSCULUSCLCA

RA
NORVEGICUSCLCA HOSAPIENSLCPS8

HOSAPIENSLCPS12 XELAEVISLCA
TA
RUBRIPESLCA

DARERIOLCA
HOSAPIENSLCB BOTAURUSLCB

RA
NORVEGICUSLCB MU

MUSCULUSLCB GAGALLUSLCB XELAEVISLCB
TA
RUBRIPESLCB

DARERIOLCB

CI
INTESTINALIS
LC AP

CALIFORNICA
LC DR

MELANOGASTER
LC

ANGAMBIAELC CAELEGANSLC
DI
DISCOIDEUM
LC AR

THALIANALC1 AR
THALIANALC2 AR

THALIANALC3
SCPOMBELC

SA
CEREVISIAE
LC

NECRASSALC ANCESTRALLCa ANCESTRALLCb

Consensus
(1) (1) (1) (1) (1) (1) (1) (1) (1)

180

-MAELDPFGVPAGG---PALGNGVAG--EEDPAAAFLAQQESEIAGIEND-----------EAFAILDG----------- -MAELDPFGAPAGAPGGPALGNGVAGAGEEDPAAAFLAQQESEIAGIEND-----------EAFAILDG----------- -MAELDPFGDPAGAPGGPALGNGVAGAGEEDPAAAFLAHEESEIAGIEND-----------
EAFAILDG--------

---

-MAELDPFGAPAGAPGGPALGNGVAGAGEEDPAAAFLAQQESEIAGIEND-----------EAFAILDG----------- -MAEQHPFGVPAGTPGDPVLGNGVAGASEEDPAAAFLALQESKTMGIKNNK----------VAFDILDG----------- -----------------------------------------------KND-----------EAFTILEG----------- —MAEFDVFGSV-----------GNGVSAEEDPAAAFLAQQESEIAGIEND-----------EGFSILDS----------- -MDDFDMLNAP--A-------TGNGVGVEEDPAAAFLAQQESEIAGIEND-----------EGFSILDS----------- –MDDFDMLSAPQGS-------AGNGVGADEDPAAAFLAQQESEIAGIEND-----------EGESILDS----------- MADDEGFFSSSE—
————————

SGAPEAAEEDPAAAFLAQQESEIAGIEND-----------EGFGAPAG----------- MADDFGFFSSSE—
————————

SGAPEAAEEDPAAAFLAQQESEIAGIEND-----------EGFGAPAG----------- MAEDFGFESSSE—
————————

SGAPEAAEEDPAAAFLAQQESEIAGIEND-----------SGEGAPAA----------- MAEDFGFFSSSE—
————————

SGAPEAAEEDPAAAFLAQQESEIAGIEND-----------PGFGAPAA----------- MADDFGFESSSE—
————————

G---AGAEEDPAAAFLAQQESEIAGIEND-----------EGFGPTDG----------- MSDDFGFFETVA—
————————

AG---ETEEDPAAAFLAQQESEIAGIEND-----------EGFGVV2G----------- –MADNGA------------------HVAEEDPAAAELAQQESEIAGIEND----------GEGFDALDG----------- MADLFDGDFMEPA.----AAPTTDTSAAVEEDPAAAFLAQQQDEIAGQEQM-----------DPSQAYAA----------- —MADFDAFETAP--------------SGEVDPAADFLAREQSELAGLEDD------------
NFAAADS——
—————————

––MDFGDDFAAK---------------EDVDPAAEFLAREQSALGDLEAEIT––––––––––GGSASAP----------- —MNAFGDNFEQQ---------------SEVDPAAEFLAREQNALAGLEDEIPPVAAG----AGTSANGSVN--------- ----------------------------MSDPVADFLAREQNLFADFDGAPPAAAAANPDAPEADAPAPALDDDFGDLQI MSDPFGE--------------------ENVEITEEFVEGDINENDLIDGN-----------
VEYVDGNG—
——————————

—MSAFEDDSFVI—
————————

LNDDASESVPVSGSFDA-TD-SFSAFDGSLQ---------------------------- --MAATEETSRL--------------TSLGFCSQRFDSSFS-NFDSQPE------------------------------- –MATFDDGDFPA-------------QTHSPSEHEDFGG-YD-NFSEAQQPPTQHQS-----GGFSSFNG----------- –MSQFPALEDFDDG-------LVTAPVDDSKNNTDFLEREKLALGEDAGQFETP-------EDKDALLN----------- MSEKFPPLEDQN---------IDFTPNDKKDDDTDFLKREAEILGDE
FKT
–––––––––––EQDDILET----------- MADRFPSLEEFDSG-----AQTEIKEGSGSPSASNFLEREKALLGDDANQFAT-----VEDAGFDDDNDLLG-------- MMDDFDMFSAPAGAPGGPALGAGNGVAAEEDPAAAFLAQQESEIAGIENDIPPVAAGNPDGEGFSILDSVLDDDFGDLQI MMDDFGAFSSPAGAPGGPALGAGNGVAAEEDPAAAFLAQQESEIAGIENDIPPVAAGNPDGEGFSALDGVLDDDFGDLQI

FFG

EEDPAAAFLAQQESEIAGIEND
EGF

Table4.4:Alignment
of
ClathrinLightChainSequencesandSequenceFragments

º

-

-----

-

-º|-----*—--------

ºsºººsººs&■m>→~***
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BOTAURUSCLCA
HO

SAPIENSCLCA
MU
MUSCULUSCLCA

RA
NORVEGICUSCLCA HOSAPIENSLCPS8

HOSAPIENSLCPS12 XELAEVIS
TA
RUBRIPES DARERIO

HOSAPIENS BOTAURUS
RA
NORVEGICUS MU

MUSCULUS GAGALLUS XELAEVIS
TA
RUBRIPES DARERIO

CI
INTESTINALIS

AP
CALIFORNICA

DR
MELANOGASTER ANGAMBIAE CAELEGANS

DI
DISCOIDEUM

LCA LCA LCA LCB LCB LCB LCB LCB LCB LCB LCB LC LC LC LC LC LC

AR
THALIANALC1 AR

THALIANALC2 AR
THALIANALC3

SCPOMBE
SA
CEREVISIAE NECRASSA

LC LC LC

ANCESTRALLCa ANCESTRALLCb

Consensus
Table4.4continued

81160
(53)-------
GA-PGSQPHGEPPGI-PDAVDGVTNGDYYQ-ESN----------GPTDSYAAISQ--—VDRL-QSEPESIRKW

(58)-------
GA-PGPQPHGEPPGG-PDAVDGVMNGEYYQ-ESN----------GPTDSYAAISQ---VDRL-QSEPESIRKW

(58)-------
GA-PG-RATRRAGGG-PDAVDGVMNGEYYQ-ESN----------GPTDSYAAISE---VDRL-QSEPESIRKW

(58)-------
GA-PGPQAHGEPPGG-PDAVDGVMNGEYYQ-ESN----------GPTDSYAAISE---VDRL-QSEPESIRKW

(59)-------
VT-PRPQPQGEQLGX-PDAVDGVMXGDYYQ-ESN----------GPRDNYAAISQ---VDRF-PSXPENICRC

(12)–––––––GA-PRPQAHGKL-----DAVDGVMNGKYYQ-ESN----------SPTDSCAAISQ--—VDRL-QSEPESIRKW
(47)–––––––
GE-LPVSLQT----G-DGATDTVMNGDFYQ-EAN----------GPTDGYAAISH---ADRL-RAEPESIRKW (49)-------GD–VPSSLT--------DSNGGCN---LP--ESN----------GPSDAYAAISN---ADRL-QAEPESLRKW

(51)-------GD–VPSSLSQ-------DQDGGAMNGDLHG-ESN----------GPSDVYAAISS———VDRL-QAEPESLRKW
(50)–––––––
SH-AAPAQPGPTSGAGSEDMGTTVNGDVFQ-EAN----------GPADGYAAIAQ–––ADRL-TQEPESIRKW

(50)-------
SQ-GGLAQPGPASGA-SEDMGATVNGDVFQ-EAN----------GPADGYAAIAQ–––ADRL-TQEPESIRKW

(50)-------
SQ-VASAQPGLASGGGSEDMGTTVNGDVFQ-EAN----------GPADGYAAIAQ---ADRL-TQEPESIRKW

(50)–––––––
SQ-VASAQPGLASGAGSEDMSTTVNGDVFQKESN----------GPTDSYAAISE---VDRL-QSEPESIRKW

(47)-----

DSAS-APAGQAAPPETAGFQNGGATVNGDVFQ-ESN----------GPTDAYAAIAK---ADRL-TQEPESIRKW
(47)--------
D-SPVEEAEMVDFN--DFGTIPMNGELYQ-ETS----------DYTDGYSAIAQ–––ADRL-TQEPESLRKW

(41)-------AD-GQPQSAN---------YGKLSRLTSDY-ESN----------GPTDGYAAIAQ–––ADVQ-RQEPESLRKW
(1)

--------------------------------------
DTN—
—————————

GMTDSYSAIAQ–––VDIQ-RQEPESLRKW (55)-------

IA-VADAR--------------------------------------------------
LEEL-RTEPEKIRVW (43)----------

QPEAAQGFDAFGSAEGTDAPSGDQQTN--------------GPSSMYEAISQ---HDTL-RAEPEKIKIW
(43)-------
PAASTDEGLGELLGGTASEGDLLSAGGTGGLESSTGSFEVIG--GESNEPVGISG----PPPSREEPEKIRKW

(52)-------

GDPVPKAESTGLENELNGSFEMISNADAQDPPTTTTGDNNLNTEDDNDDFAGFT----VPKQVTEEPEKIRKW
(53)

AGDEP--PPVVHPTDSGVDLDGLVDDNAAAPAIVVPAVEPMVNG----NHSASSGGSKGPSPIL--STVPRIEAEKIRLW
(39)----------ISFETTTFDNSNNNNNNNNHNNNSYNS––––––––––––––GFDGDLSSVDG----DMKPKETAPAMREY

(41)--------
VEDSVDDVFAAPSSDYGAYSNGDGIFGSN--------------GDHDGPILPPP----SEMESDEGEALREW (33)-----------KESDLPCGDSSPRPETQSPPSINSFD---------------

DTNDS
ILPPP----SAMEKEEGFALREW

(49)--------
DPASPNGYGFGASSPNHDFSSPFESSVNDANGNGGG------SGGDAIFASDGPILPDPNEMREEGFQRREW

(55)-------
FENDSEAEQTRFEQNFPPIDAEMQASGTFS--------------APKAPYMGQAEVH-PPEDESGDPEPVRKW

(50)-----

EASPAKDDDEIRDFEEQFPDINSANGAVSSDQNGSATVSSGNDNGEADDDFSTFEGANQSTESVKEDRSEVVDQW
(63)-------

GGLDSSAGAGAGLETSAAFESQFPDLSAGN-ESVAPGG---TITGAGPSVTYNSGYAPYAQE-EQEPEVIREW
(81)

AGDEPDSGDVVPPSLQGEPPGGGDDANGGVMNGDLYQKESNTGGDNNLNTEGPTDGYAAISQYFTVDRLPQAEPESIRKW
(81)

AGDEPDSADVVPPAQAGPPDGGGSDDGGAPMNGDLYQKESNTGGDNNLNTEGPTDGYAAIAQYLTVDRLPRQEPESIRKW
(81)NGQENGPTDYAAIDRLEPESIRKW

lsº



BOTAURUSCLCA
HOSAPIENSCLCA

MU
MUSCULUSCLCA

RA
NORVEGICUSCLCA HOSAPIENSLCPS8

HOSAPIENSLCPS12 XELAEVISLCA
TA
RUBRIPESLCA

DARERIOLCA
HOSAPIENSLCB BOTAURUSLCB

RA
NORVEGICUSLCB MU

MUSCULUSLCB GAGALLUSLCB XELAEVISLCB
TA
RUBRIPESLCB

DARERIOLCB

CI
INTESTINALIS
LC AP

CALIFORNICA
LC DR

MELANOGASTER
LC

ANGAMBIAELC CAELEGANSLC
DI
DISCOIDEUM
LC AR

THALIANALC1 AR
THALIANALC2 AR

THALIANALC3 SA
CEREVISIAE
LC

SCPOMBELC NECRASSALC ANCESTRALLCa ANCESTRALLCb

Consensus
Table4.4continued

16124O

REEQT-ERLEALDANSRKQEAEWKEKAIKELDEWYARQDEQLQKTKANNRVADEAFYKQPFADVIGYVTNINHPCYSLEQ REEQM-ERLEALDANSRKQEAEWKEKAIKELEEWYARQDEQLQKTKANNRVADEAFYKQPFADVIGYvTNINHPCYSLEQ REEQT-ERLEALDANSRKQEAEWKEKAIKELEEWYARQDEqLQKTKANNRAAEEAFYKQPFADVIGYv------------ REEQT-ERLEALDANSRKQEAEWKEKAvKELEEWYARQDEQLQKTKASNRVADEAFYKQPFADVIGYvTNINHPCYSLEQ KEEKM-ECLAALAAYSPKQEAEWKEKAINELEEWRARQDEQLQKRKANYR------------------------------ REEQT-ERLEALDANSQKQEAEWKEKAIKELEVXYVRXDEQLQKTKANRA------------------------------ REEQR-SRLEMLDANSKKQESEWKEKASKELEEWYTRQDELLQKAKANNR------------------------------ REEgo-DRLEVLDKNSRKQEAEWKEKARVELEEWNARQNEQLEKTKTNNRVLDEDFYKQPFSELIGYvºvaPTNILPPss REEQR-DRLEELDANSRKQEAEWKEKAKLELEEWHTRQNEQLEKTKVNNR------------------------------ REEQR-KRLQELDAASKVTEQEWREKAKKDLEEWNQRQSEQVEKNKINNRIADKAFYQQPDADIIGY------------
V

REEQR-KRLQELDAASKVMEQEWREKAKKDLEEWNQRQSEQWEKNKINNRIADKAFYQQPDADIIGY------------
V

REEQK-KRLQELDAASKVTEQEWREKAKKDLEEWNQRQSEQWEKNKINNRIADKAFYQQPDADTIGY------------
V

REEQQRKRLQELDAASKVTEQEWREKAKKDLEEWNQRQSEQWEKNKINNR------------------------------ REEQK-KRLEELDAASKVTEQEWREKAKKDLEEWNLRQNEQMEKNRANNR------------------------------ REEQK-KRLEELDAASKVTEQEWREKAKKDLDEWYQRQSEQTEKNKVSNR------------------------------ REEQK-QRLEELDLASKAKEEEWREKAKKELEDWHVHQSEQMEKNKANNRIADKAFYKQPssDVIG------------
LV

REEQK-TRLEELDSASKAAEAVWREKAKKELEDWHIHQTEQMEKNKVNNRIADKAFYKQPNSDVIG------------
FV

REENK--LLAEKDRESERKQQEWLAQARKELEDWDRNRLEQVEKTKESNRPFVQIGYTVNFYHACYSPNFT--------- REEQK-ARLEKKDSEEDKKKLELKEVAKKELDDWYKHHTEQLEKTKENNR------------------------------ REEQK-QRLEEKDIEEERKKEELRQQSKKELDDWLRQIGESISKTKLASR------------------------------ REDOK-ARLEEKDREEERKKDELREQARKELEDWYKHHEETISKTKSANR------------------------------ KAQQE-QLLSKKDEAEEKKKIELRANAKKELEEWYKQREKTLQLSHDENLK--------------------------
NEK

LEKHE-KEMQEKKKKSEEKRQRKIAEAKQSLDNFYSEREAKKKTALKNNR------------------------------ R-RQNAIQLEEKEKREKELLKQIIEEADQYKEEFHKKIEVTCENNKAANR------------------------------ RRLNA-LRLEEKEKEEKEMVQQILEAAEQYKAEFYSKRNVTIENNKKLNR------------------------------ RRLNT-IHLEEKEKKEKEMRNQIITEAEDFKKAFYEKRDKTIETNKTDNR------------------------------ KQRRA-VEIHEKDLKDEELKKELQDEAIKHIDDFYDSYNKKKEQQLEDAA-----------------------------
K

KEDQM-KRIQERDESSKKLRESNIEKARKAIDDEYENFNDKRDKVIAKSR-----------------------------
K

REKRD-AKLAKRAEQFAAQRAETIAEAQKNIDEFYENYNNKKEKAIGQTR-----------------------------
K

REEQRRDRLEELDANSKKQEAEWKEKAKKELEEWYARQNEQLEKTKVNNRVADEAFYKQPFSDVIGYVYNANHPILPPEQ REEQKRQRLEELDAASKAKEQEWREKAKKELEEWYQRQSEQMEKNKVNNRIADKAFYKQPFSDVIGYVYNAPHPILPPEV
REEQRLEELDASKEEW
EKAKKELEEWY
RQEQEKKNNR

-

-"ººn--"

L
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BOTAURUSCLCA
HOSAPIENSCLCA

MU
MUSCULUSCLCA

RA
NORVEGICUSCLCA HOSAPIENSLCPS8

HOSAPIENSLCPS12 XELAEVISLCA
TA
RUBRIPESLCA

DARERIOLCA
HOSAPIENSLCB BOTAURUSLCB

RA
NORVEGICUSLCB MU

MUSCULUSLCB GAGALLUSLCB XELAEVISLCB
TA
RUBRIPESLCB

DARERIOLCB

CI
INTESTINALIS
LC AP

CALIFORNICA
LC DR

MELANOGASTER
LC

ANGAMBIAELC CAELEGANSLC
DI
DISCOIDEUM
LC AR

THALIANALC1 AR
THALIANALC2 AR

THALIANALC3
SCPOMBELC

SA
CEREVISIAE
LC

NECRASSALC ANCESTRALLCa ANCESTRALLCp

Consensus
Table4.4continued
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AAEEAFVNDIEES---SPGTEWERVARLCDFNPKSS------KQAKDVS--------------------RMRSVLISLKQ AAEEAFVNDIDES---SPGTEWERVARLCDFNPKSS------KQAKDVS--------------------RMRSVLISLKQ AAEEAFVNDIDES---SPGTEWERVAPLCDFNPKSS------KQAKDVS--------------------RMRSVLISLKQ
AAEEAFVNDIDES---SPGTEWERVARLCDENPKSS------KQAKDVS--------------------RMRSVLISLKQ

—A-EDFVNDIDES---SPCTGWXQVARLFDCNPKXS------KQGKEWS--------------------CMHSVLNSLKQ
—AEEAFVNDIDQF---FPGTEWESVAWLCNFNPKSR------RQAKDIS--------------------QRCSVLISLKQ AAEEAFVSDVEET---SPGTEWERVARLCDFNPKSS------KQAKDVS--------------------RMRSVLISLKQ

AAEEAMISDLDDN---NPGTEWERVARLCDENPKSS------KQAKDVS--------------------RMRSVLISLKQ
AAEEAMVSELDEN---SPGTEWERVARLCDFNPKSS------KQAKDVS--------------------RMRSVLISLKQ

ASEEAFVKESKEE---TPGTEWEKVAQLCDFNPKSS------KQCKDVS--------------------RLRSVLMSLKQ
ASEEAFVKESKEE---TPGTEWEKVAQLCDFNPKSS------KQCKDVS--------------------RLRSVLMSLKQ

ASEEAFVKESKEE---TPGTEWEKVAQLCDFNPKSS------KQCKDVS--------------------RLRSVLMSLKQ
ASEEAFVKESKEE---TPGTEWEKVAQLCDFNPKSS------KQCKDVS--------------------RLRSVLMSLKQ

ASEEAFLKESKEE---TPGSEWEKVAQLCDFNPKSS------KQSKDVS--------------------RMRSVLISLKQ ASDEALAVDTKEE---ETGTEWERVARLCDFN
PKSS——
————

KQSKDVS––––––––––––––––––––RL---------
SSEEAFLAETDDS———CPGSEWERVARLCDFNPKTS------KQAKDVS--------------------RMRSVLISLKQ ASEEAFLKECEDD–––SPGTEWEKVARLCDFNPKTS------RQTKDVS--------------------GMRSVLISLKQ

—AEEQFLKDRDQ----AAPSEWERVSKLCEFNPKST------KSTKDVT--------------------RMRSTLLHLKQ AAEDAFVKERDEK---VSGQAWEKITRLCEFNPKNS------KTTKDVG--------------------RFRGILLQLKQ
NAEKQAATLENGT--IEPGTEWERIAKLCDFNPKVN------KAGKDVS--------------------RMRSIYLHLKQ

NAEKQFVAETDEI---EPGTEWERIAKLCDFNPKTN------KSNKDIS--------------------RMRSIILQLKQ SNQELFAKQQDG------DAQWETVNKLVDQ--QKS------KSGKDLS--------------------RLKTLLAGLKH
DHNKSLETDSTSG---NTTHTWESVVSMIDLQAKPN------PANKDTS--------------------RMREILIRLKN

EKEKLYLENQEKFYAESSKNYWKAIAELVPKEVPTIEKRRGKKEQQDPKK-PTVSVIQGPKPGKPTDLTRMRQILVKLKH --EKE--KNQEKFYAEADKNNWKAIAELIPREVPVIEN----RGNKKKTATITVIQ--GPKPGKPTDLSRMRQVLTKLKH EKEKLYWANQEKFHKEVDKHYWKAIAELIPREVPNIEK---KRGKKDPDKKPSVNVIQGPKPGKPTDLGRMRQIFLKLKT EQEKLLEENESK--S-TGTTSWERILKLIDLSDKPE------AHGRSTE--------------------
RFRELLISLAK

EAEAFLKKR-DEFFG-QDNTTWDRALQLINQDDADI------IGGRDRS--------------------KLKEILLRLKG EAEE

FLAS--REDTT-SGGTSWERIAKLVDVSGKGA------KGGAAGSG-----------------KERFRELLISLKK
AAEEAFVSEIDESYAISPGTEWERVARLCDFNPKSSEKRRGKKQAKDVSKKPAVAVIQGPKPGKPADLERMRSVLISLKQ ASEEAFVKETDESYAISPGTEWERVARLCDFNPKSSEKRRGKKQAKDVSKKPAVAVIQGPKPGKPADLERMRSVLISLKQ

AAEEAF
E
PGTEWEVALCDFNPK
SKQKDVSRMRSVLSLKQ

F



32100

50TAURUSCLCA(239).
APLWH---------------------------------------------------------------------------

H0SAPIENSCLCA(244)

APIVH---------------------------------------------------------------------------
MU
MUSCULUSCLCA(231)

APLVH---------------------------------------------------------------------------
RA
NORVEGICUSCLCA(244.)

APLVH---------------------------------------------------------------------------
HOSAPIENSLCPS8(213)

XPLVHX--------------------------------------------------------------------------
HOSAPIENSLCPS12(163)

APLVHX--------------------------------------------------------------------------
XELAEVISLCA(94.)

APLVH---------------------------------------------------------------------------
TA
RUBRIPESLCA(224)

SPLVRX--------------------------------------------------------------------------
DARERIOLCA(201)

APLVR---------------------------------------------------------------------------
HOSAPIENSLCB(225)

TPLSR---------------------------------------------------------------------------
BOTAURUSLCB(224)

TPLSR---------------------------------------------------------------------------
RA
NORVEGICUSLCB(225)

TPLSR---------------------------------------------------------------------------
MU
MUSCULUSLCB(209)

TPLSR---------------------------------------------------------------------------
GAGALLUSLCB(206)

TPLSR---------------------------------------------------------------------------
XELAEVISLCB(161)

--------------------------------------------------------------------------------
TA
RUBRIPESLCB(207)

TPLVR---------------------------------------------------------------------------
DARERIOLCB(147)

TPLLR---------------------------------------------------------------------------
CI
INTESTINALIS
LC(194)

NP------------------------------------------------------------------------------
AP
CALIFORNICA
LC(195)

TPLVR---------------------------------------------------------------------------
DR
MELANOGASTER
LC(211)

NPIQVQKST-----------------------------------------------------------------------
ANGAMBIAELC(221)

NPLQATKKV-----------------------------------------------------------------------
CAELEGANSLC(224).

AGK-----------------------------------------------------------------------------
DI
DISCOIDEUM
LC(191)

QPIV----------------------------------------------------------------------------
AR
THALIANALC1(223)

NPPSHLKLTSQPPSEEAAAPPKNVPETKPTEAVTAA--------------------------------------------
AR
THALIANALC2(202)

NPPTHMKPKLPSPSGADPNVSVSEQVTVTEKL------------------------------------------------
AR
THALIANALC3(241).

NPPPHMMP--PPPPAKDAKDGKDAKDGKDAKTGKDGKDAKGGKDAKDLKDGKPADPKVTEEKRPS
PAKDASVETAKPDAA SCPOMBELC(214)

DSNAPGAAGTTVSSSS----------------------------------------------------------------
SA
CEREVISIAE
LC(227).

NAKAPGA.-------------------------------------------------------------------------
NECRASSALC(235)

DEKAPGASGI----------------------------------------------------------------------
ANCESTRALLCa(321)

APLVRTKSTIPPPSAEDAKAAKDAKEAKAAKAAKAAKDAKGGKDAKDLKDGKPADPKAAEEKRPS
PAKDASAEAAKPDAA ANCESTRALLCb(321)

TPLVRTKSTIPPPSAEDAKAAKDAKEAKAAKAAKAAKDAKGGKDAKDLKDGKPADPKAAEEKRPS
PAKDASAEAAKPDAA Consensus(321)PL

Table4.4continued
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BOTAURUSCLCA
HOSAPIENS
C MU

MUSCULUS
C

RA
NORVEGICUS
C

HOSAPIENSLC HOSAPIENSLCP
XELAEVIS

TA
RUBRIPES DARERIO

HOSAPIENS BOTAURUS
RA
NORVEGICUS MU

MUSCULUS GAGALLUS XELAEVIS
TA
RUBRIPES DARERIO

CI
INTESTINALIS

APCALIFORNICA
DR
MELANOGASTER ANGAMBIAE CAELEGANS

DI
DISCOIDEUM AR

THALIANA
AR
THALIANA

AR
THALIANA SCPOMBE

SA
CEREVISIAE NECRASSA ANCESTRAL ANCESTRAL Consen

Table4.4continued

LCA LCA LCA PS8 S12 LCA LCA LCA LCB LCB LCB LCB LCB LCB LCB LCB LC LC LC LC LC LC LC1 LC2 LC3 LC LC LC LCa LCb SuS

(245) (401) (401) (401)

ASGEGEKPAAAAEAEGAKAE ASGEGEKPAAAAEAEGAKAE
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Common NCBI DNA Accession NCBI Protein Kingdom Class Genus Species Ref
name A i

Human G1705916 Q00610 Metazoa Mam Homo sapiens (Dodge et
CHC17 al., 1991.

malia Nomura et
al., 1994)

Macaque AB050403
-

Metazoa Mammalia Macaca fascicularis (Osada et
CHC17 al., 2001)

Cow CHC17 G1705915 P4.4951 Metazoa Mammalia Bovine taurus (Liu et al.,
1995)

Pig CHC17 Ensembl: F14522
-

Metazoa Mammalia Sus scrofa (Wintero et
al., 1996)

Mouse CHC17 Embl: AL5922229
-

Metazoa Mammalia Mus musculus (Waterston
NCBI contig NT_031414 et al., 2002)
and NW 000039

Rat CHC17 G1 16514 P11442 Metazoa Mammalia Rattus norvegicus (Kirchhause
n et al.,
1987a; ter
Haar et al.,
1998)

Chicken GGA427.965 CAD2O886 Metazoa Aves Gallus gallus (Wettey et
CHC17 al., 2000)
Zebrafish BM777438 Metazoa Actinopterygii Danio re■ to (Sprague et
CHC17 BO284965 al., 2001)

AW421.256
A1558722
BG307402
BO284322

Sanger supercontig |z06SO13284
Japanese FRUP00000157850 - Metazoa Actinopterygii | Tak■ ugu Trubripes (Aparicio et
Pufferfish Scaffold 621 v 3 | al., 2002,
CHC17 Elgar et al.,

1999)
Human G2506298 P53675 Metazoa Mammalia Homo sapiens (Kedra et
CHC22 al., 1996,

Long et al.
1996
Sirotkin et
al., 1996)

Chicken 603984283F1
-

Metazoa Aves Gallus gallus (Boardman
CHC22 603485646F1 et al., 2002)

603788828F1
603747580F1
047368 1
021350 1

Japanese FRUPOOOOO149307
-

Metazoa Actinopterygii Takifugu rubripes (Aparicio et
Pufferfish Scaffold 385 | al., 2002,
CHC22 Elgar et al.,

1999)
Sea Squirt CIO 100.133226 - Metazoa Phlebobranchia Clona intenstinalis | (Dehal et al.,
CHC 2002) -
Fruit Fly CHC NM_0576942 NP_477042 Metazoa Insecta Drosophila melanogaster (Adams et

I al. 2000)
Mosquito CHC AYOO9101 AAK12626 Metazoa Insecta Aedes aegyptil (Kokoza et

al., 1997)
African AAAB010O8859.1 EEA08110 Metazoa Insecta Anopheles gambiae (Celera,
malaria | 2002)
mosquito CHC l

Roundworm NM_066859.1 NP_499260 Metazoa Secermentea Caenorhabditis elegans (Gonczy et
CHC al., 2000)
Roundworm ACO84685 1 Metazoa Secermentea Caenorhabditis briggsae (Harris et

CHC ENSCBRP0000000804 | al., 2003)1

Elephantiasis TIGR 6279 Metazoa Secermentea Brugia malayi (Williams et
CHC 194346 189088 al., 2000)

214282 189086
194672 201727

Loblolly pine AWO10935 Viridiplanta Pinaceae Pinus taeda (Whetten et
CHC e al., 2001)
Tomato CHC BG127598 Viridiplanta Solanaceae Lycopersicon esculentum (Quackenbu

e sh et al.,
2000)

Sugar beet BIO96310 Viridiplanta Chenopodiaceae Beta vulgaris (de los
CHC BO4894.21 e Reyes et al.,

BO5941.59 2001)
Iceplant CHC BE037308 Viridiplanta Aizoaceae Mesembryanthe crystallinum (Bohnert et

murn al., 2000)

Table 4.5: Databank Accession Codes for Clat

Sequences Used in Alignment

hrin Heavy Chain
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Tree cotton Al?31 103 Viridiplantae Malvoideae Gossypium artoreum (Blewitt et al.,
CHC BG443262 1999)

CA991.331
Thale cress NM_111688.1 NP_187466 Viridiplantae Brassicaceae Arabidopsis thaliana ((AGI), 2000,
CHC NM_111950.1 NP_187724 Theologis et

ACO12562.5 AAG51341 al., 2000)
AYO94397

Barrel medic BO 140972 Viridiplantae Papillonoideae Medicago truncatula (Bell et al.,
CHC B1265.895 2001)

MTtuc02-12-15.1 1958
MTtuc02-12-15.9453
AW6891.78
CA99.1331
AG137552
BH739319

Japanese APOO4467 Viridiplantae Papillonoideae Lotus japonicus (Sato et al
Lotus Flower 2001)
CHC
Soybean CHC G7441347 T06779 Viridiplantae Papillonoideae Glycine finax (Blackbournet

al., 1996)
European BU894962 Viridiplantae Salicaceae Populus tremula (Sterky et al.,
aspen CHC BU810505 1998)

BU895942
Wild barley CAO30159 Viridiplantae Pooideae Hordeum vulgare (Matthews et
CHC CA022613 al., 2003)

Hvtuc02-11-10.12031
HVtuc02-11-1087.17
BU994164

Bread wheat CA7267.48 Viridiplantae Pooideae Triticum aestryum (Matthews et
CHC CA734056 al., 2003)

BE515318
BJ316154
BQ905469
TAtuc-02-12-22.22669
TAtuc-O2-12-22 11721
TAtuc-O2-12-22.9539

Broomcorn SBtuc-02-10-21.5120 Viridiplantae Panicoideae Sorghum biocolo (Mullet et al.,
CHC 2002)
Rice CHC CA756890 Viridiplantae Ehrhartoideae Oryza Sativa (Bohnert et

CA757329 al., 2000, Yu
D22409 et al., 2002)
Bx000501
BX000491
OStuc-02-10-21,5570

Corn CHC AY103752
-

Viridiplantae Panicoideae Zea mays (Coe et al
AWO53034 2002)
BM318825
BH882780
BZ413705
CA399753
BZ405349
PCO(1925.20

-

Slime mold 167687 P25870 Mycetozoa Dictyostelium Dictyostelium discoideum (O'Halloran
CHC and

Anderson,
1992)

Fission Yeast NC_003424 1 NP_594148 Fungi Taphrinomycetes Schizosaccharom pombe (Wood et al.,
CHC yces 2002)
Baker's Yeast G116515 P221.37 Fungi Endomycetes Saccharomyces cerevisiae (Feuermann
CHC et al., 1997:

Lemmon et
al., 1991)

Thrush CHC Contigö 2026
-

Fungi Endomycetes Candida | albicans (Tait et al.,
SDSTC 5476 1997)

Beano CHC TIGR_5085 735
-

Fungi Plectomycetes Aspergillus fumigatus (Denning et
al., 2002)

Fungus CHC AF441250.1 AAL35337 Fungi Eurotiomycetes Paracoccoidioide brasilensis (Felipe et al.,
s 2003)

Leishmaniasis Sanger_5664 Euglenozoa Trypanosomatida Leishmania major (Myler et al.,
CHC LM36. 1 contigZ e 2001)
Sleeping TBR78858 CAC51440 Euglenozoa Trypanosomatida Trypanosoma brucei (Morgan et al.
sickness CHC e 2001)
Amoebic Ehistolyt_ENTFz89TF

-
Entamoebid Entamoeba Entamoeba histolytica (Clark et al.,

dysentery TIGR 5759 ae 2003)
CHC
Giardia CHC AY125725 1 AAM83403 Diplomonadi Hexamitidae Giardia intestinalis (Marti and

dae Hehl, 2002)
Protozoan Sanger_5874 Alveolata Theileriidae Thelleria annulata (Tait and Hall,
parasite CHC Contig1542, contig3 2003)
Toxoplasma TIGR 5811

-
Alveolata Elmeriida Toxoplasma gondii (Kissinger et

CHC contig 33126 al., 2003)
Parasite CHC CVMUMN_5807

- Alveolata Eimeriida Crytosporidium panyum (Strong and
cparvum Contig1711 Nelson, 2000)

Malaria CHC AAN36274.1 NP_70.15501 Alveolata Plasmodium Plasmodium falcipa■ um (Gardner et
al., 2002)

Rodent AABLO 1000504 EAA21246 1 Alveolata Plasmodium Plasmodium yoeli yoeli (Carlton et al.,
malaria CHC 2002)
Table 4.5 continued
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Common NCBI DNA Accession NCBI Protein Kingdom Class Genus Species Ref
name Accession
Human M20471 PO9496 Mammalia Homo sapiens (Jackson and
CLCA Parham, 1988)

etazoa

Human NT_015280 Metazoa Mammalia Homo sapiens (Lander et al., 2001)
LCps8
pseudogen
e

Human NT_024397 Metazoa Mammalia Homo sapiens (Lander et al., 2001)
LCps 12
pseudogen
e

Cow CLCA X04849 PO4973 Metazoa Mammalia Bovine taurus (Brodsky et al., 1987.
Jackson et al., 1987)

Rat CLCA M19260 P08081 Metazoa Mammalia Rattus norvegicus (Kirchhausen et al.,
1987b)

Mouse U91848 O08585 Metazoa Mammalia Mus musculus (Scott et al., 1996)
CLCA
Frog CLCA BG814584

-
Metazoa Amphibia Xenopus laevis (Klein et al., 2002)

BG885389
BG813947
BG611814

Japanese CAAB01001 172 Metazoa Actinopterygii Takifugu rubripes (Aparicio et al., 2002.
Pufferfish Elgar et al., 1999)
CLCA

Zebrafish CA975665 Metazoa Actinopterygii Danio reno (Sprague et al.,
CLCA 2001)
Human NM_007097 PO9497 Metazoa Mammalia Homo sapiens (Jackson and
CLCB Parham, 1988,

Ponnambalam et al.,
1994)

Bovine x04852 PO4975 Metazoa Mammalia | Bovine taurus (Brodsky et al., 1987:
CLCB Jackson et al., 1987)
Rat CLCB M15883 P08082 Metazoa Mammalia Rattus norvegicus (Kirchhausen et al

1987b)
Mouse AKOO9844.1 BAB26539.1 Metazoa Mammalia Mus musculus (Carninci and
CLC8 I Hayashizaki, 1999)
Chicken BM490.884 - Metazoa Aves | Gallus gallus (Boardman et al.,
CLCB I 2002)
Frog CLCB BF613534

-
Metazoa Amphibia | Xenopus laevis (Klein et al., 2002)

BG515527 |8E491314 -

Aw?67161 |
Japanese CAAB01001207 Metazoa Actinopterygii Takifugu rubripes (Aparicio et al., 2002,
Pufferfish Elgar et al., 1999)
CLCB |
Zebrafish Zfish41356-385B12 p1c Metazoa Actinopterygii Danio Trerio (Sprague et al
CLCB Z35724-a3423c10p1c 2001)

Zfish:35934-350a11 p1c
Zfish.35935-271607 p1c

Sea squirt C 10100148440 Metazoa Phlebobranchia Ciona intestinalis (Dehal et al., 2002)
CLC Scaffold 140
Sea Hare L14586 APLCLTLCA Metazoa Gastropoda Aplysia californica (Hu et al., 1993)
CLC
Fruit Fly NM_079454 O9VWA1 Metazoa Insecta Drosophila melanogaster (Adams et al., 2000,
CLC Vasyukevich and

| Bazinet, 1999)
Mosquito AAAB010O8933. 1 EAA09983 Metazoa Insecta Anopheles gambiae (Celera, 2002)
CLC
Roundwor AAB37069 T2.9460 Metazoa Secernentea Caenorhabditis elegans (Waterston and
m CLC

-
Consortium, 1998)

Slime mold AC1 17081 AAM43766 Mycetozoa Dictyostelium Dictyostelium discoideum (Glockner et al.,
CLC 2002)
Thale NM_129564 NP_565921 Viridiplantae Brassicaceae Arabidopsis thaliana (Scheele and
Cress CLC AFO49236 AAC 14416 Holstein, 2002)

AC006234 AAD20919

Fission NC_003423 NP_595750 Fungi Taphrinomycete Schizosaccharo pombe (Wood et al., 2002)
yeast CLC s myces
Baker’s NC_001139 NP_011683 Fungi Endomycetes Saccharomyces cerevisiae (Goffeau et al., 1996
east CLC Tettelin et al., 1997)

Fungus AL807366.1 CAD36975 Fungi Pyrenomycetes Neurospora Crassa (Schulte et al., 2002)
CLC

Table 4.6: Databank Accession Codes for Clathrin Light Chain

Sequences Used in the Alignment
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Chapter Five: Materials and Methods

Construct creation

Production of the plasmids for the polyhistidine-tagged bovine proximal leg

segment (1074-1522) and Hub (1074-1675) in pBT15b by S. H. Liu (Liu et al.,

1995) and for the for polyhistidine-tagged distal leg segment (1-1074) in pBT 23d

by B. Greene (Greene et al., 2000) have been previously described.

Briefly, for the Hub, SK991-1675 was digested with Acclll (also called

BspEl) and HindIII. The resulting fragment contained a.a. 1074 (Acclll) to 3' UTR

Hindlll region. Both ends were Klenow filled-in, and the 2 kb fragment was

isolated. The pBT15b vector was digested with Xhol and Bamhl and Klenow

filled-in, using CIAP to dephosphorylate the vector. Then vector and insert were

ligated together. Protein expression was checked to ensure the isolated clones

had the correct Orientation.

For the proximal leg, the Hub construct was used with Stratagene

QuikChange Mutagenesis Kit in a PCR to insert a stop codon after 1522. The

primer used was named 1522C: 5'CTT GCA CAG ATC TAC ACT CTA TTT and

its complementary strand. Successful constructs were confirmed by sequencing.

The first round of clathrin mutants to test the Ybe Hypothesis (Chapter

Two) were created by Ernest Chen and screened and sequenced by Diane

Wakeham. The mutations were created using a Stratagene QuikChange

º
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Cla I (7665)

Hind. In EcoR1 (1)
Saº I (68.30) Xmn I (399)

Chu I (6619)
-

Psi I (757)
Hub (1074-1675)

Eco RI (6409)

5319(63) -Hºf
Pst I (6228) ^

Sar I (6108) \
Xmn I (5965) *

xmn I (5591) Hub
Nde 1 (5457) 7688 bp
Nile I (5378)

6x His º. \ A Xmn I (2333)

Eco RI (68.47) Nco / º
_x

Barn H I (6841) Xba / >
Sac I (6813) ------" º

Psi I (6616) Ava /
Ava I (6575) Sar I (9) ---

865-1074 Sal I (12)

Eco RI (64.30) Hind III º
Eco RI (6216) Ava I (33) sº

Sal I (6051) º Xinn I (981)

717-865 º,
Pst I (5867) × Psi I (1339)

Ham Hi (5768) X
393-717 º

TDD (1-1074) TDD (1-1074) peT23d
6848 bp

Ero R1 (47.91) f

- -

…'
cla I (7665) EcoR1 (1) -

1-393 - Hind■ fºr Xmn I (399) -

Nco I Xnn I (2915) sa, i (6840) Pºt I (757)
Xba / cla I (6619) -

Ava I (3519) Proximal Leg (1074-1522)

Eco RI (6,409) *T. ---
- --Psi I (6228) -

sac 1 (6108)
\

- -
Proximal Leg

xmn 1 (5965)
xmn i (5591)

Nde I (5457)
Mile I (5378)

6x His º. xmn 1 (23.33)
NCo I
Xba /

Ava /

Figure 5.1: Plasmid constructs created by previous lab members
Clathrin heavy chain Hub and proximal leg segment in pBT15b were created
by Shu-Hui Liu (Liu et al., 1995) and was used as the basis for mutagenesis
and chimera studies. Proteins expressed from these constructs were used in
biophysical assays. Clathrin terminal domain and distal leg (TDD) in pBT 23d
was created by Barrie Greene (Greene et al., 2000) and used to create
chimeric constructs.

-
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Mutagenesis Kit and the primers noted here. For "Alaš" (1161RKKAR->AAAAA)

the oligos were named Hub1171-Alaš and HubR1171-Alaš. The sequence of

the sense oligo was 5 TTG CAG ATG GCC GCC GCG GCC GCT GCT GAG

TCC TAT GTG. For "Mutant 2" (1151EE->QQ) the sense oligo read 5' GTG GAA

ACT GGC AAC AGC TGG TGA AGT AC. For “Mutant 3" (1162KKAR->EKAE)

the sense oligo read 5' GAT GGC CCG CGA GAA GGC TGA GGA GTC CTA

TGT GG. For "Mutant 5" (1313H->Y) the sense primer read 5'

GACTTGAGCGAGCTTACATGGGGATG. For “Mutant 6" (1335 H->Y) the sense

oligo read 5' GAA AAT GAG GGA GTA CCT GGA GCT GTT C.

Two additional mutants (Chapter Two) were created by E. Chen using as

a template two of the mutants above. “Mutant 4" used “Alab" as a template

(1161 AAAAA->AAKAA) with the sense primer 5' GAT GGC CGC CGC CAA

GGC TGC TGA GTC C. Also, “Mutant 56" was created identically to “Mutant 6",

but it used “Mutant 5" as a template such that “Mutant 56" had two point

mutations (1313, 1335 HH->YY).

The CHCR6 fragment of the proximal leg (1271–1419) (Chapter Two) was

created in pET15b as follows: The clathrin Hub (1074-1675) in pHT15b with an

N-terminal polyhistidine tag was used as a template in a polymerase chain

reaction with TOPO primers TOPO6N (5' CTC GCT CAT ATG TGT GGG CTTC)

and TOPO6C (5' CAT CAG CGG ATC CTA TAA CAA CAG TAG C). This

amplified fragment was cloned into a TOPO-TA vector, pCR 2.1-TOPO. The

resulting pcR 2.1-CHCR6 clones were digested by Bamhl and Ndel, to reveal

the orientation of the cloning and isolate the desired insert. Likewise, the
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Figure 5.2: CHCR6 Constructs for Protein Expression
After amplification by PCR, CHCR6 was inserted into a TOPO vector. From
there it was cut and pasted into pHT15b for an N-terminal 6X Histidine tag,
into pMAL-c2X for a fusion product with an N-terminal maltose binding
protein, and into pBAD/Thio-TOPO for a fusion product with an N-terminal
thioredoxin protein.
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TDD/pET15b construct was digested by Bamhl and Ndel to provide the vector

fragment. The digested fragments were separated on a gel, extracted and

purified from the gel, and combined for ligation using Promega Ligase T4.

Successful construction was confirmed by digestion and sequencing.

CHCR6-MBP (Chapter Two) was created from the pGR2.1-CHCR6

intermediate construct, which was digested with Xbal and Hindlll. The resulting

500 bp insert was separated on an agarose gel and extracted and purified from

the gel slice. The pNAL-c2X vector was similarly cut with Xbal and Hindll and

separated from the gel. Insert and vector were joined by T4 Ligase and the

clones were sequenced to confirm successful creation.

ThioCHCR6 (Chapter Two) was created from Hub (1074-1675) through

amplification with primers ThioMCHCR6 (5' GGG CTT CAT ATT GTA GTA CAT

GC) and ThioCCHCR6 (5. CAG TGG CTTGAA TTC TAA GTA GAA TTG). The

PCR product was cloned directly into a pBAD/Thio-TOPO plasmid (Invitrogen)

and sequenced to confirm correct orientation and sequence of the clone.

For the second round of mutagenesis to test the Roseman Model (Chapter

Two), Stratagene QuikChange Mutagenesis Kit was again used with Hub as a

template. “Double" (1331 KMR->EME) was created using sense oligo 5' CT AAG

TTT AAG CCA CAG GAA ATG GAG GAG CAC CTG GAG CTG, and “Switch"

(1331 KMRE->EMRK) used 5' CTAAG TTT AAA CCA CAG GAAATGAGG

AAG CAC CTG GAG CTG TTC.

Chimeric constructs (Chapter Three) were created using the Seamless

Cloning Kit (Stratagene Cat #214400). Seamless primers were used to amplify

.**

• ***
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Figure 5.3: Chimeric Clathrin Hub Constructs
Clathrin Hub was expressed with a CHCR from distal leg substituted for the
CHCR6 in dCHub (not described in text). In the proximal-Ii chimera, clathrin
heavy chain proximal leg was fused to the trimerization domain from
invariant chain. In the distal-Ii chimera, the distal leg was fused to the
invariant chain trimerization domain.
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cDNA for the invariant chain trimerization domain (110-195) from previously

described plasmid MT AIP33 #7 (Liu et al., 1998) and ligate that together with the

cDNA for bovine clathrin proximal leg segments (1074-1517) or distal leg

segments (23.925 within pBT15b according to Seamless Protocol. Purification

protocol was identical to previously published Hub purification. XL-10 Gold cells

were used for transformation, to give larger colonies. Primers used for Proximal

lifrom Hub were as follows: f-pET15b-A: 5’ AGC TCT TCC GCC TGC TAA CAA

AGC CCG AAA GG, r-Hub-B: 5’ CCA GCG ACT CTT CCC TTT GAA GAG GTA

AGC AGC; f-li■ zn-C: 5’ GCC CTC TTC AAA GGG CCC ATG CAG AAT GCC º
ACC; R-li■ xn-D: 5’ C CTC CTC TTC CGG CGA CTA TTT CGG TGG AGC GTC

AGT GGG C. Primers used for Distal-lifrom Proximal-li were as follows: AfliHub:

5 TTC TCT TCG CGG ATG CAG AAT GCC ACC AAG TAT GGC, B-ryHub: 5’ C

ATC TCT TOT TCG GTC GAG CAT ATG GCT GCC GCG CGG, C-faa23: 5’

GGC TCT TCT CGA GAC CAG GGC CAG CTA AAC AAA TAT G; D-CHCR3.5r: ~

5' GAC TCT TOC CCG ATC ACA CTG GCC ACG CTC GTA AGC.. * ,

Agarose Gel Analysis

Agarose gel was prepared by combining 0.5 grams of agarose with 50 mL

of TAE buffer, and microwaving to fully dissolve the sugar. Then 0.5 pil of EtBr

was added for visualization of the gel and the solution was poured into a mold

and a comb added. I prepared 50 X TAE by combining 60.5 g Tris base, 14.3

mL glacial acetic acid, and 25 mL of 0.5 M EDTA into 250 mL total volume. I
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diluted this stock to prepare 1X TAE solution. The solidified 1% gel was

immersed in 1X TAE buffer and loaded with samples after 6X stop reaction had

been added in the appropriate quantity to each sample, for a total volume of 10–

12 gll per well, alongside a sizing reference.

An electric current of 60-70 volts is applied across the gel for 1–2 hours,

or until reasonable spread between the two dye bands at 500 bp and 4 kb was

achieved. The gel was visualized on a UV light box using protective eyewear or

beneath a shield. Photographs of the gel were taken. Bands were excised from

the gel using a razor blade and a smaller, hand-held UV lamp to visualize the

location of the band.

DNA Preparation and Handling

Promega Wizard mini-preps and Qiagen mini-preps were used to isolate

DNA plasmids from DH50 cells (Gibco #18265-017). Qiagen QIAquick Gel

Extraction kit was used to recover and purify DNA from agarose gels. Restriction

enzymes were purchased primarily from NEB or Gibco and digests were done at

37°C, with typically a 10 pil digest using 1-3 pil DNA and 0.5-1 pil of enzyme.

Custom primers were ordered from Gibco. Primers and plasmids were stored at

-20°C in a non-defrosting freezer, cells were stored at -70 or -80. T4 DNA

Ligase (Gibco) was used to join DNA fragments according to the protocol.

º
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DNA Spectrophotometric Concentration Assay

A glass cuvette with sloped sides was used, holding a final volume of 1

mL. The spectrophotometer was blanked with water. A sample volume of 2 pil

was added to the tube and diluted in 1 mL water, briefly vortexing to mix.

Absorbance was measured at 260nm using 320 nm as a background correction.

The concentration of DNA for double-stranded DNA was calculated as follows:

50 pg/mL X OD260 X 1 mL/2 pil - pg/mL ds-DNA. For single stranded DNA

concentration was calculated as follows: 33 pg/mL X OD260 X 1 mL/2 HL =

pg/mL ss-DNA.

DNA Sequencing

Outsourced sequencing was done by the UCSF Biomolecular Resource

Center or by Elim Biopharmaceuticals. Sequencing was also done in-house

according to the Thermo-Sequenase Kit procedure, involving PCR with *P-

labelled din TPs. Glass sequencing plates were kept scrupulously clean by

washing with soap, water, and 70% ethanol. The outer glass plate was then

coated lightly in the hood with Sigmacote to grease and allowed to dry for 30

minutes.

The sequencing apparatus was assembled according to package

directions and the gel was mixed: 44.1 g urea, 12.6 mL Long-Ranger Gel

Solution (50%), 5.25 mL water, 5.25 mL of 20% TTE Glycerol tolerant buffer,

which had been dissolved over low heat and brought to a total volume of 100 mL.

º
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The warm gel was filtered through a 0.45 micron filter and diluted to 105 mL.

Then polymerization was induced through the addition of 375 pil 10% APS and

37.5 pil TEMED. The solution was inverted once to mix and withdrawn

immediately into a 100 mL syringe, expelling bubbles and slowly pouring the gel

over about 70 seconds to fill the space between the glass plates of the

apparatus, tilting and tipping to expel bubbles as needed. A comb was inserted

and clamped into place, and the gel was laid down horizontally and allowed to

polymerize over 30 minutes, covered with damp paper towels and saran wrap for

longer gellation times.

To run, the gel plates were set upright in a running base and upper tray

filled with 350-500 mL of 1X TTE buffer. The comb was removed; the wells

were rinsed with a syringe full of buffer, and 2.5 pil of stop sequence was loaded

on various columns at the edges or near bubbles to assess which lanes were

usable. The gel was heated by applying electric current 80- 120 Watts. The

temperature of the gel was monitored using a sticker on the glass plate. The

sample solutions were warmed to 70 degrees, and the gel to 45-50 degrees,

before loading 3 HL sample into each sample well. For a primer 100 bp

upstream, running until the light blue dye band is 7.5" from the bottom of the

plate allowed optimal gel reading. The buffer was drained and the gel cooled

before transfer to filter paper, and a gel dryer was used for 1-2 hours to remove

residual moisture. The gel was exposed to film over one week before reading

Sequences.
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Creation of Competent Cells

A 100 pil aliquot of an existing batch of competent cells were spread onto

an Agar plate (no ampicillin added) and grown overnight at 37 degrees. A

calcium chloride solution was mixed by combining 0.88 g CaCl2 dihydrate, 11.90

mL glycerol, and 0.30 g PIPES, and adjusting to pH 7. This solution was

autoclaved and cooled before use. A single colony was selected to grow in 2 mL

of LB at 37 degrees for 3–4 hours or until OD ~0.5. This culture was diluted into

100 mL LB in a 500 mL flask and shaken at 37 degrees until OD ~0.125. The
º

cells were transferred to 50 mL polypropylene tubes and cooled on ice 10 º
minutes.

The culture was then centrifuged at 4 degrees 10 minutes, 4000 rpm in

GS3 or 2800 rpm in Sorvall RT6000B (1600G). I decanted the media away from

pellets, inverting tubes one minute to drain all media. I then resuspended each

pellet in 10 mL of calcium chloride solution and placed it on ice 30 minutes. The

cells were recovered by centrifugation 10 min 4 degrees as before, decanting

fluid as before. I resuspended each pellet in 2 mL ice-cold calcium chloride

solution

| transferred 200 pil aliquots of the newly created competent cells to

Eppendorf microfuge tubes, and froze them in a dry ice/ethanol bath. One tube

was retained on wet ice for efficiency testing. From this remaining tube, I

aliquotted 3 tubes with 50 pil cells. I transformed the first (T3) with 5 JL puC18

plasmid, the second (T2) with 0.5 pil puC18 at 0.1 ng/pL, and the third (T1) with
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5 pil of T2, for a 100-fold dilution, bringing each up to a 100 pill plating volume

with LB. These were grown at 37 degrees overnight.

I calculated the transformation efficiency as follows: T3; # colonies/100 pl

plated X 1 mL LB cells/0.5 ng DNA X 1000 ng/1 pig X 1000 pil / 1 mL = #

colonies/pg DNA. T2: # colonies/ 100 pil plated X 1 mL LB cells/ 0.05 ng DNA X

1000 ng/1 Lg X 1000 pil / 1 mL = # colonies/pg DNA. T1: # colonies/ 100 pil

plated X 1 mL LB cells/ 0.005 ng DNA X 1000 ng/1 pig X 1000 pl/ 1 mL = #

colonies/pug DNA.

Transformation of competent cells

| obtained or created competent cells (such as DH50. Gibco #18265-017,

or BL21(DE3) from Stratagene) and stored them in a dry ice/ ethanol bath at -70°

C or in a freezer under similar conditions until ready to use. I chilled empty 1.5

mL microfuge tubes and the desired plasmid on wet ice. The competent cells

were thawed on wet ice. I gently mixed thawed cells, then aliquotted 50 pil

competent cells into as many chilled tubes as needed. Unused competent cells

were refrozen immediately in liquid nitrogen or a dry ice/ ethanol bath and

returned to the freezer.

A 1-2 pil aliquot of miniprepped clean plasmid DNA was added directly to

the chilled cells. I mixed them gently, and incubated cells on wet ice for 30

minutes. Heat shock was used to transform the cells by immersion at 37-42°C

for 20-30 seconds (without shaking). The cells were placed on ice for 2 minutes

º
º

181



following immersion. Then 0.95 mL of room temperature or pre-warmed LB broth

was added, and the cells were placed on a rocker at 37°C for one hour to

express the plasmid. To select the transformed cells, I spread 100 pil or more of

the mixture on Amp- LB plates, using a triangular glass rod sterilized in ethanol

and flames, or by shaking sterile glass beads. The plates were incubated at 37

degrees overnight.

| isolated one colony from the plate using a toothpick and grew it in 2 mL

LB/Amp at 37 degrees in a shaker, for 2-6 hours. I withdraw two 100 pil aliquots

to a microfuge tube, added 100 HL of 40% glycerol, and immediately froze them

in a dry ice/ ethanol bath or in liquid nitrogen. These stocks were stored in the

freezer and freeze■ thaw cycles were minimized for best longevity. The

remainder of the sample broth was spun down in a microfuge tube and used for a

miniprep, if needed.

Note that for some transformations (TOPO 10 cells, for example) beta

mercaptoethanol is required during the step where the plasmid is added to the

cells. Certain cell types required special media, for example TOP10 cells

required SOC rather than LB. Spreading 80 pil of X-gal 20 mg/mL onto the

plates before the transformation with certain plasmids allowed visual

identification of cells transformed by observing the presence of a blue color.
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Construct expression and purification

For construct expression in pET15b, BL21 stock were streaked onto LB

Amp+ plates and grown overnight at 37° C. A single colony was selected and

inoculated in 2 mL of LB with 2 pil of 100 mg/mL filter-sterilized Ampicillin and

shaken 2-3 hours, until growth is evident. Then this culture is used to inoculate a

much larger culture of LB, typically one liter, with final concentration of ampicillin

of 100 pg/mL. When A600 reaches 0.4-0.5 AU, cool at 30°C and induce with

IPTG for a final concentration of 100 pg/mL. Express at 30°C for 3-5 hours.

After centrifugation and discarding the supernatant, the cells were used fresh or

frozen for protein purification.

All polyhistidine-tagged constructs were purified using nickel affinity

chromatography similar to what has been previously described (Liu et al., 1995).

Specifically, binding buffer (5 mM imidazole, 0.5 M NaCl, 20 mM Tris, pH 7.9)

and wash buffer (60 mM imidazole, 0.5 M NaCl, 20 mM Tris pH 7.9) were

prepared. On occasion HEPES was used in lieu of Tris as the buffer. Charging

buffer (100 mM nickel chloride) and “Magic Elution Buffer" (250 mM imidazole,

0.5 M NaCl, 20 mM Tris pH 7.9) were also prepared. The pellet was

resuspended in Binding buffer with protease inhibitors added- per 25 mL of

culture, I added 0.143 mL of 17.4 mg/mL PMSF in isopropanol, 25 pil of 1 mg/mL

aprotinin and leupeptin, and 25 mg of lysozyme. BugEuster was also found to

successfully work if used in combination with Binding Buffer components. The

chilled Binding Buffer plus protease inhibitors/lysozyme mixture was added to

the pellet and swished until the pellet was fully resuspended. Then it was left on
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ice 15-30 minutes. The resulting lysate was sonicated in Rosette cooling cells on

ice at 50% of microtip limit, for 30 second intervals, for 3 minutes total time. If the

Sonicated solution remained viscous, 5 pg/mL DNAse was added. A 200 pil

aliquot of the lysed cells were spun in a TL-100.3 rotor for one hour at 55K at 4

degrees, to test for solubility. The bulk of the lysed cells were transferred to Ti

50.2 tubes and spun at 4 degrees under vacuum at 40 K for 1 hour (150,000 G).

Supernatant was kept on ice, pellet was discarded.

Fresh chelating Sepharose resin was used in a column or in a 50 mL

conical tube. Seven milliliters of resin was rinsed 3 times with 45 mL of water to

remove residual ethanol content and then combined with 40 mL of nickel

charging buffer. After a brief shake to mix the resin with its new buffer, the resin

was pelleted in a desktop centrifuge and the supernatant discarded. The

charged resin was then combined with 40 mL of binding buffer, which changed

the color to blue. Finally the resin was combined with the sample and set to rock

gently at room temperature for 30 minutes. Excessive clumping indicates good

yield. The resulting resin was then transferred into a column and settled by

gravity or a peristaltic pump. The resin was washed with 30 mL of binding buffer

and 50 mL of wash buffer before elution with 15 mL of Magic Elution Buffer and

collection in 1 mL tubes. Bradford was used to test for presence of eluted

protein. Fractions kept were combined with 30 pil of EDTA per milliliter of eluate

to remove excess metal ions from the column and thus to prevent protein

aggregation, and the protein was dialyzed overnight into 10 mM Tris pH 7.9. Do

not use DTT.
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Chimera purification protocol was identical to Hub purification, though

yields were somewhat lower.

Light chain LCb was expressed and purified as above along with Hub, and

then isolated by boiling the Hub-LCb complex to release light chains. Fresh

proximal legs were then incubated with excess light chain on ice to reoccupy light

chain binding sites, as previously described (Liu et al., 1995).

For expression of CHCR6-MBP (Chapter Two), induction was similar to

above but IPTG levels were 0.3 mM and purification was done using a maltose

resin. The construct was soluble but expressed only MBP and not the full fusion

protein.

For expression of ThioCHCR6 (Chapter Two), induction was done in

TOP10 cells (LB with 1 HL/mL ampicillin) or LMG194 cells (RM with 1 HL/mL

ampicillin and 20% glucose) and induction was with 0.00002- 0.2% arabinose. In

both cell lines the construct was pelleted (insoluble) though induction was good

at 0.2% arabinose for 4 hours.

Size-exclusion chromatography

For routine purification following nickel affinity column when yield was

sufficient, the proteins were concentrated down to about 1 mL using a Centriprep

with a 30 kD cutoff and then further purified by FPLC using a Sepharose 6 prep

grade column XK16/40 at 1 mL/min in degassed 10 mM Tris pH 7.9 with 0.02%

º
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sodium azide. The strip chart recorder monitored A280 and the fraction collector

gathered 1 mL fractions for minutes 20-55 of the 110 minute method.

For calibration of the high resolution FPLC columns (Chapter Three), a

Superdex HR200 10/30 column (Amersham Pharmacia #17-0188–01) in pH 6.2

50mM Bis-tris buffer was calibrated at 0.5 ml/min by injection of individual

standards using Acetone (1%, EM Science #AX0120-14), Vitamin B12 (0.1

mg/mL, Sigma #V-2876), Myoglobin (1.5 mg/mL, Sigma #M-0630), Transferrin (3

mg/mL, Sigma #T-0178), Bovine IgG (3 mg/mL, Sigma #1-5506); Dextran Blue

(0.1 mg/mL), Ferritin (0.5 mg/mL), Ovalbumin (3.7 mg/mL), and Thyroglobulin (3

mg/mL) (Amersham Gel Filtration Calibration Kits Cath (7-0441-01 and #17

0442-01). Kav- (Ve-Vo)/(Vt-Vo) of proximal leg segments and calibration

standards were plotted against the log molecular weight to determine molecular

size of proximal leg segments, according to Amersham Gel Filtration Kit

Instruction Manual.

Additionally a 60 mL XK16/40 Superose 6 column (Amersham Pharmacia

#17-0489-01) in pH 6.7 MES 40mM/Tris 10 mM was used to determine the size

of proximal leg segments, terminal/distal domain, or mixtures of both (Chapter

Three). These were compared to the size of Hub and terminal/distal domain at

pH 7.3 on the same column.

This 60 mL XK16/40 Superose 6 column was also used to look at light

chain-proximal leg segment complexes, isolated proximal leg segments, and Hub

(Chapter Three) at a flow rate of 1 mg/mL with a 10 mM Bis-tris pH 6.2 mobile

phase. Hub at pH 6.2 assembled into a large aggregate that was centrifuged
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and removed, leaving small amounts of unassembled Hub in the supernatant for

this analysis.

SDS-PAGE Gel Analysis- Coomassie and Western Blots

SDS-PAGE gels were purchased commercially and used according to

package directions, or poured manually according to the procedure below. Four

stock solutions of lower acrylamide, lower Tris (4X), upper acrylamide, and

upper Tris (4X) were created and stored at 4 degrees. The lower portion of a

10% gel was created by combining 4 mL lower acrylamide, 3 mL lower Tris, 5 mL

water, 100 pil APS 10%, and 20 pil TEMED. 6 mL was needed per mini-gel,

filling 2/3 of the space between glass plates that had been sealed with 1%

agarose. The upper gel was created by combining 1.5 mL upper acrylamide, 2.5

mL upper Tris, 6 mL water, 100 pil APS 10% and 20 pil TEMED, and

immediately inserting a comb and clamping in place. Samples are heated to

boiling 10 minutes before loading on gel. The gels were run in running buffer at

100 volts to stack, then increased to 150 volts for separation.

Some gels were immediately stained in Coomassie to visualize total

protein by soaking in Coomasie 30 minutes to one hour, then destaining in 10%

acetic acid, 40% methanol.

Other gels instead were transferred onto nitrocellulose for a western blot

by creating 1X Laemmli, 10X TBS (6.05 g Tris base, 45 g NaCl in 500 mL pH

7.4), and 3% Milk in TBST (10 mL TBS 10X, 50 pil Tween-20, 3 g milk, 100 pil
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sodium azide 20% in 100 mL). Sponges were slowly hydrated in 1 X Laemmli

and placed between electrodes and the gel. The gel and nitrocellulose were

sandwiched between two thick pieces of paper, and topped with additional

Laemmli-soaked sponges. I rolled a truncated pipet over the sponges and gel to

remove all air bubbles. Forceps were always used to handle the nitrocellulose.

The proteins were transferred at 45 volts over 2–3 hours. The nitrocellulose was

transferred to Ponceau Red solution to visualize protein, rinsing gently with

distilled water until bands were clearly seen and photographed, photocopied, or

scanned as needed. A pencil was used to mark the location of molecular weight

standards. Then the membrane was rocked 1 hour at room temperature in 3%

Milk■■ BST to block. A fresh primary antibody solution was added 1:3000 in milk/

TBST, using 4 mL for a gel-sized membrane. This was rocked at 4 degrees

overnight or at room temperature for one hour. Then it was rinsed twice 10

minutes each with 1X TBST, once 5 minutes with 1X TBST with 0.5 M NaCl, and

once 10 minutes with 1X TBST to reduce background signal. I diluted secondary

antibody GAM-HRP 1:3000 in TBST and rocked at room temperature one hour,

repeating rinses as above. Using tweezers the membrane was moved onto

plastic wrap, squeezing out excess liquid. Equal amounts of each ECL solution

were added and allowed to sit 10–30 seconds. I squeezed out the excess liquid,

wrapped the membrane in plastic tightly, and taped it into place in a developer.

This was developed with film in darkroom for 30 seconds, shiny side up. The film

was fed into processor. The molecular weight location was marked onto the

processed film with Sharpie before removing the membrane from the developer.
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Bradford Protein Concentration Assay

A commercial 4X Bradford solution was diluted to 1X with distilled water.

A commercial standard vial of bovine serum albumin at 2 mg/mL was used for

the standards. Six calibration plastic cuvettes plus sample cuvettes were each

aliquotted 1 mL of Bradford 1X solution. The calibration standards were given 0

LL, 2 HL, 3 HL, 4 JL, 5 JL, and 6 LL for a total content of 0 pg, 4 pig, 6 pg, 8 pig,

10 pig, and 12 pg protein. For each sample 10 pil was typically added. The OD

595 was blanked to the 0 standard and recorded for each standard and sample.

Then sample content in Hg was automatically calculated by linear regression, and

divided by the volume of sample added to find the original sample concentration.

Spectrophotometric turbidity assay for clathrin self-assembly

Hub or chimera assembly was assayed as increased OD 320 in pH

induced assembly as described previously (Liu et al., 1995). Extent was

recorded after 5 minutes assembly, at which point pH was increased to

reversibility of the assembly reaction. In Chapter Three, all preparations were

scaled relative to Hub assembly assayed on the same day and were averaged

over multiple purificiations (Hub n=8, 4 batches; Proximal-li and Distal-li, n=4, 2

batches). Proximal leg segment at 0.3 mg/mL was used as a control (n=3, 2

batches).

Specifically, I used 100 pil of clathrin heavy chain or clathrin hub or hub

mutant at 0.3 mg/mL (or higher) in Tris pH 7.9 10 mM buffer. If assembly in the
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presence of light chain is desired, add 11.9 pg per assembly reaction for 0.3

mg/mL of hub or clathrin. This sample was placed on ice to allow the light chain

to saturate the heavy chain binding sites for a few minutes. The sample was

pipetted into a limited volume microcuvette, wiping the sides clean carefully with

a Kimwipe. The spectrophotometer was set up to monitor kinetics at 320 nm,

collecting data every 12 seconds for 8 minutes. The spectrophotometer was

blanked to the unassembled solution. To prepare Assembly Buffer, I combined

9.76 g MES with 0.19 g EGTA, q.s. to 40 mL, adjusted pH to 6.2, 6.7 or other

desired level, then finished by q.s. to 50 mL. In some cases, 0.55 g calcium

chloride dehydrate was added to the assembly buffer to heighten extent of

assembly, but at a cost of high irreversibility. Data used in this dissertation did

not contain calcium in the assembly buffer unless specifically noted. The

assembly buffer was stored at 4 degrees unless components were insoluble at

the chosen pH. To prepare Disassembly Buffer I combined 7.88 g Tris, diluted to

40 mL, adjust pH to 9.0, q.s. to 50 mL, and stored at 4 degrees.

At time zero, I began monitoring kinetics. At time one minute, I added 4

pil of Assembly Buffer to the cuvette between measurements and slid the pipet

tip carefully from side to side in the cuvette to mix. allowed the assembly

reaction to proceed for 5 minutes, or until the time reached 6 minutes. Then I

added 4 pil of Disassembly Buffer and monitored disassembly for the remaining

two minutes.

Special circumstances- Hypoassembly- in this situation, the extent of

assembly did not level off with time but continues to rise. Attempts to re-mix in
190



some cases corrected the problem. I disassembled after 5 minutes, interpreting

extent of assembly with caution. Hyperassembly- in this situation, after an initial

rise in signal due to assembly, the OD decreased before disassembly buffer was

added. To avoid this, calcium should be removed from the assembly buffer, and

care should be taken to ensure pure, fresh protein is used in the assay.

Irreversibility-Assembly is distinguishable from aggregation by its reversibility. If

irreversibility is observed, attempts to re-mix with the disassembly buffer or

addition of more disassembly buffer often corrected the problem. Efforts to

minimize the concentration of divalent metal ions or increase the EGTA content

in the assembly buffer may also assist.

Note that if the full course of assembly is not observed, i.e. if the sample

initial absorbance is recorded, the Solution is removed from the cuvette, and the

solution is replaced in the cuvette again to record extent of assembly at 5

minutes as per previously published results from the laboratory (Liu et al., 1995),

much time is saved but the overall result is less accurate because pipetting

disrupts the nucleation phase of assembly and reduces the overall extent and/ or

increases aggregation.

DEPC Chemical Modification of Histidines

Spectrophotometry is useful for monitoring conjugation of proteins with

DEPC (diethyl pyrocarbonate) (Chapter Two). DEPC reaction is fairly specific for

covalent modification of histidine, resulting in an increase in OD237. The
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reaction of DEPC with protein is quenched by adding imidazole, and is reversed

by adding hydroxylamine. By allowing the reaction to proceed to varying extents

of time before quenching, a variable number of histidines may be modified, with

the most surface-accessible histidines reacting first (Miles, 1977). In these

experiments, the DEPC reagent was first calibrated by addition of 5 pil of 5 mM

DEPC to a cuvette of 100 pil of 10 mM imidazole at pH 7.9. Absorbance at 230

nm was monitored for 10 minutes, and the concentration of DEPC was calculated

according to c = (change in OD 230)/(1 cm) (3000/cm /M extinction coefficient)

and found to be within 50% of the correct value, indicating relatively fresh and

potent DEPC. For the control reaction, first clathrin Hub assembly was

monitored at 237 and 320 nm. For the experiments, a cuvette of 100 pil of 0.3

mg/mL clathrin Hub was blanked and monitored at 237 and 320 nm over 10

minutes as the following reagents were added: At 1 minute, 5 pil of 5 mM DEPC

was added to modify the histidines. At 3 minutes, 5 JL of 60 mM imidazole was

added to quench unreacted DEPC reagent. At 4 minutes, 4 pil of MES pH 6.21

M was added to induce clathrin Hub assembly. At 9 minutes, 5 pil of 1 M Tris pH

9 was added to reverse clathrin Hub assembly. This sequence was repeated

using 10 mM Tris pH 7.9 buffer rather than clathrin Hub as a second control.

Rasmol Visualization of Crystal Structure

Many images (Chapters Two and Four) were generated using Rasmol

(Sayle and Milner-White, 1995).
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GRASP Visualization of Surface Charge and Accessible Surface Area

UCSF CGL (Computer Graphics Laboratory) facilities and equipment were

used to generate images and make calculations using GRASP (Nicholls et al.,

1991) (Chapter Two). After the structure file of the dimeric model was read, the

molecular surface for each molecule was build individually, adding the second

surface. A surface-to surface distance array was calculated between these two

constructed surfaces, and the accessible surface area of the molecule with a

probe radius of 1.4 angstroms was calculated to be 16639 square angstroms per

proximal leg molecule. Then the excluded surface area (the area of the interface

between the two proximal leg segments) was calculated as 1553 square

angstroms. Surface area between CHCR6 (residues 1274-1416) of the proximal

leg segment was calculated to be 746 square angstroms.

To build the surface potential map, the default full.crg radius/charge file

was used and a new potential map was calculated. A molecular surface was

built, excluding waters. The potential on the surface was then calculated for all

atoms and all surfaces, and the scale was adjusted to reflect equal intensity of

color for equal regions of net charge, whether the charge is acidic (red) or basic

(blue). Hydrophobicity maps and histidine maps were generated by manually

typing r=hyd to select all hydrophobic residues or r=his to select histidines, and

coloring them cyan (hydrophobic) or magenta (histidines). This color was then

mapped to the constructed molecular surface with the command vC = a.
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MolScript and Raster 3D Visualization of Crystal Structures

UCSF Macromolecular Structure Group (MSG) facilities and equipment

were used to generate the images of the crystal structures of clathrin fragments

(Chapter Two, Appendix). Terminal domain crystal coordinates were

downloaded from the Protein Data Bank (PDB) structure with identification

1BPO. Molscript (Kraulis, 1991) and Raster3d (Merritt and Murphy, 1994) were

the programs used to generate these figures.

Analytical ultracentrifugation

A Beckman XL-A or XL-I was used in absorbance mode at 280 nm for

both sedimentation velocity and equilibrium assays (Chapters Two and Three).

For equilibrium assays, proximal leg segments at 0.1, 0.2, and 0.4 mg/mL in

10mM Tris/40 mM MES pH 6.2 were equilibrated at 4 degrees Celsius in a six

channel centerpiece with data collected at 7,000 rpm, 10,000 rpm, and 14,000

rpm. These nine data files were simultaneously fit using WinNonLin (Johnson et

al., 1981) to find o and compare it to a calculated o for the monomer under those

conditions. A forced fit to a dimer was used to estimate Ink2. Hub trimer tested

under similar conditions at pH 7.9 fit to an n-mer of 2.9, validating the

methodology used. The partial specific volume of proximal leg and trimeric hubs

was estimated at 0.732 g/mL using Ultrascan (Demeler and Saber, 1998) and

solvent density was estimated at 1.00 g/mL.
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For velocity experiments, a 3 mg/mL sample of proximal leg segment was

used at pH 6.2 and a 0.3 mg/mL sample at pH 6.7. Data collection proceeded in

a two-channel centerpiece at 4 degrees at 40K at pH 6.2 or 8 degrees at 50K for

pH 6.7. Each data set was fitted using continuous c(S) distribution analysis in

SedFit (Schuck, 2000). The proximal-li and distal-li chimeras and Hubs were

tested at 40K, 8 degrees at pH 7.9 10mM Tris at 0.3 mg/mL.

Proximal legs were tested in the presence of 40 mM MES as above to

simulate assembly assays, and also in the presence of equivalent concentrations

of citrate, EPPS, phosphate, and Tris to assess the observed molecular weight

under multiple pH conditions. EPPS was also tested with 5 micromolar or 5 mM

zinc, and MES was tested with 50 mM salt or with formate. In the presence of

mM levels of zinc, the proximal leg aggregated (data not shown). However, all

other buffers were averaged to generate a smoothly fitted line for the pH

sensitivity of the observed molecular size of proximal leg during equilibrium

centrifugation (Chapter Two).

Yeast-two-hybrid assays

For yeast-two-hybrid experiments to test interactions between proximal

legs (Chapter Three), clathrin heavy chain fragments were PCR amplified from

bovine brain cDNAs (Liu et al., 1995) and cloned into Bamhl-Sall sites of pCBT9

or pGAD424 (Clontech). Yeast transformation, qualitative liquid fl-galactosidase

(using o-nitrophenyl 3-D-galactopyranoside (ONPG) as substrate), filter assays
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were performed using Clontech yeast protocols handbook, as previously

described (Chen et al., 2002).

Surface plasmon resonance

An Asys Plus biosensor (Thermolabs) was used to determine associative

interaction of clathrin proximal leg domains (Chapter Three). Proximal leg

segments (at 100 pg/mL in 20 mM sodium phosphate, pH 7.5) and light chain

LCb (at 50 pug/mL) were each immobilized to a surface of an Asys dual-well

carboxylate cuvette, using EDC/NHS coupling chemistry. Each prepared surface .

was tested for binding of 160 pug/mL proximal leg segment in PBS, and monitored

for 10 minutes. The surfaces were regenerated by washes with 3M sodium

chloride, and then re-equilibrated to PBS.

Creation of Alignment and Calculation of plusing GCG and Vector NT

NCBI BLAST searches at http://www.ncbi.nlm.nih.gov/BLAST, GCG

searches (GCG, 1994), searches of databases for sequencing of particular

genomes, and literature searches were used to identify and download clathrin

fragments in various species (Chapter Four). Some sequence data used in this

analysis were produced by the Brugia malayi Sequencing and Mapping Project,

the Aspergillus fumigatus sequencing project, the Entamoeba histolytica Whole

Genome Shotgun, the Plasmodium falciparum Genome Project, the Theileria

annulata Sequencing Projects, the Toxoplasma gondii Sequencing Project, the
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Trypanosoma brucei Genome Project, the Leishmania major Friedlin Genome

Project, and the C. albicans pilot project at the Sanger Institute and can be

obtained from ftp://ftp.sanger.ac.uk/pub/pathogens, and Some sequences were

from the Virginia Commonwealth University/Tufts University School of Veterinary

Medicine Cryptosporidium parvum Genome Sequencing Project at

http://www.parvum.mic.vcu.edu/, used with permission from Dr. Gregory Buck.

For the plant sequences, the Plant Genome Information Resource (PGDIC)

WWW site, from the National Agricultural Library of the US Department of

Agriculture – ARS at http://www.nal.usda.gov/pgdic■ , and the NCBI Plant

Genomes Central at http://www.ncbi.nlm.nih.gov/PMGifs/Genomes/PlantList.html

were useful. Sequence data for many parasites and plants were obtained from

The Institute for Genomic Research website at http://www.tigr.org. DNA and

protein accession codes are noted in Table 4.5 (clathrin heavy chain) and Table

4.6 (clathrin light chain).

Alignments were made using the UCSF Computer Graphics Laboratory

(CGL) access to GCG (GCG, 1994) PileUp or Lineup and Vector NTI Suite 7.0

(Infor Max Inc.) Alignx, both of which are based on ClustalX (Thompson et al.,

1997). Alignments were then exported in MSF format and imported and

converted to NEXUS format for use with PAUP"4.0 (Sinauer Associates, 2000)

for construction of parsimony and NJ trees and with MrBayes for construction of

Bayesian trees (Huelsenbeck and Ronquist, 2001).
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GCG (GCG, 1994) was also used to calculate the isoelectric point of

various clathrin domains using PeptideMap. VectorNTI (Infor Max Inc.) performs

the same function using the Analysis feature in the main protein database.

Creation of Phylogenetic Trees

Creation of phylogenetic trees for clathrin heavy chain and light chain

(Chapter Four) followed the guidelines set forth by Hall (Hall, 2001). From PAUP

the alignment was exported in NEXUS format and a script was added for

construction of Bayesian trees using the MrBayes program (Huelsenbeck and

Ronquist, 2001).

Trees were generated using various protists or fungi as the outgroup, with

N. crassa working best for the light chain tree and C. albicans, T. brucei, or P.

brasilensis for the heavy chain tree. MrBayes (Huelsenbeck and Ronquist, 2001)

was then used to infer the ancestral sequence at specified nodes of the trees.

Parsimony trees via a heuristic search from PAUP and Bayesian trees from

MrBayes gave similar results, while NJ trees frequently failed to categorize

known sequences appropriately, presumably because of the large number of

incomplete sequences and its reliance on a pairwise comparison. The

consensus tree (majority rule) was used for presentation from parsimony or

Bayesian output.

Bayesian Algorithms

MrBayes was used to create a Bayesian phylogenetic tree for clathrin

heavy chain and clathrin light chain (Chapter Four). Scripts and parameters
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were used for the Bayesian algorithm using MrBayes (Huelsenbeck and

Ronquist, 2001). Bayesian algorithms are much like maximum likelihood trees

except that it uses posterior probabilities and finds the best set of trees rather

than a single tree (Mau et al., 1999; Rannula and Yang, 1996). The program

uses the metropolis-coupled Markov Chain Monte Carlo method.

■ ist=6 sets the number of substitution types according to GTR (General

Time Reversible), a general model of DNA substitution. Rates sets the model for

among-site rate variation. Equal is no rate variation, while gamma is a gamma

distributed rate variation across sites. Other options include siteSpec for site

specific variation or COUdrion for the covarion model. Ilchains sets the number of

simultaneous chains running. Ilgen is the number of generations the program

runs for, and the current tree is saved to the file every Samplef■ eq generations.

Sumt summarizes the results into a tree. Because the program converges on a

solution slowly, the first trees are discarded. The number discarded is set by the

burnin parameter. Enforcecon enforces the constraints set by the user to group

species together and inferant allows inferance of the ancestral sequences for

each constraint. For determination of trees, the following lines were included at

the beginning and end of a NEXUS formatted interleaved alignment (some of

these are standard for NEXUS files and others particular to MrBayes):

Before the alignment the file begins with

199



#|EXUS

BEGIIl DfTh;

dimensions ntax={insert number of sequences}nch■ r-(length of alignment in characters];

format datatype=PROTEIIl missing=# interleave=ges gap=.;

matrix

After the alignment the file ends with

end;

begin Im■ bäges;

Outgroup (insert name Of Outgroup species here};

lset nst=6 rates=gamma;

Set autoclose=yes;

mcmcp ngen=150000 printfreq=100 samplefreq=100nchains=4 Sauehrlens=yes

filename=LCp;

mCITIC;

Sumt filename=LCp.t burnin=150;

end;

In order to infer ancestral sequences the file begins the same but ends with a

different algorithm as follows:

end;

begin mrbages;

º
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Outgroup (insert Outgroup Species name here];

USertree={paste uSertree from LCp.t file aboue, the format looks like lots of numbers and

parenthesis);

constraint Conl={list all CHC22 or LCh sequences together from a clade here. The program

Uill infer the node u■ here this branch radiated from the main tree};

lset nst=6 admodel=GTR rates=equal enforcedOn=yes inferanc-ges;

Set autoclose=yes;

mcmcp ngen-150000 printfreq=100 Samplefreq=100

nChains=4 Sauebrlems=yes startingtree-user filename=LCinfer;

mCImC;

Sumt filename=LCinfert burnin=150;

end;

when memory constraints were encountered the number of chains was

reduced to nohains=2.

Creation of Paralogue Maps

Paralogous regions identified by an automated analysis by Wolfe and

colleagues (McLysaght et al., 2002) were used as a starting point for the analysis

in Chapter Four. A. paralogons noted by this analysis using the ENSEMBL

human genome database versions 1.0 and 5.28 were reviewed at the Wolfe

website, http://wolfe.gen.tcd.ie/dup. As the human genome sequencing and

annotation neared completion, I updated this list using the NCBI human genome

webpage http://www.ncbi.nlm.nih.gov/mapview/map search.cgi and the UCSC

Genome page at http://genome.ucso.edu. A full list of genes surrounding each
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clathrin gene was made, and attempts were made to identify structural domains

or functional assignments for each. The genes closest to clathrin in the Wolfe

analysis were searched by BLAST (Altschul et al., 1997) to determine its function

and most closely related family members. Proteins with similar domains or

functions between the two chromosomes were then tested as possible

paralogons by using NCBI Pairwise BLAST (Tatusova and Madden, 1999) at

http://www.ncbi.nlm.nih.gov/blast/bl2seq/bl2.html with a cutoff E-value of 10 to

find if the sequence similarity extended over most of the primary sequence of the

protein. For some promising paralogue candidates, an alignment and a

phylogenetic tree were generated, if a suitable tree did not already exist in

literature.
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Chapter Six: Conclusions and Perspectives

Twenty-five years after clathrin was first identified as the major component

in vesicle coats, many questions remain unanswered about the mechanism of

clathrin self-assembly and the functional differences between duplicate clathrin

forms.

The molecular mechanism of clathrin self-assembly is still unknown, but in

this dissertation the nature of the interactions involved in assembly has been

defined. Clathrin heavy chains interact in a coordinated entropy-driven process,

which relies on hydrophobic contacts for the affinity between leg segments. The

overall electrostatic contribution to clathrin assembly is repulsive, due to the

negative charge on both clathrin heavy chain and clathrin light chain. Specificity

in clathrin assembly may be contributed by salt bridges, metal ion interactions, or

shape and size considerations. Future work will certainly involve new efforts to

locate the residues involved in clathrin self-assembly interactions and elucidate

the mechanism of this reversible assembly. While a crystal structure of the

dimeric interface would be an ideal starting point, dimerization of individual

clathrin heavy chain domains has proven impossible (Chapter Three), and efforts

to crystallize trimerized heavy chains have not yet resulted in a structure (Ybe et

al., 1999-2003). An improved model of the interface from a higher resolution

cryo-electronmicroscopy map or improved molecular docking into the existing
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map may be sufficient for the selection of residues for future mutagenesis

studies.

It would perhaps be prudent to take a step back from our ambitious long

term goals to first identify the interacting face of the proximal leg segment, and

only later identify the specific residues involved. Here I consider various

methods that might be used for such a study.

Crosslinking combined with mass spectrometry has been used to localize

the interface for some interacting proteins (Bennett et al., 2000; Rappsilber et al.,

2000). However, because this is a self-assembly interaction, there will be

significant difficulty in separating intramolecular crosslinks from intermolecular

crosslinks. Moreover, the sheer size of the complex makes the problem less

amenable to this approach.

FRET, or fluorescent resonance energy transfer, is another method that

may allow identification of the interface. Previously reported experiments

indicate that transfer of energy between tryptophan residues and unknown

coated vesicle components covalently labeled with fluorescent N-(1-

anilinonaphthalene)maleimide increases greatly at assembly pH (Maezawa et al.,

1989; Prasad et al., 1984; Yoshimura et al., 1987). Since clathrin proximal leg

segment has no surface-accessible sulfhydryl groups, the fluorescent label was

likely attached to either a different clathrin domain or to clathrin light chains or

Other vesicle components. It seems promising that more specifically localized

FRET probes conjugated to abundant lysines or other residues on the surface of

the proximal leg would be able to accept energy transferred from surface
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accessible tryptophans such as W1340, W1358, or W1386. W1340 is located on

the opposite side of the molecule from the other two of these. Creation of

clathrin heavy chain mutants with a single surface-accessible tryptophan to

determine which side of the molecule contributes fluorescence as it approaches

its binding partner, or to find one whose fluorescence is quenched in the

interface, would unambiguously determine the orientation of proximal legs in the

assembled basket. Alternatively, the light chains could be used as an energy

donor, since the modeled interface between them is predicted to involve

hydrophobic interactions between tryptophans and heavy chain cations (Chen et

al., 2002), allowing additional experimental evidence to refine the model of light

chains binding to the heavy chain surface. FRET seems like a promising

approach for study of this interface.

A novel approach now in development also holds a great deal of promise

for characterization of the interface between clathrin heavy chains. Algorithms

exist to search the conformational space of two molecules using ambiguous

constraints (such as mutagenesis data or NMR peak shifts) such that the

interface may be determined (Dominguez et al., 2003). These efforts are being

extended to larger molecules in which the NMR peak assignment of residues

would be exceedingly difficult (Reese et al., 2003). Since clathrin heavy chain is

too large to solve its structure using NMR but resistant to efforts to find smaller

dimerizing domains, treating assembled clathrin as a macromolecular complex

using this technique explores the contacts in the assembled basket. This

approach has the advantage of identifying the face of the interaction and the
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specific residues involved in one step. This does not require assumptions about

which region of the molecule is involved that are required for targeted

mutagenesis. It also removes the intermediate steps between the identification

of the geometry of the interface and the assignment of specific residues involved.

Selection of residues for future mutagenesis should take into account the

cooperative nature of the interactions between clathrin segments (Chapter Two).

Individual salt bridge interactions within a large interface are likely to have a

negligible effect on affinity between two proximal leg segments, unless they are

critical for specificity or unless they disrupt the fit between the two surfaces.

Given the size of the extended interface and the low number of salt bridges

typically contributing to a predominantly hydrophobic interface, this seems a slow

way to locate the critical residues in the interface. A better approach for

mutagenesis might be to mutate the surface-accessible histidine residues.

Whether this answers the intriguing questions about the role of histidines in the

pH sensitivity of the assembly process and their possible interactions with metal

ions or not, it would be a good method to eliminate a large hydrophobic patch

from the surface of the molecule, and its replacement with a smaller residue

would certainly change the surface shape complementarity, resulting in a greater

decrease in affinity between proximal legs than most salt bridge mutations. The

elucidation of the molecular mechanism of clathrin assembly will lead naturally to

studies to determine how cellular co-factors utilize this mechanism to regulate

clathrin self-assembly in-vivo.
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In this era of genome sequencing, the function of CHC22 and the

functional differences between LCa and LCb in vertebrates are subjects that can

be approached using bioinformatics tools. The preliminary work described in this

dissertation has set a groundwork for future study by establishing the time frame

of gene duplication and shedding light on the likely mechanism by which the

duplications occurred. Completion of the annotation of the human genome will

establish with finality the presence or absence of a light chain-like regulatory

subunit for CHC22. The human genome project may also lead to the discovery

of additional pseudogenes in the human genome, ancestral copies of clathrin

genes that were mutated and inactivated over evolutionary time. Finally, with

complete genome annotation, the genes flanking the clathrin genes in the human

genome can be fully characterized to more firmly establish whether clathrin

heavy chain and light chain duplicated by a large scale event such as en-bloc
genome duplication. Zebrafish, which are known to have both light chain genes

and are likely to contain two heavy chain genes, may be an ideal organism for

the cell biology study of functional differences between duplicated genes.

Bioinformatics coupled with biochemistry and cell biology will lead to a deeper

understanding of how clathrins have specialized over evolutionary time for

enhanced function.

Efforts to further narrow down the time frame of clathrin duplication or to

prove conclusively that clathrin genes duplicated in a large-scale duplication

event such as genome duplication are ambitious projects. To narrow down the

timeframe from the rather wide 750 to 400 million years ago to something more
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specific would require determining the clathrin sequences from vertebrates from

the cephalochordata, agnatha, and chondrichthyes branches, such as lancelets,

lampreys, hagfish, sharks, skates, rays, or dogfish sharks. While the lancelets

are a subject of considerable interest, none of these organisms currently have

whole genome sequencing projects underway. Thus, refining the timeline would

require cloning and sequencing of clathrin CHC17 and CHC22 from these

species. A similar study of other proteins generated significant evidence of

genome duplication (Abi-Rached et al., 2002). A thorough analysis of potential

paralogues is not possible at this time. It is likely that the automated analysis by

Wolfe and colleagues (McLysaght et al., 2002) will be repeated once the human

genome is fully annotated. Then further studies would be appropriate to ensure

that the automated analysis did not miss obvious proteins of interest, repeating

the analysis done in this paper and extending it to generate full phylogenetic

trees for the protein family of each paralogue and determining whether the

potential paralogues lie on closer branches of the tree than any other protein

family member in the same organism.

The molecular era of endocytosis has begun and the bioinformatics age is

just beginning, offering powerful new tools to dissect the molecular machinery of

a well-known process. I anticipate that in the near future, clathrin will reveal its

mechanistic and functional secrets and allow exploration of the regulation of

assembly. I am hopeful that in the future researchers will find ways to

manipulate the regulation of clathrin assembly in-vivo, and that this might lead to

insights that can be applied therapeutically.
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- Abstract There has recently been considerable progress in understanding the
regulation of clathrin-coated vesicle (CCV) formation and function. These advances
are due to the determination of the structure of a number of CCV coat components
at molecular resolution and the identification of novel regulatory proteins that control
CCV formation in the cell. In addition, pathways of (a) phosphorylation, (b) receptor
signaling, and (c) lipid modification that influence CCV formation, as well as the
interaction between the cytoskeleton and CCV transport pathways are becoming better
defined. It is evident that although clathrin coat assembly drives CCV formation, this
fundamental reaction is modified by different regulatory proteins, depending on where
CCVs are forming in the cell. This regulatory difference likely reflects the distinct
biological roles of CCVs at the plasma membrane and trans-Golgi network, as well
as the distinct properties of these membranes themselves. Tissue-specific functions of
CCV's require even more-specialized regulation and defects in these pathways can now
be correlated with human diseases.
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INTRODUCTION

Clathrin-coated vesicles (CCVs) mediate sorting and selective transport of mem
brane-bound proteins for several pathways of intracellular membrane traffic. They
are responsible for receptor-mediated endocytosis (RME) at the plasma membrane
(PM) and sorting of proteins at the trans-Golgi network (TGN) during the biogene
sis of lysosomes and secretory granules. CCVs are the first such transport vesicles
for membrane proteins to be identified, and consequently the understanding of
their biochemistry and function is quite sophisticated. The dense protein coat of the
CCV and its bristle-like morphology was first described by Roth & Porter (1964),
who noted that these vesicles appeared to be involved in RME of yolk proteins
in mosquito oocytes. Subsequently, the remarkable morphology of the clathrin
coat was noted for vesicles purified from pig brain (Kaneseki & Kadota 1969).
Clathrin was identified as one of the major coat proteins of CCVs by Pearse (1975),
and the clathrate or basket-like appearance of assembled clathrin was recognized
in the naming of the protein (Pearse 1975). The other major protein component
of CCVs, the adaptors [also called assembly proteins (APs)], were identified by
Keen et al. (1979) and characterized biochemically in the early 1980s (reviewed in
Pearse & Robinson 1990). Recent major advances in the characterization of CCV's
include the determination of the structure of a number of CCV coat components
at crystallographic resolution, the identification of novel regulatory proteins that
control CCV formation in the cell, and the discovery that phosphorylation and
receptor signaling influence CCV formation. In addition, the relationship of CCV
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to cellular physiology is becoming better defined. An important role for membrane
lipids in CCV formation is emerging, the interplay between CCVs and the actin
cytoskeleton is being elucidated, and the intracellular pathways in which CCV's
participate are being established through the study of genetic and protein mutations
affecting molecules involved in CCV formation. Lastly, as other types of coated
membrane vesicles that mediate intracellular transport have become better char
acterized, common and unique features of membrane vesicle transport systems
are emerging, and both the general and specialized roles of CCVs in intracellular
transport are better understood. This chapter focuses on the recent advances in un
derstanding CCV formation, function, and regulation, as well as their relationship
to cellular physiology and human disease.

GENERAL PRINCIPLES OF COATED VESICLE FORMATION
AND THOSE SPECIFIC TO A CCV

It has become clear that CCVs are not unique in their ability to select protein cargo
for transport from one membrane to another, nor are CCV's unique in their ability
to mediate endocytosis from the PM. Therefore it is important to define CCV
mediated transport pathways relative to other vesicle-mediated membrane trans
port pathways (Figure 1). Cargo selection for anterograde transport from the endo
plasmic reticulum through the Golgi apparatus during protein export is mediated by
COPII-coated vesicles. Cargo selection for retrograde transport, returning resident
proteins to the endoplasmic reticulum when they escape into the Golgi apparatus,
is mediated by COPI-coated vesicles (Barlowe 2000). At least two endocytic path
ways are independent of CCVs. Potocytosis of small molecules can be mediated
by caveolae associated with cholesterol-rich plasma membrane rafts (Anderson
1998). Endocytosis of a subset of signaling receptors and toxins has been shown
to be independent of both caveolae and CCV's (Lamaze et al. 2001, Skretting et al.
1999).

The biochemical principles that control CCV formation and function can be
clearly defined. Some apply to the formation of other coated-vesicle transport
pathways and some are unique to CCVs. Such a comparison has been made
recently in two review articles (Kirchhausen 2000b, Springer et al. 1999). The
self-assembling property of the clathrin coat is the key to the ability of CCVs to
selectively sequester protein cargo into a membrane vesicle. Clathrin has a triske
lion (three-legged pinwheel) shape, and intrinsic to the molecule is its ability to
form a polyhedral lattice (reviewed in Brodsky 1988) (Figure 1). During CCV for
mation, clathrin lattice formation is nucleated on cellular membranes by adaptors
(AP1 and AP2), which are drawn into the lattice and trigger CCV formation at the
TGN and PM, respectively. In turn adaptors incorporate transmembrane molecules
into the lattice by association with the cytoplasmic domains of these molecules
(Figure 2). Thus in the simplest conception of CCV formation, the polymerization
of clathrin provides the organizing function for protein sorting by concentrating
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Figure 1 Intracellular location and morphology of clathrin-coated vesicles (CCV). (A) In
tracellular transport steps mediated by CCV during endocytosis and secretion are delineated
in blue, in comparison with the intracellular locations of other transport vesicles (other col
ors, as defined). (B) Distribution of CCV in a Hela cell labeled with the X22 anti-clathrin
heavy chain monoclonal antibody and fluorescent anti-immunoglobulin. (C) A membrane
associated clathrin lattice and emerging clathrin-coated pit. [Reproduced with permission
from Heuser et al. (1987) and with copyright permission from Rockefeller University Press.]
(D) A clathrin triskelion purified from bovine brain CCVs and visualized by platinum shad
owing. (B and D) Images from our laboratory [reproduced from (Liu et al. 2001a) with the
copyright permission of Oxford University Press]. The bars indicate the following dimen
sions: (B) 5 ■ um, (C) 33 nm, (D) 20 nm.
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Figure 2 Basic steps in the nucleation, budding, scission, and uncoating of a clathrin
coated vesicle (CCV) from either the plasma membrane (PM) or the trans-Golgi net
work (TGN). (1) Receptors with adaptor recognition signals are present in the donor
membrane along with determinants that influence adaptor localization. (2) Adaptors
bind to the localization determinants with high affinity. (3) Adaptors interact (low affi
nity) with the cytoplasmic domains of receptors present in the membrane. Membrane
associated adaptors are in a dephosphorylated form favorable for clathrin binding.
Clathrin is recruited from the cystosol, and assembly of the clathrin lattice at the mem
brane is triggered by adaptors. (4) The fully coated CCV detaches from the donor
membrane. (5) Clathrin is uncoated, followed by uncoating of adaptor molecules. The
adaptor molecules in the cytosol are phosphorylated, preventing nonproductive interac
tion with clathrin. The timing of adaptor phosphorylation within the uncoating process
is not defined. (6) The uncoated vesicle fuses with an acceptor compartment. In the
case of budding from the PM and TGN, the acceptor compartment is in the endocytic
pathway. The molecules involved in the regulatory steps indicated by letters are best
defined for CCV formation at the PM. In step A, receptor uptake can be constitutive or
it can be stimulated by signaling. In the latter, phosphorylation, arrestin binding, and
ubiquitination can all play a role. Binding of assembly protein AP2 to the PM can be
mediated by lipid recognition, synaptotagmin, and stonin 2. Orientation of nucleation
relative to the actin cytoskeleton could involve Hip 1 R. Note that mammalian clathrin is
shown with random combinations of light chain (LC)a and LCb. Step B involves AP180
or CALM, eps 15, and epsin and may incorporate auxilin. Step C involves dynamin, am
phiphysin, and endophilin, and actin tails may form at this stage via pacsin/syndapin.
Intersectin may also be involved in this step. Step D involves synaptojanin, hsc70, and
auxilin. Step E probably involves the Rab5-guanine-nucleotide dissociation inhibitor
(GDI) complex, which is also implicated in step C. For CCV formation at the TGN,
step A involves activation of ARF1 and, in some cases, may involve SCAMP recog
nition. It is not yet established whether for CCV formation at the TGN, steps B–D
involve regulatory proteins that are the same or equivalent to those described for PM
CCV formation.
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associated proteins into a regular protein array, and adaptors provide a cargo se
lection function.

For the other types of coated vesicles that have been defined, the cargo selection
function has been attributed to various coat subunits: y-COP or ARF-GAP (ADP
ribosylation factor-GTPase activating protein) for COPI, and Sec23/24p for COPII
(Kirchhausen 2000b, Springer et al. 1999). There are also two versions of protein
complexes related to CCV adaptors (AP3 and AP4, both present on perinuclear
membrane vesicles but not at the PM) that apparently can function independently
of clathrin as cargo selectors (Kirchhausen 1999). For these other types of vesicle
coats, the organizing function is defined in some cases but not others. Cargo recog
nition by COPII coats triggers recruitment of the other COPII subunits, which then
form a concentrated array of protein, constituting a coat (Springer et al. 1999) and
presumably consolidating the cargo and the recognition molecules. For COPI and
the clathrin-independent adaptors, what drives coat formation is not completely
clear. However, it appears that for COPI, cargo selection and self-assembly are
likely to be mediated by the same large protein complex. The clathrin-independent
adaptors may self-assemble and select cargo, or they may be organized by proteins
not yet identified. For COP coats, cargo recognition is associated with a priming
event in which a small GTP-binding protein associated with the target membrane is
activated. Assembly of the coat is triggered only when the activated GTP-binding
protein interacts with the cargo recognition unit (Sarlp in the case of COPII and
ARF1 in the case of COPI) (Kirchhausen 2000b, Springer et al. 1999). This type
of priming is also a step in CCV formation at the TGN, where ARF1 plays a role,
but such a priming step has not yet been defined for CCV formation at the PM,
although an increasing number of regulatory proteins have been implicated in this
process. Whether the components of caveolae coats are recruited by priming and
cargo recognition is not yet clear, although caveolin appears to self-assemble into
a regular array in cholesterol-rich regions of the PM (Anderson 1998). However,
cells that lack caveolin can still internalize proteins and lipids from rafts, indicating
that caveolin-independent or analogous pathways exist (Garred et al. 2001).

Finally, as more details emerge regarding CCV formation, it has become evident
that although clathrin coat assembly drives this process, this fundamental reaction
is modified by different regulatory proteins, depending on where CCVs are forming
in the cell (Figure 2). In particular, there are a large number of regulatory differences
between CCV formation at the PM and at the TGN. This regulatory difference
likely reflects the distinct biological roles of CCVs at the PM and TGN, as well as
the distinct properties of these membranes themselves.

STRUCTURE AND BIOCHEMISTRY OF CCV
COMPONENTS AND REGULATORS

The identification of new proteins involved in CCV formation (Table 1,
Figure 2) and the determination of the structures of some CCV components
at molecular resolution (Figure 3) have recently moved our understanding of
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homology,ENTH,epsinN-terminalhomology;
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CCV biochemistry to a new level (Kirchhausen 2000b, Slepnev & De Camilli
2000, Wakeham et al. 2000). In this section we review the structure and biochem
istry of bona fide members of the vesicle coat, as well as those proteins involved
in vesicle assembly, disassembly, and scission from the membrane, to set the stage
for understanding the cellular physiology of CCV formation.

Clathrins

The clathrin triskelion is formed from three identical clathrin heavy chains (CHCs)
of 1675 residues in mammalian clathrin (192 kDa) (Kirchhausen et al. 1987), with
variation of sequence length at the extreme carboxyl (C) terminus in CHCs of
other species (Brodsky 1999). CHCs have variable migration by sodium dode
cyl sulfate-polyacrylamide gel eletrophoresis (SDS-PAGE), such that mammalian
CHCs appear to be 180 kDa, whereas yeast CHC, which terminates at the equiv
alent of mammalian residue 1653, runs closer to 190 kDa (Tan 1993). CHCs
can be divided functionally and structurally into thirds (Figure 4). The central
portion of the clathrin molecule, known as the hub (Liu et al. 1995), is formed
by the C-terminal third (mammalian CHC residues 1074–1675) and includes se
quences mediating CHC trimerization (between mammalian residues 1560–1615)
and binding sites for the clathrin light chain (CLC) subunits, which regulate
clathrin assembly (Brodsky et al. 1991). The proximal portion of the triskelion
leg (mammalian residues 1074–1522) extending from the trimerization domain
is a superhelix of a-helices (Figure 3). These helices are grouped in a repeating
structural motif comprising 10 short o-helices linked by a pattern of conserved
salt bridges (Ybe et al. 1999). The general sequence motif characteristic of the
structural motif is repeated seven times in all CHC sequences, which suggests that
this CHC repeat (CHCR) accounts for the entire linear portion of the triskelion
leg (proximal and distal) and contributes to CHC trimerization. The CHCR also
appears in other proteins (singly or in pairs) involved in membrane traffic, includ
ing Pep3p, Pep5p, Vps39p, and Vps4lp. A single CHCR would be about 55 Å
in length and may represent a general protein interaction domain or possibly a
clathrin-binding domain (Ybe et al. 1999). The central third of the CHC forms the
distal segment of the triskelion leg and is predicted to have a similar structure to the
proximal leg. A flexible bend separates the proximal from the distal leg segments
(Musacchio et al. 1999), and even when this connection is severed, the resulting
separated fragments still self-assemble to form a lattice (Greene et al. 2000). The
N-terminal third of the CHC comprises a globular terminal domain (TD), which
forms a beta-propeller structure, with binding sites for various clathrin-interacting
proteins on the “blades” of the propeller (ter Haaret al. 1998) (Table 1, Figure 3).
The TD is connected to the distal leg segment by a linker region of short alpha
helices, which are not organized into a CHCR but appear to be more flexible. The
TD has been cocrystallized with peptides containing clathrin-binding sequences
both from the B-chain of the AP3 adaptor and from B-arrestin, which bind to the
same binding site (ter Haar et al. 2000). It is likely that this limited binding site
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Figure 3 (See figure on previous page) (opposite page) Molecular structures of
clathrin-coated vesicle components and regulatory proteins, as of April 2001. (For
information on where each domain lies in the primary structure of the protein, see
Figure 4; for information on the domain's interactions, see Table 1.) Images were gen
erated from coordinates deposited in the Protein Data Bank (Berman et al. 2000) using
Molscript (Kraulis 1991) and Raster3D (Merritt & Murphy 1994). The colors are used
to highlight different structural features. Ligands are shown in red, and red balls depict
bound calcium atoms, or magnesium in the case of hsc70 and synaptotagmin. The
sources for the coordinates are as follows: clathrin proximal leg PDB ID, 1B89 (Ybe et
al. 1999); clathrin terminal domain with bound B-adaptin 3 peptide PDB ID, 1C91 (ter
Haar et al. 2000); adaptor complex a-ear PDB ID, 1B9K (Owen et al. 1999); adaptor
complex B2-ear PDB ID, 1 E42 (Owen et al. 2000); adaptor complex u2-subunit with
bound TGN38 peptide PDB ID, 1BXX (Owen & Evans 1998); CALM ENTH domain
with bound PI(4,5)P2 PDB ID, 1HFA (Ford et al. 2001); dynaminl PH domain PDB
ID, 2DYN (Timm et al. 1994); amphiphysin2 SH3 domain PDB ID, 1BB9 (Owen
et al. 1998); synaptotagmin III C2A and C2B domains PDB ID, 1DQV (Sutton et al.
1999); Eps 15 EH1 domain PDB ID, 10.JT (Whitehead et al. 1999); Eps 15 EH2 domain
with bound NPF-containing peptide PDB ID, 1FF1 (de Beer et al. 2000); Epsis EH3
domain PDB ID, 1C07 (Enmon et al. 2000); epsin! ENTH domain PDB ID, 1 EDU
(Hyman et al. 2000); hsc70 ATPase domain with bound ATP and Mg2+ ions PDB
ID, 3HSC (Flaherty et al. 1990); and hsc70 substrate binding domain PDB ID, 7HSC
(Morshauser et al. 1999).
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represents only a fraction of an extended site for either protein to interact with
clathrin.

CHC22, a second form of CHC (1640 residues), was identified during human
genome analysis of human chromosome 22 (reviewed in Brodsky 1997). The
conventional CHC described above is encoded on human chromosome 17 and
for comparative purposes is referred to as CHC17. CHC22 is 84% identical to
CHC17, and the differences are scattered throughout the protein sequence such
that no particular domain is dramatically different from CHC17. CHC22 forms a
trimer but does not associate with CLCs as avidly as does CHC17 (Liu et al. 2001b).
CLC binding to CHC22 is not detected biochemically and has been observed only
through yeast two-hybrid interactions, whereas CLCs form a stable subunit of
CHC17 triskelia and are dissociated only under extreme denaturing conditions.
It is possible that CHC22 has an additional subunit replacing CLCs, but no such
subunit has yet been identified. CHC22 is highly expressed in skeletal muscle and
can be detected at a low level in other cell types. In nonmuscle cells, CHC22
is associated with the TGN but not the PM and correspondingly associates with
adaptors AP1 and AP3 but not AP2 (Liu et al. 2001b). The function of CHC22
appears to be distinct from CHC17 and is discussed further in the sections on
tissue-specific function and cytoskeletal interactions below. It is of interest that a
gene encoding CHC22 is not present in mice, whose corresponding chromosomal
region seems to have been deleted during inversion (Lund et al. 2000). Southern
blot analysis has suggested its presence in primates, rabbits, and dogs (Holmes et al.
1997), but in nonmammalian species the sequences of CHCs are too divergent to
determine whether the CHC resembles human CHC22 or CHC17.

The CLC subunits bind to the hub region of the triskelion, one associated with
each leg. There is a single CLC in yeast, invertebrates, and insects, and there are
two forms (LCa and LCb) in vertebrate species. These are encoded on different
chromosomes in humans and have about 60% protein sequence identity. There
are also neuronal splicing variants of both LCa and LCb (Brodsky et al. 1991).
Thus LCa and LCb vary from 25–29 kDa, but by SDS-PAGE they appear to
be 30–36 kDa, as they are highly negatively charged (Brodsky 1988). CLCs bind
clathrin through a central domain, flanked on the C-terminal side by the splice sites
for neuronal sequences. which introduce a hydrophobic patch into the proteins.
On the N-terminal side, both LCa and LCb have a calcium-binding site and a
sequence unique to each CLC, which in LCa can stimulate the uncoating protein
hsc70 to disassemble polymerized clathrin (Brodsky et al. 1991). Approximately
20 residues from the N terminus in both light chains is a completely conserved
sequence of 22 residues shared by LCa and LCb in all mammalian species and
which represents the region of highest homology with yeast CLC (Pley & Parham
1993). The first three residues of the conserved mammalian sequence are negatively
charged, with two charges conserved in CLCs of all species analyzed to date. These
charged residues regulate the pH sensitivity of clathrin assembly. Without CLC
bound, triskelions of CHCs will polymerize into a lattice at physiological pH. With
CLC bound, polymerization will only occur below pH 6.5, and this effect depends
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on the negatively charged residues at the beginning of the conserved CLCsequence
(Ybe et al. 1998). Adaptors AP1 and AP2 can reverse this inhibition and stimulate
assembly of triskelia at physiological pH. Thus one role of CLCs is to moderate the
tendency of CHCs to self-assemble, rendering clathrin susceptible to regulation by
adaptors in the cell. In vitro, clathrin self-assembly can be stimulated by calcium,
and this effect is reduced when CLCs are dissociated from triskelia. It is not clear
whether calcium plays a role in cellular clathrin assembly because concentrations
required for CLC binding of calcium (Ka of 25 puM) are considerably higher than
steady state intracellular calcium levels (Pley & Parham 1993).

In vertebrate cells, LCa and LCb compete with each other for CHC binding
(Brodsky 1988). Although LCb has a slightly higher affinity in vitro, cellular
triskelia comprise a random distribution of LCa and LCb according to their rela
tive expression level in the cell, such that four types of triskelia (aaa, aab, bba, and
bbb) are always present. LCa and LCb are expressed at different relative levels in
cells of different tissue origins. Notably LCb is in excess of LCain cells with a reg
ulated secretory pathway (Acton & Brodsky 1990). However, major differences in
function of LCa and LCb have not been evident from analysis of PC12 cells lacking
LCa, which suggests that LCb may represent the more-specialized form and/or that
the differential function of LCa and LCb is only important for cells participating
in organized tissue. LCb and yeast LC are targets for phosphorylation (Brodsky
et al. 1991, Chu et al. 1999), which may reflect regulation of their function.

Adaptors and Related Proteins
The heterotetrameric adaptors AP1 (y-, B1-, 111A-, and a 1-subunits) and AP2
(a-, 32-, pu2-, and a 2-subunits) are established components of the coat of CCV's
(Kirchhausen 1999). These adaptors localize CCV formation to the TGN (AP1)
or the PM (AP2) (Pearse & Robinson 1990) by induction of clathrin assembly
through the 31- or B2-subunits (Gallusser & Kirchhausen 1993). They bind to
cargo with the pu 1- or pu2-subunits. In particular, the pi-subunits recognize sequence
motifs YXXq (where p is a bulky hydrophobic residue) in the cytoplasmic do
mains of receptors that are sequestered in CCV's (Ohno et al. 1995). The structure of
the pu2-subunit has been determined, cocrystallized with a few peptides (Owen &
Evans 1998). It consists of two B-sandwich subdomains joined so that the whole
structure is one convex surface with a peptide-binding site along the edge of one
subdomain. The peptide (in an extended conformation) mimics an additional B
strand, and there are defined pockets that can accommodate the critical tyrosine
and bulky hydrophobic residues in the internalization motif. An extended binding
site was revealed when an extended peptide from p-selectin (Owen et al. 2001)
was cocrystallized. The recognition of two other CCV cargo motifs by adaptors is
less well defined. The dileucine-based motif (LL, LI, or ML) can be demonstrated
to interact with the f{1-subunit by cross-linking assays but can be demonstrated to
interact with pu l- and pu2-subunits by surface plasmon resonance (Hofmann et al.
1999, Rapoport et al. 1998). Recognition of the NPXY motif directly by the TD of
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Figure 4 (See figure on previous page) Molecular interactions between clathrin
coated vesicle components and regulatory proteins. Clathrin and adaptors inter
act with myriad factors that influence assembly, vesicle budding, cytoskeleton in
teraction, signaling, and phospholipid interaction. The central cartoons represent
clathrin and adaptors, and a bar proportional to protein length represents other
proteins. Arrows represent binding interactions between proteins. Colors repre
sent the domain location and length within the primary structure of the protein.
Where two domains overlap, the two colors are shown as diagonal stripes. In
cases where proteins are alternatively spliced or there are family variants, the
longest member of the protein family is depicted. (Note that arrows do not nec
essarily indicate which domains are interacting; for that information, see Table 1).
Large gray brackets indicate binding of multiple proteins, e.g., auxilin, hsc70, and
Hip |R all bind to clathrin. Pink ovals enclosing PL represent phospholipid binding
Sites.
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clathrin has been detected by nuclear magnetic resonance spectroscopy (Kibbey
et al. 1998), but there is not yet any independent experimental evidence that this
occurs in vivo.

Electron microscopic analysis has revealed that the AP2 adaptors have a char
acteristic morphology resembling a head with ears (Heuser & Keen 1988). The
head, or core domain, comprises the N-terminal two thirds of the large subunits
and the puz- and o 2-subunits and contains the determinants that localize AP1 and
AP2 to the TGN and PM, respectively. As localization properties associate with
the N-terminal sequences of the a- and y-subunits, which also control which
pu- and o-subunits are bound, localization could be a function of any or all of these
three subunits. The N-terminal segment of the o-subunit of AP2 in the core domain
has a binding site for phosphoinositides (residues 5–80) (Gaidarov et al. 1996).

The ears, or appendages, are formed by the C-terminal domains of the a- and
82-subunits for AP2 (residues 701–938 for a and 705–937 for B). The appendage
domains are attached to the core via proline-rich hinge regions. In the B-subunit,
this region has a sequence motif, L (L,I) (D,E,N)(L,F)(D,E), that has been called
the clathrin box (Dell'Angelica et al. 1998). Segments of the protein containing this
sequence have been shown to bind to clathrin, and indeed, the hinge-appendage
fragment of the B2-subunit stimulates assembly of purified clathrin and recombi
nant clathrin fragments (Greene et al. 2000). Clathrin box sequences have been
identified in other clathrin-binding proteins, including arrestins, amphiphysins,
the AP180 family, and the B-subunits of AP1 and adaptor-related complex AP3.
Peptides containing this motif interact with clathrin TDs, as described above (ter
Haar et al. 2000). Recent sequence analysis of the AP180 family of proteins (see
below) suggests that the actual clathrin-binding motif may contain features of the
clathrin box but is more extended and somewhat more degenerate (Morgan et al.
2000).

The structures of the appendage domains of both the a-subunit (Owen et al.
1999, Traub et al. 1999) and 82-subunit (Owen et al. 2000) of AP2 have been
determined at crystallographic resolution. Despite their low sequence identity,
these two structures are similar (Figure 3). Each appendage can be divided into two
subdomains, with a distinctly different orientation relative to each other in the o- or
p-subunit. The N-terminal domain is a B-sandwich (similar to an immunoglobulin
domain with nine strands in the o-appendage and eight strands in the B-appendage).
The C-terminal domain is a single B-sheet, flanked by one a-helix on one side and
two a-helices on the other face. The C-terminal subdomain of both structures has a
hydrophobic patch, centered around a critical tryptophan residue, that is the binding
site for proteins with the Dopf/W motif. Each appendage binds a different subset of
these proteins (Table 1, Figure 4), and their binding has different affinities, which
suggests a sequence of association of these proteins with the appendage domains
during CCV formation.

The y-subunit of AP1 has an abbreviated sequence that suggests it lacks the pro
tein interaction domain of the other appendages. This appendage binds to a protein
called y-synergin, which may supply interaction sites for other proteins (Page et al.
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1999), y-Synergin contains an EH (Eps 15 homology) domain, which suggests the
potential to interact with the NPF motif found in proteins implicated in vesicle for
mation at the PM. In addition, y-synergin binds to the GGA proteins (Takatsu et al.
2000), which have homology with the appendage domain of the AP1 y-subunit and
interact with ARF3 in two-hybrid assays (Boman et al. 2000, Dell'Angelica et al.
2000, Hirst et al. 2000). It is likely that binding of y-synergin to GGAs or to AP1 is
mutually exclusive. The GGAs are localized to the TGN and are involved in trans
port from the TGN to lysosomes in yeast (Black & Pelham 2000). They bind to the
TGN via an interaction with ARF1 and have been visualized in a dense protein coat
at the TGN. The GGAs interact with clathrin in vivo, and GGAs have been shown
to promote recruitment of clathrin to liposomes in vitro and to TGN membranes in
vivo (Puertollano et al. 2001). GGAs are monomeric but contain multiple domains
that could potentially perform all the functions of the heterotetrameric adaptors
including ARF binding, cargo recognition, and clathrin recruitment (Puertollano
et al. 2001). Thus GGAs appear to be able to nucleate clathrin coat formation at
the TGN and thereby represent a novel form of adaptor molecule. A specialized
form of the AP1 adaptor having the pu 1 B-subunit instead of p 1A has been iden
tified, with expression limited to polarized cells (Fölsch et al. 1999, Ohno et al.
1999). Furthermore, two additional complexes with subunit compositions similar
to AP1 and AP2 have been identified and characterized (Kirchhausen 1999). These
are known as AP3 (6-, B3A or 83B-, p.3-, and a 3A or a 3B-subunits) and AP4
(e-, B4-, pu%-, and a 4-subunits). AP3 has been implicated in specialized sorting
pathways in the TGN, particularly in melanosome formation. By immunoprecip
itation it has been shown to interact with CHC17 and CHC22 (Liu et al. 2001b).
The former interaction is through the predicted clathrin box in the 63-hinge re
gion (Dell'Angelica et al. 1998). However, AP3 does not copurify with CCV's
(Simpson et al. 1996), and in yeast, AP3-mediated transport pathways function
independently from clathrin-mediated transport pathways (Vowels & Payne 1998).
Thus whether AP3 functions completely independently of clathrin in mammalian
cells or perhaps less dependently than AP1 and AP2 is not clear. The puj-subunit
does interact with cargo motifs in yeast two-hybrid analysis (Dell'Angelica et al.
1997). Expression of AP4 is limited to a low level and is localized to the TGN
region of cells (Dell'Angelica et al. 1999a, Hirst et al. 1999). There are no pre
dicted interactions with clathrin for AP4. Adaptor complexes equivalent to AP1,
AP2, and AP3 have been found in nonmammalian species, including yeast, which
have 13 potential adaptor subunits (four pi-subunits and three of each of the others
corresponding to homologues of subunits from mammalian AP1, AP2 and AP3)
(Cowles et al. 1997).

Coat Proteins Influencing Assembly and Disassembly
AP180 and auxilin are two clathrin-binding proteins involved in CCV coat as
sembly and disassembly, which were identified as coat components. AP180 (see
Table 1 for aliases) is a neuronal protein, related in structure and function to a
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nonneuronal family member CALM (McMahon 1999). Versions of AP180 have
been identified in Drosophila melanogaster, Caenorhabditis elegans, and squid
with variable degrees of homology and inserted sequences. All the proteins of
this family have at their N termini an ENTH domain, which binds phosphatidyl
inositol 4,5-bisphosphate (PIP2). Although the C termini are highly divergent, all
retain the ability to bind clathrin. Rat AP180, bovine AP180, Xenopus AP180, and
human AP180 are similar, whereas CALM from rats and humans are similar to
each other. Both AP180 and CALM bind clathrin and are involved in endocytosis,
but they coexist in some cell types (Kusner & Carlin 2000). The other members
of this family identified in yeast (Yap 1801, Yap 1802), C. elegans (Unc-11), D.
melanogaster (LAP), and squid (AP180) appear to be more closely related to
CALM than to AP180, although homology in the C terminus is low (Morgan et al.
1999). For mammalian AP180, deletion and mutagenesis studies on the clathrin
binding domain implicate a DLL or SLL motif in clathrin binding (Morgan et al.
2000). This motif is present in multiple (12) copies in both AP180 and in other
clathrin-binding molecules, including all the B-subunits (one to four copies) of the
AP1, AP2, AP3, and AP4. AP180 also makes a complex with AP2 via Dopf/W
repeats that can bind both the o- and B-subunit appendages (Hao et al. 1999, Owen
et al. 2000). This complex would have multiple DLL motifs that could potentially
cross-link clathrin and promote assembly. The predicted “clathrin box” motif in
CALM and LAP is actually buried and inaccessible in the structure of the molecule
(Ford et al. 2001, Mao et al. 2001). However, the clathrin box motif, defined in
other analyses of clathrin-binding proteins, such as that of the 8-subunits of AP1,
AP2 and AP3, overlaps with DLL or SLL motifs so that it is not yet possible to
definitively identify what actually constitutes a clathrin-binding motif.

Auxilin, originally identified as a neuron-specific component of CCV's (Ahle
& Ungewickell 1990), has now been found in two forms in mammalian cells, the
neuronal form and the ubiquitous form, auxilin 2. The latter form is also a cyclin
G—associated kinase (GAK) that has serine/threonine kinase activity and can phos
phorylate the pi-subunit of both AP1 and AP2 (Greener et al. 2000, Umeda et al.
2000). The N terminus of both auxilins has a phosphatase and tensin homology
(PTEN) domain, followed by a clathrin-binding domain and a J domain at the Cter
minus (Greeneret al.2000, Umeda et al. 2000, Ungewickellet al. 1995). The PTEN
domain could have actin-binding activity through its tensin homology, as tensin
binds actin in focal adhesion plaques (Kanaoka et al. 1997). The phosphatase as
sociated with PTEN tumor suppressor domains can dephosphorylate phosphatidyl
inositol 3,4,5-triphosphate (PIP3) (Maehama & Dixon 1998). Although the phos
phatase activity of auxilins remains to be determined, through a similar activity
they could potentially influence the phosphoinositide binding of other CCV com
ponents. The J domain is a defining feature of the hsp40 cochaperone family
and is essential for stimulating the ATPase activity of the hsc70■ hsp70 chaper
ones, as occurs in their Escherichia coli homologues DnaJ and DnaK, respectively
(Kelley 1998). Thus auxilins can recruit hsc70 to the clathrin coat through their
ability to interact with clathrin and APs and stimulate uncoating activity. Auxilin
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in C. elegans and yeast (SwaZp/Aux lp) has highest homology to mammalian aux
ilins in the J domains and little homology elsewhere in the protein (reviewed in
Lemmon 2001). Mutations in auxilin-encoding genes in yeast and worms cause
accumulation of uncoated CCVs and block endocytosis. Overexpression of auxilin
and GAK in mammaliancells disrupts clathrin localization to membranes. These in
vivo experiments support a role for auxilin as a cofactor in CCV uncoating (Umeda
et al. 2000, Zhao et al. 2001). It is of interest that auxilin was initially discovered
as a stimulator of clathrin assembly in vitro (Ahle & Ungewickell 1990). It may be
that auxilin/GAK has assembly-promoting properties that allow its incorporation
into the CCV coat, thereby priming vesicles for uncoating.

Dynamin and Binding Partners
Dynamin is a GTPase that oligomerizes into tetramers that can stack into open rings
and form tubules (Hinshaw 2000). Its function in scission of an assembled CCV
from the PM was identified through the phenotype of the shibire D. melanogaster
mutant, which accumulates CCVs attached to the PM in synaptic regions (Kosaka
& Ikeda 1983). Dynamin's role in endocytosis has been confirmed by the construc
tion of many mutants that affect endocytosis, most notably the K44A mutant, with a
defect in GTP binding and hydrolysis. Overexpression of K44A-dynamin inhibits
clathrin-mediated endocytosis, as well as caveolae function (McNiven et al. 2000).
There is some debate as to the exact role of dynamin during CCV fission (discussed
below in the section on mechanics of CCV formation). There are numerous splice
variants and three genes encoding human dynamins. Dynamin l functions at the
PM and is the most well-characterized. Dynamin 2 has been proposed to play
a role in budding of CCVs at the TGN, although conflicting results discussing
dynamin 2 function are reported in the literature (Altschuler et al. 1998, Kreitzer
et al. 2000, McNiven et al. 2000). Dynamin 3 has restricted tissue distribution and
is most strongly expressed in testis (McNiven et al. 2000). Additional roles for
mammalian dynamins in membrane traffic have been suggested by expression and
mutagenesis studies and include an influence on membrane-cytoskeleton interac
tions (Witke et al. 1998) and intracellular signaling (Ahn et al. 1999, Fish et al.
2000, Whistler & von Zastrow 1999). Dynamin homologues have been identified
in D. melanogaster, C. elegans, and yeast. In the latter, the closest homologue,
Vps lp, is involved in TGN-to-vacuole membrane traffic; a more distant homo
logue, Dnmlp, has been implicated in endosome-to-vacuole transport (Gammie
et al. 1995) and mitochondrial morphology (Bleazard et al. 1999); and a third,
Mgm 1p, is also involved in mitochondrial function (Baggett & Wendland 2001).

Dynamin l interacts with numerous protein partners, all of which play a role in
CCV-mediated endocytosis and some of which, such as profilin and cortactin, can
interact directly with the actin cytoskeleton. The majority of dynamin's protein
interactions occur through a proline-rich domain at the C terminus, which binds
SH3 domains in other proteins (Table 1, Figure 4) (Simpson et al. 1999). Adjacent
to the proline-rich domain, dynamin has a GTPase effector domain (Muhlberg
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et al. 1997) that increases dynamin's own GTPase activity (a function of the N-ter
minal domain) by 50- to 100-fold. This GTPase effector domain activity can influ
ence adjacent dynamin tetramers during dynamin self-assembly into stacked rings
of tetramers. Dynamin also has a pleckstrin homology (PH) domain that interacts
with PIP2 (Salim et al. 1996) to mediate membrane binding and that could also
mediate binding to the B- and y-subunits of heterotrimeric G proteins (Liu et al.
1997). The structure of the dynamin PH domain (Timm et al. 1994) resembles that
of PH domains in other phosphoinositide-binding proteins (Rebecchi & Scarlata
1998), such as Bruton's tyrosine kinase (Btk).

Amphiphysins bind dynamin through a C-terminal SH3 domain, and some
forms bind clathrin and AP2, thereby linking dynamin to these two coat proteins
(Slepnev et al. 2000). Amphiphysins also interact with lipid-modifying proteins
endophilin, synaptojanin, and phospholipase D1 and 2 and with proteins involved
in signaling (Table 1) (Wigge & McMahon 1998). In mammals, amphiphysin I
is expressed in neurons, testis, and neuroendocrine cells, whereas amphiphysin
II has notable expression in skeletal muscle and brain (Butler et al. 1997, Wigge
& McMahon 1998). Amphiphysin homologs in yeast Rvs167p and Rvs161p are
functionally required for endocytosis, and genetic evidence suggests an interaction
with components of the actin cytoskeleton (Amberg et al. 1995). In mammals,
amphiphysin II plays a role in macrophage phagocytosis, which further suggests
a cytoskeletal connection (Gold et al. 2000).

MECHANICS OF CCV FORMATION AND
MEMBRANE INTERACTIONS

Clathrin Assembly by Adaptors and Lattice Rearrangement
The structure of the lattice produced by clathrin assembly in the presence of adaptor
molecules has been determined to a resolution of 21 Å by cyroelectron microscopy
and image averaging (Figure 5) (Smith et al. 1998). The features of this lattice are
that every edge is formed by the interaction of two proximal leg domains and
two distal leg domains, each contributed by four different triskelia. The geometry
is such that underneath the trimerization domain at the vertex of each triskelion
is the conjunction of three “knee bends” from adjacent triskelia and below that
is the conjunction of three TDs from triskelia centered two vertices away. The
structure of the TDs has been modeled within the 21 A map, and it is clear that they
extend inside the lattice to interact with adaptor molecules, which in turn would
be interacting with membrane components (Musacchio et al. 1999, Smith et al.
1998).

The CLC subunits inhibit spontaneous assembly of the heavy chains at phys
iological pH (Liu et al. 1995). This inhibition can be overcome in vitro, at low
pH. In vivo, this inhibition is overcome by adaptor interaction with clathrin. The
influence of adaptors on clathrin lattice assembly has been studied in an in vitro



Figure 5 A cryo-electron microscopy image of a whole clathrin basket [reproduced from
Smith et al. (1998) with permission of the authors and with copyright permission from Oxford
University Press]. The image has been colored to show the location of individual triskelia,
similar to the version of this image reproduced by Marsh & McMahon (1999). One side of a
polygon of the clathrin lattice is composed of segments of clathrin legs from four different
triskelia. Two proximal legs from the red and green 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).
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reconstitution system in which the entire process can be reproduced with fragments
of clathrin and adaptors produced in bacteria (Greene et al. 2000). Earlier work
showed that adaptors bind the TD of clathrin and that the B-chain of both AP1 and
AP2 can induce clathrin assembly (Gallusser & Kirchhausen 1993). Subsequent
studies revealed that an N-terminal fragment of the B2-chain comprising the hinge
and ear (appendage) domain (Figure 4) will stimulate clathrin assembly (Shih et al.
1995). From structural studies and sequence analysis, it has been suggested that
this fragment has two binding sites for clathrin. A peptide containing a clathrin
binding motif from the hinge region of the B3-subunit of AP3 was cocrystallized
with the TD fragment of the CHC (ter Haar et al. 2000) (Figure 3). In addition,
a Dopf/W-motif binding site identified on the ear domain is predicted to inter.
act with a Dºpf/W motif in the CHCR1 of the distal triskelion leg, near the TDs
of CHCs (Owen et al. 2000). The presence of two binding sites in one B-chain
suggests that adaptors could potentially cross-link two CHCs to orient them in a
conformation favorable for assembly. In the cell, the interaction of the B-chains
of AP1 and AP2 with clathrin is regulated by phosphorylation of serines in their
hinge regions (Wilde & Brodsky 1996). When membrane bound, these regions
are dephosphorylated and can interact with clathrin to stimulate assembly. In the
cytosol, the B-chains are phosphorylated so that they cannot interact with clathrin
and nonproductive assembly is prevented. Properties of the kinase and phosphatase
involved have been recently characterized, although the specific proteins have not
yet been identified (Lauritsen et al. 2000). The timing of phosphorylation and de
phosphorylation within the cycle of CCV formation is not known, although the
kinase is associated with fully formed CCV's (Wilde & Brodsky 1996). Thus its
activation may help to initiate coat disassembly.

Studies on clathrin self-assembly have indicated that the interaction of proximal
triskelion legs is important for self-assembly. Monoclonal antibodies to this region
inhibit assembly, and the regulatory CLCs bind in this region (Blank & Brodsky
1987). Studies with recombinant fragments have indicated that the hub fragment,
comprising only the proximal leg and the trimerization domain of the triskelion,
can self-assemble, but only pseudo-lattices (poorly formed and not closed) are
formed. This latter reaction is not influenced by adaptor molecules or fragments.
However, when adaptor fragments are combined with a fragment of the triskelion
leg containing the distal leg and TD and these are added to hubs with bound CLCs,
an intact spherical lattice can be formed that reproduces clathrin coat morphology
(Greene et al. 2000). This assembly reaction is influenced by adaptors and requires
the presence of the distal leg, as well as the TD of CHC. These observations suggest
that the adaptors influence triskelion assembly through their ability to bind both the
TD and the distal domain. Given that the distal part of the triskelion leg interacts so
intimately with the proximal legs in a clathrin lattice (Figure 5), these segments are
in a prime position to also interact with the CLCs and thereby reverse their negative
effect on assembly. CLCs do not dissociate from CHCs during clathrin assembly
and disassembly, but it is not known whether they undergo any conformational
change during these reactions that might alter their influence on CHC assembly
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(Pishvaee et al. 1997). Studies on the disposition of the CLCs along the proximal leg
of the CHCs have suggested two different potential conformations (Kirchhausen
& Toyoda 1993, Näthke et al. 1992), and detailed mapping of the CLC-binding site
within the proximal leg is in progress. The answer to this problem will lie in the
resolution of the structures of CLCs bound to CHCs in assembled and disassembled
clathrin.

At the PM, large patches of clathrin lattices composed only of hexagons are
frequently observed. In order for a coat to form around membranes, 12 pentagons
must be introduced (based on the mathematical requirements for sphere forma
tion). It has been argued that because of the extensive “weaving” interactions of
triskelia, rearrangement of triskelia to form pentagons from hexagons can only
occur at the edge of a hexagonal lattice by using the outermost triskelia as a donor
pool for a novel reassembly reaction that can introduce pentagons (Kirchhausen
2000a). However, recent analysis of the energetics of clathrin basket formation in
the presence of adaptors indicates that although this is an energetically favorable
reaction, the threshold energy of assembly and disassembly is such that the lattice
can “breathe" and potentially lead to local rearrangement (Nossal 2001). What
actually happens at the cell membrane remains unresolved; however, it seems rea
sonable to hypothesize that rearrangement of a clathrin lattice would require the
participation of additional molecules.

The potential need for lattice rearrangement appears to be a feature of CCV for
mation at the PM, where apparently stable hexagonal arrays of assembled clathrin
are observed (Heuser & Kirchhausen 1985). In the TGN, vesicles appear to form
from tubules, and the CCVs in the TGN are less stable. Correspondingly, nucle
ation of CCVs in the TGN is regulated differently (see sections below). There
are distinct differences between CCV formation at the PM or at the TGN with
respect to both the source of clathrin (membrane bound versus cytosolic) and the
nature of the donor membrane (flat and cholesterol rich versus tubulated). These
differences could explain why candidate molecules for clathrin rearrangement and
lipid deformation have been identified mainly in endocytic-coated vesicles, with
out the implication of strictly analogous participants in CCV formation at the
TGN. It is likely not a coincidence that many such accessory molecules have been
discovered by studying CCV formation at nerve termini, where extensive endocy
tosis from the PM occurs after a burst of synaptic activity (Slepnev & De Camilli
2000).

Candidates for involvement in a lattice rearrangement reaction at the PM are
molecules such as Eps 15 (Salcini et al. 1999) or amphiphysin I (Wigge & McMahon
1998). Both molecules interact with clathrin and adaptors. Amphiphysin binds
directly to both clathrin and adaptors, as well as to dynamin. Eps 15 binds the
AP2 adaptor directly and clathrin via its binding partner epsin, a protein that also
binds AP2. Eps 15 was originally identified as a substrate for the epidermal growth
factor receptor (EGFR) tyrosine kinase (Salcini et al. 1999). Through expression
of dominant negative mutant fragments of Eps 15, it is clear that it plays a critical
role in constitutive as well as receptor-stimulated endocytosis (Benmerah et al.
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1998). Eps 15 forms homodimers of parallel stalks and tetramers of antiparallel
dimers (Cupers et al. 1997), or it can heterodimerize with intersectins, scaffold
proteins that provide links to signaling molecules (Sengar et al. 1999). Eps 15 is
localized to the necks of CCV's forming at the PM and interacts avidly with the
AP2 adaptor, as well as with synaptojanin, epsin, and intersectin (Salcini et al.
1999). Epsins (Slepnev & De Camilli 2000) also bind AP2, as well as clathrin,
expanding the potential for multimeric interaction between CCV coat proteins
during assembly.

The AP180 and CALM proteins also apparently play a PM-specific role in stim
ulating clathrin assembly (McMahon 1999, Tebar et al. 1999). It is not established
whether either of these proteins localizes to CCVs in the TGN, although overex
pression of CALM by transfection showed a TGN, as well as a PM, localization
(Tebar et al. 1999). AP180 stimulates clathrin assembly and influences the size
of a clathrin coat, a factor that may be particularly important at the neuronal PM,
corresponding with the high neuronal expression of AP180. CCV formation at the
synapse plays a major role in recapture of synaptic vesicle (SV) contents. SV can
reform either from CCVs or by resorting of SV proteins from endosomes (Slepnev
& De Camilli 2000). In the former situation, regulation of the size of the recapture
vesicle by AP180 is critical for generation of SV of the appropriate size (Zhang
et al. 1999). Studies on the function of CALM indicate that it also plays a role in
mammalian cell endocytosis (Tebar et al. 1999). CALM may also regulate vesi
cle size, but its function may have more to do with localization of CCV formation
through interaction with PM-specific lipids (see next section). Thus the two related
proteins may have diverged to play slightly different functions in stimulation of
CCV formation at the PM in different cell types (Kusner & Carlin 2000). AP180 is
not sufficient on its own to stimulate CCV formation. It can induce clathrin lattice

formation on lipid monolayers, but these lattices do not invaginate unless AP2 is
also present (Ford et al. 2001).

Finally, the late stages of CCV formation at the PM seem to depend on and
incorporate the Rab5-GDI complex into the CCVs (McLauchlan et al. 1997). This
complex is involved in fusion of uncoated CCV's with each other and with early
endosomes. It is not known whether the formation of CCVs at the TGN requires
incorporation of an equivalent Rab5-GDI complex to facilitate transport to target
membrane compartments.

Lipid Interactions During CCV Formation
At the PM, regions of CCV formation are not as rich in cholesterol as are cave
olae and rafts, but cholesterol content is important for CCV formation at the PM
and cholesterol depletion interferes with vesicle budding (Subtil et al. 1999). The
energetics of clathrin assembly with adaptor molecules is favorable at physiologi
cal pH and could potentially provide enough energy to cause spontaneous vesicle
budding (Nossal 2001). However, it appears that lipid deformation both at the PM
and TGN during vesicle formation has molecular assistance and that lipids play a
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role in nucleation of vesicle formation at both cellular sites. A number of proteins
associated with PMCCVs, including the a-subunit of AP2, dynamin, amphiphysin
l, and, most recently, AP180 and epsin, have been shown to bind phosphatidyl in
ositol polyphosphates (PIPs) (Cremona & De Camilli 2001, Ford et al. 2001, Itoh
et al. 2001). Using in vitro assays, it has been shown that interaction of dynamin
and amphiphysin (separately and in combination) can deform lipid membranes,
and AP180 can cause initiation of clathrin assembly at artificial membranes (Ford
et al. 2001). In the case of AP180 and AP2, lipid recognition may help to initiate
clathrin assembly at the PM, and for AP2, lipid binding has been implicated in
clathrin assembly on lysosomal membranes (Arneson et al. 1999). In the case of
dynamin and amphiphysin, lipid interactions may contribute to membrane defor
mation during budding and vesicle scission. Clathrin binds a class II PI3-kinase
through its TD and thereby stimulates PIP formation, amplifying binding sites for
coat proteins at both the PM and TGN (Gaidarov et al. 2001).

CCV-interacting proteins synaptojanin, amphiphysin, and dynamin bind en
dophilins. Endophilin I has lysophosphatidic acid acyl transferase activity (Huttner
& Schmidt 2000, Schmidt et al. 1999). This reaction generates phosphatidic acid,
potentially causing a change in membrane curvature and contributing to budding
and scission. Furthermore, Eps 15, AP2, the TD of clathrin, intersectins, syndapin,
and endophilins (Haffner et al. 2000, Micheva et al. 1997) all have binding sites for
interaction with the phosphatase synaptojanin. In vitro, synaptojanin dephospho
rylates PIPs at the 3, 4, and 5 positions of the inositol ring through dual phosphatase
modules (Hughes et al. 2000, Woscholski & Parker 1997). Loss of synaptojanin
in mice is lethal, and their neurons accumulate uncoated CCV's (Cremona et al.
1999). This suggests that PIP binding is a critical interaction stabilizing an as
sembled coat and that inositide-specific phospholipase may play a role in vesicle
uncoating. In yeast, mutants of synaptojanin homologs are defective in endocy
tosis and regulation of the actin cytoskeleton (Hughes et al. 2000). A worm with
defective synaptojanin (Unc-26) is impaired in vesicle recruitment, fission, and
uncoating (Harris et al. 2000). These phenotypes are consistent with a pleiotropic
role for synaptojanins in regulating interactions between proteins and the PM. All
these interactions between lipids and CCV-associated proteins depend on PIPs,
which are present primarily on the cytosolic leaflet of the PM, in the endocytic
pathway, and in the TGN.

There are TGN-specific lipid interactions of coat proteins that are implicated
in CCV formation at the TGN (Roth 1999). Binding of AP1 to the TGN requires
the formation of ARF1-GTP and its interaction with an additional unknown fac
tor. This activation step for coat formation is shared by other coats in the Golgi
region but is not a feature of CCV formation at the PM. ARF1-GTP formation in
turn depends on guanine nucleotide-exchange factors (GEFs) of two classes. The
high-molecular-weight class includes yeast Sec7p, Gealp, and Gea?p and mam
malian p200 BIG1, BIG2, and GBF1. All but GBF1 are inhibited by the fungal
metabolite brefeldin A (BFA). The low-molecular-weight GEFs including ARNO,
cytohesin-1, cytohesin-4, and GRP1, have PH domains and are insensitive to BFA.

273



538 BRODSKY ET AL.

ARFs and both classes of GEFs bind PIPs, and their recruitment to TGN membrane
is responsive to PI3-kinase activity. In addition, ARF1-GTP stimulates phospho
lipase D activation, potentially resulting in increased PIP synthesis and increased
sites of ARF and GEF recruitment, which could serve as a positive feedback loop
for coat component recruitment. Amphiphysins inhibit phospholipase D activity,
although it is not established whether this contributes to their function at the PM
or whether amphiphysins also function at the TGN (Lee et al. 2000).

Role for Dynamin in Vesicle Scission
In the shibire mutant of D. melanogaster, neuronal synapses are studded with CCV's
attached to the PM via collared necks, which suggests a role for dynamin in vesicle
scission (Sever et al. 2000). This role is supported by the observation that dynamin
can also self-assemble and form coated tubules following interaction with either
synthetic or coated-vesicle-derived liposomes. Furthermore, the GTPase activity
of dynamin is associated with a conformational change in dynamin tubules (Marks
et al. 2001). However, there has been considerable debate about the specific func
tion of dynamin in the cell, primarily focused on the role of the GTPase activity
of dynamin. Several models have been proposed based on in vitro data and the
phenotype of in vivo mutants in the GTPase and GTPase effector domains (Marks
et al. 2001, Sever et al. 2000). At one end of the spectrum is the hypothesis that dy
namin functions as a regulatory GTPase, like most characterized GTPases, and that
it attracts other proteins that actually mediate vesicle scission. In this model, the
function of self-assembly of dynamin is primarily to stimulate the GTPase acti
vity of dynamin and perhaps act as a sensor of vesicle closure. Alternative hy
potheses suggest that the self-assembly of dynamin is the mechanical force behind
vesicle scission, either through formation of a garrote causing membrane constric
tion or through intrinsic spring-like action due to a conformational change causing
membrane rupture. It is likely that the role of dynamin in CCV scission involves
both of these mechanisms. As more dynamin mutants are studied for their ef
fects on endocytosis, as well as their in vitro assembly phenotype, it appears there
is supportive data for more than one mechanism of action (Marks et al. 2001).
Presumably dynamin self-assembly does contribute to the mechanics of scission,
along with a conformational change induced by GTP hydrolysis. However, self
assembly also activates GTPase activity, which could very well play a regulatory
role in the recruitment of other proteins involved in scission. In addition, dynamin
has recently been implicated in late stages of vesicle invagination during CCV for
mation at the PM, possibly a function of its interaction with partner proteins that
may occur prior to dynamin self-assembly and vesicle scission (Hill et al. 2001).
Although there is conflicting data about the role of dynamin in CCV function at
the TGN (Altschuler et al. 1998, Kreitzer et al. 2000), it has been suggested that
the dynamin that functions at the TGN might be a different splice variant than
the ones that function at the PM, again highlighting the different requirements for
vesicle formation at these two membranes (McNiven et al. 2000).
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Coat Disassembly
Dissociation of coat proteins from lipids and from each other are both needed for
CCVs to uncoat. Dissociation of AP2 and AP180/CALM from the PM is likely to
be mediated by synaptojanin (Cremona et al. 1999), whereas GTP hydrolysis by
ARF may contribute to destabilization of AP1 binding to lipids at the TGN (Roth
1999). Furthermore, the phosphatase activity associated with auxilins (Lemmon
2001), involved in uncoating, could conceivably destabilize coat protein-PIP inter
action. It is not clear how lipid dissociation processes are coupled to disassembly
of the clathrin lattice. Clathrin and adaptors dissociate from CCVs in separate steps
(Hannan et al. 1998), and their dissociation may be promoted by adaptor phospho
rylation in the clathrin-binding domain of the B-subunits (Wilde & Brodsky 1996).
Following clathrin dissociation, AP2 does not appear to be present in significant
levels on endosomes, although it may help mediate the aggregation of CCVs that
have lost clathrin (Beck & Keen 1991a). AP1 has recently been shown to bind to
a kinesin superfamily protein (KIF13A), and this binding has been implicated in
cargo transport in the TGN, where vesicles with AP1 but not clathrin are observed
(Nakagawa et al. 2000). Thus AP1 appears to function temporally after clathrin
disassembly. However, when cells are treated with BFA, causing ARF1 to disso
ciate from TGN membranes, AP1 and AP3 also dissociate from membranes and,
in the case of AP1, associated clathrin molecules disassemble (Liu et al. 2001b,
Robinson & Kreis 1992, Wong & Brodsky 1992).

Hsc70 was shown to be able to trigger clathrin basket disassembly in vitro in the
1980s (Schlossman et al. 1984). Its role in this process in vivo was not substantiated
until more recently, via antibody injection studies (Honing et al. 1994) and the

-use of dominant-negative mutants (Newmyer & Schmid 2001) of hsc70, which
disrupt cellular functions of CCVs. The recently defined role in cellular CCV
disassembly for auxilin, with its DnaJ homology, also strengthens the implication
of hsc70 as a regulator of clathrin disassembly (Lemmon 2001). Hsc70 is an ATP
dependent chaperone, which binds relatively hydrophobic peptides or exposed
protein sequences (Bukau & Horwich 1998). The structures of the peptide-binding
site and the ATPase domain have been determined independently (Flaherty et al.
1990, Zhu et al. 1996), and the latter has an ATPase domain that resembles that of
actin (Flaherty et al. 1991) (Figure 3). The recruitment of hsc70 to CCVs by auxilin
followed by ATP binding and hydrolysis by hsc70 may cause a conformational
change in assembled clathrin, triggering disassembly. In vitro studies revealed
that a sequence unique to clathrin LCa, exposed in the presence of calcium, can
stimulate hsc70 ATPase activity (DeLuca-Flaherty et al. 1990). Subsequent studies
indicated that hsc70, in conjunction with auxilin, can cause clathrin disassembly
in the absence of CLCs (Lemmon 2001). However, the LCa sequence could still
contribute a regulatory role in in vivo uncoating. Indeed, cells lacking LCa have a
reduced rate of CCV uncoating (Acton et al. 1993).

Following ATP hydrolysis and coat dissociation, ADP-bound hsc70 and clathrin
form a stable complex, presumably maintaining the pool of cytosolic clathrin
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in a disassembled state. Included in this complex is valosin-containing protein
(100 kDa), an ATP-binding protein with a suggested chaperone function (Pleasure
et al. 1993). A second protein, which may also contribute to sequestration of cyto
solic clathrin, is the giant protein (p619) with numerous regulatory protein do
mains (Rosa & Barbacid 1997). These include a domain homologous to cell cycle
regulator RCC1, a guanine nucleotide exchange factor for Ran, seven B-repeats
characteristic of the B-subunit of heterotrimeric G proteins, three SH3 domains,
a leucine zipper, and a domain homologous to the E3 ubiquitin-protein ligases.
The giant protein forms a cytosolic ternary complex with clathrin and hsp70, but
it also stimulates guanine nucleotide exchange on ARF1 and rab proteins, perhaps
contributing to clathrin recruitment at the TGN.

INTRACELLULAR LOCALIZATION OF CCV FORMATION
AND CARGO INTERACTION

In mammalian cells, intracellular localization of CCV formation is specified by
the localization of the adaptor molecules AP1 and AP2. Binding of both adap
tors to cellular membranes is independent of clathrin function. Studies of adaptor
interactions with membranes suggest that both protein determinants (Mahaffey
et al. 1990, Mallet & Brodsky 1996, Seaman et al. 1996) and lipid determinants
are recognized (see previous section on lipid interactions). In yeast, CCVs can
form and function in the complete absence of adaptors or yeast AP180 (Huang
et al. 1999, Yeung et al. 1999). Thus nucleation of clathrin assembly on yeast
membranes can occur through other mediators of interaction between clathrin and
lipids. Presumably the yeast adaptors share some of the properties of mammalian
adaptors, and their incorporation into yeast CCV's might at least have a role in
cargo recognition, even if adaptors are not absolutely required for CCV formation.
It is notable that key cargo recognition signals in yeast differ from those that play a
key role in mammalian receptor sequestration by AP1 and AP2 into CCVs, which
suggests that other types of “adaptor” molecules may also be involved in receptor
recognition in yeast. As with the mechanics of clathrin assembly and disassembly
discussed above, the process of CCV nucleation and cargo recognition is different
for CCVs at the PM or TGN in both yeast and mammalian cells. For this reason,
the events at each membrane are discussed separately.

Plasma Membrane CCV Nucleation and Receptor Sequestration
AP2 binding to PM fragments in vitro can be ablated by proteolysis, which suggests
that AP2 recognizes protein determinants in addition to PIPs (Mahaffey et al. 1990).
Candidate determinants for nucleation of AP2-PM binding include the synaptotag
mins (von Poser et al. 2000). Neuronal and nonneuronal synaptotagmins bind AP2
through their C2B domains. Synaptotagmins associate with the PM via calcium
dependent phospholipid binding and by recognition of PIPs. Expression of a
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nonneuronal synaptotagmin lacking the AP2-binding domain can inhibit endo
cytosis in nonneuronal cells as a dominant-negative mutant. In addition, cells
expressing this mutant were observed to have fewer coated pits. However, synap
totagmin is expressed at high levels in neuronal cells and the nonneuronal synap
totagmins are expressed at considerably lower levels. Thus it is not clear whether
these proteins play a general role in nucleating AP2 binding.

Two additional protein families have been identified that may play a role in
nucleation or localization of CCVs to the PM. Both proteins interact with Eps 15,
and overexpression of functional fragments affects endocytosis. These are the
Numb proteins and stonin 2, both ubiquitously expressed mammalian homologues
of D. melanogaster genes involved in neuronal function. The Numb family of
proteins localize to CCVs at the PM and in the TGN and bind the o-appendage
of AP2 (Santolini et al. 2000). Stonin 2 has some homology to the pu-subunits of
adaptors and interacts both with Eps 15 and with synaptotagmin, which suggests
it could serve as a link between PM-associated proteins and CCV components
(Martina et al. 2001).

CCV's mediate endocytosis of nonsignaling receptors, such as receptors for
nutrients, whether or not ligand is bound by these receptors. The role of such
cargo in coated pit nucleation is not completely established. Peptides containing
the YXXqb endocytosis motif present in a number of these receptors can enhance
the interaction of AP2 with synaptotagmin in vitro and can enhance the binding of
AP2 to membrane fragments of nonneuronal cells (Haucke & De Camilli 1999).
However, at very high concentrations, soluble cytoplasmic domains of receptors
can inhibit AP2 binding to membranes (Chang et al. 1993). Conversely, interaction
of AP2 with PIP3 can increase the affinity of AP2 for cytoplasmic tail peptides
(Gaidarov & Keen 1999). Overexpression of transferrin receptor in chicken cells
has been reported to increase coated pit numbers (Miller et al. 1991). However, in
other cell types, no effect of receptor overexpression on coated pit formation has
been observed (Brown et al. 1999, Warren et al. 1997). It has recently been noted
that phosphorylation of the pi-subunit of AP2 increases its affinity for peptides
with tyrosine-based motifs and can increase AP2 binding to membrane fragments
(Fingerhut et al. 2001). The physiological pathways that influence ºw-subunit phos
phorylation have not been characterized. A reasonable conclusion based on the sum
of these observations about cargo-AP2 interactions is that AP2 membrane inter
actions partially involve recognition of receptor cytoplasmic domains, but that
these latter interactions are secondary to independent interactions mediating AP2
membrane binding, although the two binding events may be mutually stimulatory.

Receptors that trigger signaling pathways on ligand binding are generally en
docytosed in a ligand-dependent fashion. In mammalian cells, these fall into two
well-characterized categories—receptor tyrosine kinases (RTKs) and G-protein
coupled receptors (GPCR). In yeast, several cell surface proteins are internalized
upon ubiquitination. Steep (a peptide transporter) and pheromone receptors Ste2p
and Ste?p are monoubiquitinated in response to phosphorylation induced by lig
and binding. This monoubiquitination is the cargo recognition signal for receptor
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down-regulation by CCV's (Wendland et al. 1998), but whether this ubiquitin
mediated uptake depends on clathrin is not clear. In mammalian systems, ubiquiti
nation has also been associated with the uptake of growth hormone receptor (van
Kerkhof et al. 2001). Thus ubiquitination may represent one of several general
mechanisms by which receptors are sequestered in transport carriers, possibly
CCV, in response to ligand binding. The adaptor molecule that recognizes the
ubiquitin signal in yeast has not been identified, although mutation studies in
mammalian cells suggest that ubiquitin may have sequences related to the dileucine
motif recognized by AP2 and AP1 adaptors (Nakatsu et al. 2000). Uptake of yeast
a-factor receptor Ste?p could also rely on the presence of the sequence NPFXD in
the cytoplasmic domain, which is known to be recognized by CCV components.
How recognition of this sequence is ligand gated has yet to be established (Tan
et al. 1996).

For mammalian signaling receptors, it does not appear that ligand binding stim
ulates CCV formation (Santinietal. 1998). However, ligand binding does stimulate
recognition of the receptor by AP2 molecules. In the case of RTKs, phosphory
lation of the receptor cytoplasmic domain upon ligand binding promotes a con
formational change that exposes a binding site for AP2 (Chen et al. 1989). For
epidermal growth factor receptor (EGFR), this binding site has particularly high
affinity, unlike the AP2-binding site in constitutively internalized receptors, and
receptor-AP2 interaction is detectable by immunoprecitation following receptor
activation (Sorkin & Carpenter 1993). Coprecipitation of constitutively internal
ized receptors with AP2 is not easily detected. The high-affinity AP2-binding site
can be eliminated from EGFR and the receptor can still be endocytosed by CCVs,
which suggests that additional interactions with the endocytic machinery function
in EGFR uptake. Consistent with this result is the observation that mutations in
the pu-subunit of AP2 that block recognition of tyrosine-containing internalization
motifs can abrogate transferrin receptor internalization but not affect EGFR uptake
(Nesterov et al. 1999). Taken together, these data on the RTK EGFR suggest that
the endocytosis of signaling receptors in response to ligand binding is controlled
by several independent interactions, in addition to pu-subunit recognition of the
receptor's cytoplasmic domain. Ligand binding to both EGFR and nerve growth
factor receptor results in stimulation of src family kinases, which phosphorylate
CHC on residue 1477, in the hub domain (Beattie et al. 2000, Wilde et al. 1999).
After ligand binding to either RTK, clathrin recruitment to the PM is observed, and
for EGFR, this recruitment can be abrogated by inhibition of clathrin phospho
rylation (Wilde et al. 1999). The implication of these observations is that ligand
binding leads to clathrin phosphorylation, which enhances clathrin localization to
the PM for participation in ligand-gated endocytosis.

Enhanced interaction with CCV components is also observed during internal
ization of ligand-activated GPCR. In this case, ligand binding leads to phospho
rylation of the GPCR, which is then recognized by cytoplasmic proteins of the
B-arrestin family (Ferguson 2001). The B-arrestin members of the arrestin family
interact directly with the TD of clathrin (Goodman et al. 1997) and are involved
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in promoting endocytosis of a subset of GPCRs. The B-arrestin sequence contains
a predicted clathrin box (Krupnicket al. 1997), and a peptide representing this se
quence has been cocrystallized with CHCTDs (ter Haaret al. 2000). The fact that
its binding site overlaps with that of the clathrin box peptide from the B3-subunit
of AP3 initially suggested that arrestins might be substitute adaptors for GPCR
cargo in CCVs. However, it appears that arrestins also bind AP2, independently
of clathrin, and that AP2 binding is critical for their role in GPCR uptake. Thus
arrestins are linker proteins for GPCR sequestration in clathrin-coated pits with
AP2 at the PM. In conjunction with a role at the PM, B-arrestin has been shown to
have a PIP-binding site, which must be intact for arrestin function in GPCR uptake
(Gaidarov et al. 1999a).

Following ligand binding, many signaling receptors are initially localized in
lipid rafts at the PM, where kinases that mediate downstream signaling are also
localized (Dykstraetal. 2001). Some of these receptors are internalized by clathrin
independent mechanisms following signaling, whereas others are eventually down
regulated in CCVs (Mineo et al. 1999). The mechanisms operating for internal
ization pathways that are not mediated by clathrin have yet to be established, as
does the relationship between receptor signaling from rafts and eventual uptake
by CCVs.

TGN CCV Nucleation and Receptor Sorting
AP1 membrane-binding dynamics are different from those of AP2 in a number
of features. ARF1 activation by GTP binding is required for AP1 to bind mem
branes at the TGN (see previous section on lipid interactions). How this signal
is physiologically linked to the requirement to sort proteins is not determined. It
has also been proposed, based on indirect evidence, that there is an AP1 dock
ing protein whose interaction with AP1 depends on ARF activation (Traub et al.
1993). Several membrane-associated, AP1-binding proteins have been identified,
but none has been demonstrated to have a docking function (Mallet & Brodsky
1996, Seaman et al. 1996).

y-Synergin binds to the ear domain of the y-subunit of AP1 and has the po
tential to mediate interaction of AP1 with NPF-containing proteins through its EH
domain (Page et al. 1999). One such family of proteins that can bind y-synergin
is the SCAMP family (Fernandez-Chacon et al. 2000). These proteins were origi
nally discovered as components of exocrine secretory vesicles, and some members
of the family have a ubiquitous tissue expression pattern. There is evidence that
the SCAMPs cycle between the PM, the TGN, and endosomes. The distribution
of SCAMPs correlates with a potential role in AP1-dependent CCV nucleation.
Perhaps, similar to synaptotagmin, their role is critical in such specialized cell func
tion as CCV nucleation during secretory granule formation, but their involvement
in general CCV function is not yet defined. However, expression of a dominant
negative mutant fragment of SCAMP1 can inhibit transferrin endocytosis, indicat
ing that SCAMP interacts with proteins critical for the transferrin uptake pathway
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and can disrupt its cycling (Fernandez-Chacon et al. 2000). y-Synergin itself does
not act as a nucleating protein for CCV formation at the TGN because its high
est affinity interaction in the cell appears to be its binding to the y-appendage
of API (Page et al. 1999). However, it is still a candidate for involvement in nu
cleation by interaction with other proteins. The recent demonstration that GGA
proteins, which bind y-synergin, can recruit clathrin to TGN membranes in an
ARF-dependent fashion suggests these proteins play a role in nucleation of CCV
formation at the TGN (Puertollano et al. 2001). Binding of GGA to ARF can dis
place AP1. It is possible that GGAs and AP1 participate in formation of different
CCVs or act sequentially during CCV nucleation.

Cargo recognition by CCVs in the TGN can be direct, by p. 1-subunit interac
tions with cytoplasmic domains bearing the YXXq motif (Marks et al. 1997).
In addition, the AP1-binding protein PACS1 acts as a connector, recognizing
phosphorylated cytoplasmic domain sequences containing an acidic cluster of
amino acids with two serines that are a target for casein kinase II phosphoryla
tion (...EECPSDSEEDE.) (Wan et al. 1998). PACS1 is involved in CCV-mediated
TGN sequestration of furin and sorting of both forms of mannose-6-phosphate re
ceptor (M6PR) through recognition of their phosphorylated cytoplasmic domains,
and its function has been compared with that of 3-arrestin during uptake of GPCR
at the PM. It is notable that both cation-independent and cation-dependent M6PRs
interact with other tail-binding proteins, including TIP47, which may be involved
in their recycling to the TGN (a clathrin-independent step) and with AP2, which
recognizes a site that overlaps with TIP47 binding (Orsel et al. 2000). Overex
pression of M6PR has been observed to increase AP1 localization to the TGN
(Le Borgne et al. 1993), which may be a function of PACS1 binding. In yeast,
CCV's play a major intracellular role in maintaining sequestration of proteins in
the TGN, generally measured by the TGN targeting of Kex2p, a protease similar
to furin (Payne & Schekman 1989). CLC is a target for extensive phosphorylation
in yeast, and expression of mutant CLCs that cannot be phosphorylated partially
disrupts Kex2p localization (Chu et al. 1999). Thus in yeast, CLC phosphorylation
may play a role in regulation of TGN CCV function, whereas in mammalian cells,
CHC phosphorylation regulates CCV function at the PM.

CCV-Cargo Interactions at Other Cellular Membranes
Clathrin coats have been observed on both endosomes and lysosomes (Stoorvogel
et al. 1996, Traub et al. 1996). Endosomal clathrin coats appear to contain either
AP1 or neither AP1 nor AP2. The lysosomal coats are asssociated with AP2. It had
been proposed that the endosomal CCV's might be sorting proteins for recycling.
However, there is no kinetic argument that receptor recycling is facilitated by
CCVs, as the rates of transferrin receptor recycling correspond to rates of bulk flow
lipid recycling (Mayor et al. 1993). In addition, transferrin receptors lacking their
cytoplasmic domains recycle at the same rates as wild-type receptors (McGraw &
Maxfield 1990). Consistent with these observations is the finding that expression
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of the clathrin hub in cells, which has a dominant-negative mutant effect on CCV
mediated pathways, has a minimal effect on transferrin receptor recycling rates
(Bennett et al. 2001). However, in HeLa cells expressing the hub molecule, the
intracellular distribution of endosomes is altered. This suggests that clathrin coats
on endosomes serve a transport function that influences organelle localization, but
that they do not function in direct sorting of receptors from endosomes to the PM.
Recycling to the basolateral membrane in polarized cells appears to be affected by
BFA, which suggests that CCV's might play a role in influencing the directionality
of transport from endosomes (Futter et al. 1998). The function of clathrin coats
observed on lysosomes remains to be determined. The fact that these coats can
form under physiological conditions in semi-intact cells suggests that such CCV's
might mediate some kind of retrograde transport from lysosomes (Traub et al.
1996).

RELATIONSHIP OF CCVS TO THE CYTOSKELETON

Mammalian PM has cortical actin, but yeast has a more elaborate actin cytoskele
ton at the PM. Correspondingly, endocytosis in yeast is highly dependent on the
actin cytoskeleton, and CCV's appear to play a less essential role (Baggett &
Wendland 2001, Wendland et al. 1998). Yeast lacking CHCs or CLCs exhibit re
duced, but not completely impaired, endocytosis (Baggett & Wendland 2001). In
contrast, mutations affecting the actin cytoskeleton generally abrogate endocytosis
in yeast, so it has not been possible to clearly establish the relationship between
CCV-mediated uptake and actin-dependent uptake. Analysis of Dictyostelium dis
coideum expressing CHCs labeled with green fluorescent protein at the C terminus
reveals that a subset of labeled CCV's moves along linear intracellular tracks, which
again suggests a cytoskeletal interaction for CCV proteins (Damer & O'Halloran
2000).

In mammalian cells, CCV components interact with actin-binding proteins, but
the interplay between CCV formation and the actin cytoskeleton also has yet to
be clearly defined (Qualmann et al. 2000). Inhibitors of actin function have vari
able effects on endocytosis, depending on the cell type treated (Fujimoto et al.
2000). However, endocytic CCVs in HeLa and other cell types are observed to
align with actin filaments in the cell periphery, and actin depolymerization dis
rupts this distribution pattern (E.M. Bennett & F.M. Brodsky, unpublished data).
Furthermore, a study of the dynamics of clathrin labeled with green fluorescent
protein shows that recruitment of clathrin to fixed sites at the PM is dependent on
an intact actin cytoskeleton (Gaidarov et al. 1999b). These interactions of CCV's
with the actin cytoskeleton could be explained by a number of molecular links be
tween CCV components and cytoskeletal components. Mammalian clathrin binds
ankyrin (Michaely et al. 1999), which has a well-established function in red blood
cells, linking the actin-spectrin network to the plasma membrane. Clathrin also
binds to the Hip 1 R (huntingtin-interacting protein 1–related) protein, whose yeast
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homologue, Sla2p, functions in actin-dependent endocytosis in yeast (Engqvist
Goldstein et al. 1999, 2000). Hip1R also has an ENTH domain, which could
mediate its binding to PIPs, and it has been localized to CCVs at the PM and TGN.
These molecular interactions predict a role for actin in defining sites of CCV for
mation by delivery of coat components to nucleation sites and/or by establishing
nucleation sites relative to the cortical actin network so that vesicle budding can
occur in between actin filaments (Fujimoto et al. 2000). Two more roles for actin in
CCV function are also suggested by molecular data. First, actin could potentially
play a role in vesicle scission, via the interaction of amphiphysin and dynamin
(Wigge & McMahon 1998). The yeast homologs of amphiphysin are both actin
interacting proteins and their deletion affects endocytosis (Munn et al. 1995). A
third potential role for actin in CCV function could be to propel CCVs away from
the membrane by formation of actin tails. CCVs are short-lived, particularly at the
PM; however, an actin tail could play a transient role in detachment or translocation
of vesicles. In support of this hypothesis, the syndapin/pacsin proteins that interact
with dynamin and synaptojanin also interact with Wiskott-Aldrich syndrome pro
tein family members (Qualmann & Kelly 2000). The Wiskott-Aldrich syndrome
proteins can nucleate actin tail formation (Modregger et al. 2000, Qualmann et al.
1999).

The structure of the TGN is dependent on the microtubule cytoskeleton. The
fact that AP1 and a kinesin interact suggests that coated or uncoated vesicles could
move along microtubules at the TGN. However, CCV's with actin tails have been
observed in the vicinity of the TGN (Frischknecht et al. 1999), indicating that
actin may also play a role in CCV excision or transport at the TGN. Finally, the
novel form of clathrin highly expressed in muscle, CHC22, appears to be a form
of clathrin that has evolved stronger interactions with the actin cytoskeleton (Liu
et al. 2001 b) than those exhibited by conventional clathrin CHC17. In nonmuscle
cells, the intracellular distribution of CHC22 at the TGN is dramatically altered
by disruption of the actin cytoskeleton, whereas CHC17 distribution is relatively
stable. When the function of CHC22 in muscle tissue is established, it is likely to
reveal more about the relationship between the clathrins and actin.

TISSUE-SPECIFIC CCV FUNCTION AND SPECIALIZED
CLATHRIN FUNCTION

Cell Polarity
In addition to fundamental roles in receptor-mediated endocytosis and in sorting
proteins destined for the endocytic pathway (such as lysosomal proteases) from
the TGN, CCV's play a number of specialized roles in different tissues. Most
tissue culture cell lines are not polarized, as the same cells might be in situ. When
polarization is induced in epithelial cell lines, it is clear that CCV's play important
roles in maintaining polarity. CCVs have been implicated in basolateral targeting of
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some receptors. Basolateral targeting signals for these receptors are similar to and
frequently overlap with recognition signals for binding of the pi-subunits of AP1
and AP2 (Mostov et al. 2000). As mentioned in the section on adaptor biochemistry,
there is a pul B alternate subunit of AP1, creating an AP1 that functions specifically
in the basolateral sorting pathway for the low-density lipoprotein and transferrin
receptors (Fölsch et al. 1999). Defects in u1B do not affect apical targeting of
proteins. The apical membrane of polarized cells has more raft-like properties
than does the basolateral membrane, but experiments with the clathrin hub mutant
indicate that at least some of the endocytosis that occurs from the apical membrane
of cells is clathrin mediated (Altschuler et al. 1999).

Neuronal Function

In neurons, CCV's recapture synaptic vesicle (SV) proteins, and CCV formation
at the neuronal synapse has been well-characterized. In fact, many of the pro
teins involved in regulation of CCV formation were identified through analysis
of molecular components involved in neuronal CCV formation, and their func
tions have been reviewed recently (Slepnev & De Camilli 2000). In keeping with
specialized features of CCV formation in neurons, many CCV components and
regulators have neuron-specific forms. Both forms of mammalian CLCs have neu
ronal splice variants, as do the a- and B2-subunits of AP2 (Pley & Parham 1993).
The additional sequences in the neuronal forms of these proteins may mediate
their transport to the synapse or may even influence their regulation. It is no
table that only CCVs with neuronal CLCs interact with calmodulin (Pley et al.
1995). For many proteins involved in regulation of CCV formation, their neuronal
forms are encoded by different genes, with some modified by variable splicing.
These include AP180, auxilin, amphiphysin, endophilin, intersectin, synaptojanin,
syndapin, pacsin, SCAMPs, and synaptotagmin (see Table 1 for references). As
discussed above, in the section on the mechanics of CCV formation, one of the
requirements for CCV at the synapse is control of vesicle size (Slepnev & De
Camilli 2000). An additional requirement that distinguishes neurons from other
cells is a need for synchronicity in vesicle formation and transport. The existence
of specialized neuronal forms of CCV proteins likely reflects these specialized
needs, although comparative studies between neuronal and nonneuronal forms of
these proteins have yet to be done. Although it is not clear whether AP3 adap
tors participate in CCV formation, they have been implicated in SV formation.
The B3-subunit has two forms, one of which is primarily expressed in neurons
(Newman et al. 1995). In keeping with the importance of clathrin at the neu
ronal synapse, many CCV components have been identified in C. elegans and
D. melanogaster by isolation of mutants in neuronal function. Furthermore, CLC
is one of the proteins that is up-regulated in the sensory neurons of aplysia dur
ing the development of long-term facilitation (Hu et al. 1993), and CHC is up
regulated following stimulation of recognition memory in rats (Solomonia et al.
1997).
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Regulated Secretion
CCV's play an important role in cells that undergo regulated secretion. Partial
clathrin coats are observed on immature secretory granules (ISGs), which also
have binding sites for ARF1 and AP1 (Austin et al. 2000). ISGs form from the
TGN and contain aggregated protein or proprotein destined for the mature se
cretory granule (SG). It has been proposed that the clathrin coats on ISGs rep
resent CCVs that are budding to remove TGN membrane proteins that should
be sorted to destinations other than the SG. A number of morphological stud
ies and studies of the relative biosynthetic transport pathways of lysosomal en
zymes and SG proteins support this hypothesis (Dittié et al. 1996, Kuliawat et al.
1997). Introduction of the clathrin hub mutant into insulin-producing cells re
sults in enhanced proteolysis of insulin fragments (Molinete et al. 2001). This
observation suggests that the role of a CCV is to remove lysosomal enzymes
from an ISG as it matures into an SG and that this removal is inhibited in hub
expressing cells. The formation of melanosomes appears to involve transport
pathways that are distinct from those contributing to SG formation in that they
depend on AP3 function (see human diseases and mouse mutants section on CCV
malfunction).

Immune System Function
In the immune system, CCVs are involved in regulation of the cell surface ex
pression of antigen receptors and signaling molecules and in sorting molecules to
the pathway of antigen processing and presentation by class II histocompatibility
molecules. CCVs have been implicated in the uptake of both the T cell receptor
(TCR) (Boyer et al. 1991) and the B cell receptor (BCR) (surface immunoglobu
lin) (Salisbury et al. 1980) following cross-linking by receptor-specific antibodies.
For T cells, endocytosis and recycling of the TCR during contact with antigen is
believed to contribute to continuous signaling by a T cell and sustaining T cell
activation (Liu et al. 2000). For B cells, uptake of the BCR can deliver antigen
to the antigen processing pathway, leading to antigen display on the cell surface
and stimulation of helper T cells needed for B cell differentiation. Recent studies
have suggested that the membrane region where TCRs are concentrated during T
cell stimulation by a target cell (the so-called immunological synapse) has raft
like properties (Langlet et al. 2000). Signaling B cell receptors have also been
localized to rafts (Dykstra et al. 2001). Therefore, the mechanism of internaliza
tion of stimulated TCR and BCR should be further investigated as mechanisms
of uptake from rafts are better defined. CCVs also control the surface expression
of CTLA-4, a co-receptor on T cells that negatively modulates T cell activation
and contributes to the development of T cell tolerance. During T cell activation,
CTLA-4 is phosphorylated on a tyrosine residue that forms part of an AP2 recog
nition site (Nakaseko et al. 1999). The phosphorylation therefore blocks uptake of
the CTLA-4 molecule, allowing it to perform its signaling function and modulate
T cell activation. On loss of TCR signaling, CTLA-4 is no longer phosphorylated
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and can be endocytosed, leading to its down-regulation and resting state localiza
tion in the TGN. CCV's play a major role in the intracellular transport of class II
major histocompatibility complex (MHC) molecules, whose recognition by helper
T cells leads to stimulation of an antibody-mediated immune response. Class II
molecules must intersect the endocytic pathway during their biosynthetic assem
bly, so that they can acquire an antigenic peptide. The intracellular compartment
in which class II molecules are loaded with peptides has lysosome-like proper
ties, and similar to lysosomes, CCVs are involved in targeting molecules to this
organelle (Geuze 1998). The invariant chain molecule that chaperones class II
molecules through their unique biosynthetic pathway is sorted in CCVs (Hofmann
et al. 1999, Liu et al. 1998). In addition, the HLA-DM molecule that catalyzes
the interaction between class II molecules and peptides is localized to the peptide
loading compartment by transport in CCV's (Liu et al. 1998). The specialized class
I MHC molecule analog CD1 is also targeted to the peptide loading compartment
through a signal for uptake in CCV's (Sugita et al. 2000). This intracellular local
ization facilitates the binding of glycolipid antigen by CD1, a pathway involved
in the immune response to mycobacteria.

Muscle Function

The human CHC encoded on chromosome 22, CHC22 is most highly expressed
in skeletal muscle (Liu et al. 2001b). CHC22 is also expressed at low levels in
nonmuscle cells, where it is associated with the TGN via interaction with AP1
and AP3, as well as with elements of the actin cytoskeleton. Expression of the
hub fragment of CHC22 in nonmuscle cells disrupts protein sorting in the TGN,
but whether this is due to a direct effect on protein sorting or whether CHC22
is involved in some structural aspect of TGN organization is not known. CHC17
is also expressed in differentiated skeletal muscle, which suggests the hypothesis
that CHC22 performs a muscle-specific function. There is also a form of am
phiphysin II that is highly expressed in muscle cells (Butler et al. 1997, Wigge &
McMahon 1998) that is a potential interaction partner for CHC22. However, this
form lacks known clathrin binding sequences. Specialized pathways of membrane
transport in muscle cells include the biogenesis of the T-tubule system. A muscle
specific form of caveolin has already been implicated in this process (Parton
et al. 1997), and amphiphysin II is localized to T-tubules (Butler et al. 1997),
so it would not be surprising if specialized clathrin might also play a role. In ad
dition, the flux of glucose transporters is highly controlled in muscle cells, and a
specialized form of clathrin could be involved in their sequestration in the endo
somal pathway or their regulated expression on the cell surface (Simpson et al.
2001). It is also possible that muscle-specific forms of CCV proteins play a role in
establishing protein configurations at post-synaptic sites in muscle. Alternatively,
CHC22 might not function primarily in intracellular membrane transport pathways
in muscle but could potentially play a role in the structural organization of muscle
proteins.
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CCV MALFUNCTION: INHIBITORS,
MUTANTS, AND DISEASES

Molecular Inhibitors

For many years molecular inhibition of CCV function was limited to the use of
low-pH shock treatment, potassium depletion, and treatment of cells with BFA
(Robinson & Kreis 1992, Wong & Brodsky 1992). None of the treatments is ideal
for implicating CCV in transport, as all have pleiotropic effects on cell function.
Low pH and potassium depletion do appear to cause nonproductive assembly of
clathrin cages in the cytoplasm adjacent to coated pits (Heuser 1989, Heuser &
Anderson 1989). However, BFA affects the binding of AP3, COPI, and COPII to
membranes in the Golgi and TGN, as well as disrupting the binding of AP1 (Roth
1999). A more recent approach in a substantial number of the studies in which
the function of CCV-associated proteins in mammalian cells has been observed
utilizes the overexpression of fragments or mutants of these proteins to test for
dominant-negative effects. A potential problem with such approaches is the con
tinued existence of an endogenous pool of normal protein and the possibility that
a protein fragment binding a regulatory protein may be inhibitory by an indirect
rather than a direct effect. Because so many of the regulatory proteins interact
with a network of other proteins (Figure 4), the hierarchy of interaction and the
direct effects of a mutant fragment are difficult to define. For example, expression
of the SH3 domains of proteins that regulate CCV formation generally affects
endocytosis, but because these domains can interact with so many partners, the
direct and indirect effects are difficult to distinguish. Several molecular inhibitors
have been widely used or are particularly well-characterized, so their inhibitory
behavior can be more easily interpreted. Dynamin I, with the same mutation as the
shibire D. melanogaster mutant dynamin, has been widely used. Initially, it was
characterized as an inhibitor of CCV-mediated endocytosis (Damke et al. 1994),
and later it was shown to also inhibit internalization from caveolae (McNiven et al.
2000). It is reasonable to assume that if a transport step is not affected by this
dominant-negative mutant, then it involves neither of these pathways. One cau
tion regarding this mutant is that cells expressing it over time tend to compensate
by up-regulating non-CCV-mediated uptake pathways (Damke et al. 1994). The
hub fragment of clathrin has been used in a number of studies to block CCV
mediated uptake and CCV sorting at the TGN (Altschuler et al. 1999, Liu et al.
1998, Lu et al. 1998, Trejo et al. 2000). This inhibition appears to be a direct ef
fect of CCV function, as the mechanism of action involves hub fragments binding
up endogenous CLCs so that CHC assembly and disassembly can no longer be
regulated. Expression of the pu2-subunit of AP2 with a mutation in the site recog
nizing tyrosine-containing internalization motifs results in very specific inhibition
of AP2-mediated endocytosis of constitutively internalized receptors (Nesterov
et al. 1999). As noted above, this mutation does not affect the uptake of EGFR,
which appears to have a specialized interaction with endocytic CCV components,
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independent of the tyrosine-containing motifs present in the cytoplasmic domain
of the receptor.

Deletion Mutants in Model Organisms
Genes encoding proteins involved in CCV formation have been identified and
deleted in Saccharomyces cerevisiae, D. melanogaster, D. discoideum, C. elegans,
and Mus musculus. Of interest is the fact that deletions of many of the regulatory
proteins are not lethal. However, given the extensive redundant interactions of
CCV proteins with proteins linked to the cytoskeleton (Figure 4), lack of lethality
is perhaps not so surprising. It was initially a shock when the first yeast strain
deleted for CHC was found to survive (Payne & Schekman 1985). However, now
that we know that membrane traffic in yeast is highly dependent on the actin cy
toskeleton, it appears that clathrin is used primarily to fine-tune transport, and yeast
membrane traffic can occur to a limited extent, sufficient to sustain life, without
clathrin (Baggett & Wendland 2001). In other strains of yeast, clathrin deletion
has been found to be lethal, and the identification of suppressor mutations has
been useful for identifying additional players in membrane traffic. As mentioned
above, deletion mutants lacking elements of CCV formation in D. melanogaster
and C. elegans often present with a neuronal phenotype. Some of the nonneuronal
phenotypes are noted here. D. discoideum without clathrin has defects in many
processes that are also associated with the actin and microtubule cytoskeleton.
These include cytokinesis, establishment of cell polarity, pseudopod formation,
and uropod stability and motility (O'Halloran 2000, Wessels et al. 2000). The
cytokinesis defect could be due to a need for clathrin to transport membrane pro
teins to sites where cytokinesis is initiated (O'Halloran 2000). Clathrin has been
observed in mammalian mitotic spindles (Okamoto et al. 2000), and there is a
strong connection between membrane traffic and cytokinesis (O'Halloran 2000).
D. melanogaster without clathrin has defective spermatogenesis (Fabrizio et al.
1998), likely owing to the importance of membrane compartmentalization during
this process. Organisms with defects in AP3 proteins (D. melanogaster and M.
musculus) have pigmentation defects (Odorizzi et al. 1998), whereas defects in
AP1 subunits in M. musculus are lethal (Meyer et al. 2000, Zizioli et al. 1999).

Human Diseases

As might be expected, there are many human diseases associated with defects in
CCV formation. In fact studies of familial hypercholesterolemia by Anderson et al.
(1977) provided a key observation that contributed to defining the role of CCV's
in receptor-mediated endocytosis. In one form of this disease, the recognition sig
nal for AP2 in the cytoplasmic domain of the low-density-lipoprotein receptor is
mutated, leading to a lack of endocytosis and accumulation of low-density lipopro
tein in the blood. Another metabolic disease that apparently results from altered
receptor trafficking by CCVs is hereditary hemochromatosis (Enns 2001). The
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defective gene in hereditary hemochromatosis is a member of the extended family
of molecules with homology to class I MHC molecules. This protein, called HFE,
binds transferrin receptor and regulates its ability to internalize iron-loaded trans
ferrin. The defective HFE is unable to interact with transferrin receptor, and regu
lation of iron metabolism is disrupted.

CCVs also play a critical role in human viral infections. CCVs are the route of
entry for infection by some viruses, including influenza and Semliki Forest virus,
but not others, such as polio virus (DeTulleo & Kirchhausen 1998). In the case
of influenza, entry into the acidic endosome induces a conformational change in
the viral hemagglutinin, causing it to become a fusion protein, which mediates
viral envelope fusion and delivery of viral RNA into the cytosol. CCVs also play
a role in viral pathogensis. The HIV nef protein induces internalization of the
CD4 molecules on helper T cells and causes reduction of expression of class
I MHC molecules on infected T cells. Both effects appear to be part of the HIV
immune evasion strategy. The reduction of class I molecules abrogates recognition
of infected cells by cytotoxic T cells (Collins et al. 1998), and the reduction of CD4
expression interferes with helper T cell function. For alteration of CD4 traffic, it
appears that nef functions by causing CD4 internalization in CCVs (Piguet et al.
1998). For reduction of class I MHC molecule expression, nef seems to alter class
I traffic in the TGN in a PACS1-dependent pathway (Piguet et al. 2000). The exact
mechanisms by which nef affects membrane traffic are still under investigation
and have been the subject of much debate (Oldridge & Marsh 1998). Nef binds to
a subunit of the proton pump, responsible for acidifying endosomes, which itself
can bind AP2 (Lu et al. 1998). Nef has also been shown in vitro to interact directly
with AP1 and, albeit weakly, with AP2 (Bresnahan et al. 1999, Greenberg et al.
1998). Another viral protein that interacts with AP1 is the E6 protein of bovine
papilloma virus (Tong et al. 1998). The E6 protein is involved in transformation,
and a homolog is present in human papilloma virus. Its AP1-binding activity could
either be important for the virus life cycle or somehow participate in induction of
cellular transformation.

A number of leukemias have associated defects in genes of proteins involved
in CCV formation (Floyd & De Camilli 1998). CALM becomes fused to the
AF10 gene in a translocation that occurs in both acute myeoblastic leukemia and
acute lymphoblastic leukemia (Dreyling et al. 1996). Two translocations in acute
myeoblastic leukemia result in fusion of Eps 15 with HRX (Salcini et al. 1999).
Endophilin is also fused to HRX in another case of acute leukemia (So et al.
2000). The donor gene in these two cases could give rise to a fusion protein causing
transformation, as AF10 and HRX are both putative transcription factors. However,
it is entirely conceivable that the endocytosis-related portion of the fusion protein
could play a role in transformation because of the importance of endocytosis
in growth factor receptor regulation. A number of oncogenes are constitutively
activated receptor tyrosine kinases (RTKs) (Riese & Stern 1998), and expression
of these receptors is regulated by CCV-mediated endocytosis. Thus CCV gene
products are likely to play a tumor suppressor function. It is notable that tumor
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suppression of meningioma has been associated with a gene encoding the Bl
subunit of API (Peyrard et al. 1994). The AP1-mediated pathway could potentially
affect the presence of signaling molecules in endosomes from which RTKs can
stimulate signaling pathways (Beattie et al. 2000).

As in model genetic systems, disruptions in the CCV pathways in humans are
associated with neurological disorders. Histological distribution of CLCs is al
tered in brain tissue from patients with Alzheimer's disease and Pick's disease
(Nakamura et al. 1994a,b). A significant reduction of expression of AP180 and
AP2 in particular regions of brain from patients with Alzheimer's disease has also
been reported (Yao et al. 1999, 2000). In patients with Huntington's disease, the
huntington protein is altered by an expanded polyglutamine tract in the N termi
nus. Huntington has been reported to be enriched in CCVs, and Hiplk has been
implicated in CCV-actin interactions (Engqvist-Goldstein et al. 1999, Velier et al.
1998). The dynamin/synaptojanin-binding protein intersectin is encoded in the
Down's syndrome region of chromosome 21 (Pucharcos et al. 1999), and its over
expression could potentially be responsible for brain defects. It is interesting that
genetic defects in the human B3A-subunit of the AP3 adaptor, which occurs in
some cases of Hermansky-Pudlak syndrome, do not have a neurological pheno
type (Dell’Angelica et al. 1999b). Similarly to AP3 defects in M. musculus and
D. melanogaster, Hermansky-Pudlak syndrome patients present with albinism be
cause of melanosome abnormalities and have platelet storage deficiency because
of defects in formation of platelet dense granules.

Muscle defects are also associated with CCV malfunction. CCVs are present
in the autophagic vacuoles of patients with distal myopathy with rimmed vac
uoles (Kumamoto et al. 2000). Patients with DiGeorge and/or velocardiofacial
syndromes are heterozygous for a deletion in chromosome 22, which includes the
gene encoding CHC22. These patients also exhibit muscle weakness and hypocal
cemic tetany, characterized by muscle seizures, which occur because of lower
than-normal levels of calcium (Liu et al. 2001b). With the mapping of the human
genome completed, it is certain that many more disease genes will turn out to be
components of the CCV formation pathway.

ACKNOWLEDGMENTS

Research from the Brodsky laboratory described here is supported by National
Institutes of Health grants GM38093, GM61954, GM57657, and AI45865. Chih
Ying Chen is supported by the Arthritis Foundation of America and Mhairi C.
Towler is supported by the Wellcome Trust. We thank the following colleagues
for providing preprints and reprints of their work and for helpful discussions:
Elizabeth Bennett, Caroline Enns, Pietro DeCamilli, Antony Jackson, James Keen,
Harvey McMahon, Sandra Schmid, Corinne Smith, Alexander Sorkin, and Bing
Zhang. We also thank Corinne Smith and John Heuser for permission to reproduce
their published work. We apologize that we were unable to include all the primary
references describing the research discussed here and hope that we at least managed

289



554 BRODSKY ET AL.

to provide links through review articles to all the outstanding work that has laid
the foundation for the recent developments we have reviewed.

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

LITERATURE CITED

Acton S, Brodsky FM. 1990. Predominance of
clathrin light chain LCb correlates with the
presence of a regulated secretory pathway. J.
Cell Biol. 1 11:1419–26

Acton SL, Wong DH, Parham P. Brodsky FM,
Jackson AP 1993. Alteration of clathrin light
chain expression by transfection and gene
disruption. Mol. Biol. Cell 4:647–60

Ahle S, Ungewickell E. 1990. Auxilin, a
newly identified clathrin-associated protein
in coated vesicles from bovine brain. J. Cell
Biol. 1 11:19–29

Ahn S, Maudsley S, Luttrell LM, Lefkowitz
RJ, Daaka Y. 1999. Src-mediated tyrosine
phosphorylation of dynamin is required for
B2-adrenergic receptor internalization and
mitogen-activated protein kinase signaling.
J. Biol. Chern. 274: 1185–88

Altschuler Y, Barbas SM, Terlecky LJ, Tang
K, Hardy S, et al. 1998. Redundant and dis
tinct functions for dynamin-1 and dynamin-2
isoforms. J. Cell Biol. 143:1871–81

Altschuler Y, Liu S-H, Katz L, Tang K, Hardy
S, et al. 1999. ADP-ribosylation factor 6 and
endocytosis at the apical surface of Madin
Darby canine kidney cells. J. Cell Biol. 147:
7–12

Amberg DC, Basart E. Botstein D. 1995.
Defining protein interactions with yeast actin
in vivo. Nat. Struct. Biol. 2:28–35

Anderson RGW. 1998. The caveolae membrane

system. Annu. Rev. Biochem, 67: 199–225
Anderson RGW, Brown MS, Goldstein JL.

1977. Role of the coated endocytic vesicle
in the uptake of receptor-bound low den
sity lipoprotein in human fibroblasts. Cell
10:351–64

Arneson LS, Kunz J, Anderson RA, Traub
LM. 1999. Coupled inositide phosphoryla
tion and phospholipase D activation initiates

clathrin-coat assembly on lysosomes. J. Biol.
Chem. 274: 17794–805

Austin C, Hinners I, Tooze SA. 2000. Di
rect and GTP-dependent interaction of ADP
ribosylation factor 1 with clathrin adaptor
protein AP-1 on immature secretory gran
ules. J. Biol. Chem. 275:21862–69

Baggett JJ, Wendland B. 2001. Clathrin func
tion in yeast endocytosis. Traffic 2:297-303

Barlowe C. 2000. Traffic COPs of the early se
cretory pathway. Traffic 1:371–77

Beattie EC, Howe CL, Wilde A, Brodsky FM,
Mobley WC. 2000. NGF signals through
TrkA to increase clathrin at the plasma mem
brane and enhance clathrin-mediated mem
brane trafficking. J. Neurosci. 20:7325–33

Beck KA, Keen JH. 1991a. Self-association
of the plasma membrane-associated clathrin
assembly protein AP-2. J. Biol. Chem. 266:
4437–41

Benmerah A, Lamaze C, Bègue B, Schmid
SL, Dautry-Varsat A, Cerf-Bensussan N.
1998. AP-2/Eps15 interaction is required for
receptor-mediated endocytosis. J. Cell Biol.
140: 1055–62

Bennett EM, Lin SX, Towler MC, Maxfield
FR, Brodsky FM. 2001. Clathrin hub ex
pression affects early endosome distribution
with minimal impact on receptor sorting and
recycling. Mol. Biol. Cell. In press

Berman HM, Westbrook J, Feng Z, Gilliland
G, Bhat TN, et al. 2000. The protein data
bank. Nucleic Acids Res. 28:235–42

Black MW, Pelham HR. 2000. A selective
transport route from Golgi to late endosomes
that requires the yeast GGA proteins. J. Cell
Biol. 151:587–600

Blank GS, Brodsky FM. 1987. Clathrin assem
bly involves a light chain-binding region. J.
Cell Biol. 105:2011–19

* - -



CLATHRIN-COATED VESICLES 555

Bleazard W. McCaffery JM, King EJ, Bale S,
Mozdy A, et al. 1999. The dynamin-related
GTPase Dnml regulates mitochondrial fis
sion in yeast. Nat. Cell Biol. 1:298–304

Boman AL, Zhang C, Zhu X, Kahn R.A.
2000. A family of ADP-ribosylation fac
tor effectors that can alter membrane trans

port through the trans-Golgi. Mol. Biol. Cell
| 1: 1241–55

Boyer C, Auphan N, Luton F. Malburet JM,
Barad M, et al. 1991. T cell receptor/CD3
complex internalization following activation
of a cytolytic T cell clone: evidence for a
protein kinase C-independent staurosporine
sensitive step. Eur, J. Immunol. 21:1623–34

Bresnahan PA, Yonemoto W, Greene WC.
1999. Cutting edge: SIV Nef protein utilizes
both leucine- and tyrosine-based protein sort
ing pathways for down-regulation of CD4, J.
Immunol. 163:2977–81

Brodsky FM. 1988. Living with clathrin: its
role in intracellular membrane traffic. Sci
ence 242: 1396–402

Brodsky FM. 1997. New fashions in vesicle
coats. Trends Cell Biol. 7: 175–79

Brodsky FM. 1999. Clathrin. In Guidebook to
Cytoskeletal and Motor Proteins, ed. T Kreis,
R Vale, pp. 512–16. Oxford, UK: Oxford
Univ. Press

Brodsky FM, Hill BL, Acton SL, Näthke I,
Wong DH, et al. 1991. Clathrin light chains:
arrays of protein motifs that regulate coated
vesicle dynamics. Trends Biol. Sci. 16:208–
13

Brown CM, Roth MG, Henis YI, Petersen
NO. 1999. An internalization-competent in
fluenza hemagglutinin mutant causes the re
distribution of AP-2 to existing coated pits
and is colocalized with AP-2 in clathrin free

clusters. Biochemistry 38:15166–73
Bukau B, Horwich AL. 1998. The Hsp70 and

Hsp60 chaperone machines. Cell 92:351–66
Butler MH, David C, Ochoa GC, Freyberg

Z, Daniell L, et al. 1997. Amphiphysin
II (SH3P9; BIN1), a member of the am
phiphysin/Rvs family, is concentrated in the
cortical cytomatrix of axon initial segments
and nodes of ranvier in brand and around

T tubules in skeletal muscle. J. Cell. Biol.
1.37:1355–97

Chang MP, Mallet WG, Mostov KE, Brod
sky FM. 1993. Adaptor self-aggregation,
adaptor-receptor recognition and binding of
a-adaptin subunits to the plasma membrane
contribute to recruitment of adaptor (AP2)
components of clathrin-coated pits. EMBO
J. 12:21.69–80

Chen H, Fre S, Slepnev VI, Capua MR, Takei
K, et al. 1998. Epsin is an EH domain-binding
protein implicated in clathrin-mediated en
docytosis. Nature 394:793–97

Chen WS, Lazar CS, Lund KA, Welsh JB,
Chang C-P, et al. 1989. Functional indepen
dence of the epidermal growth factor receptor
from a domain required for ligand-induced
internalization and calcium regulation. Cell
59:33–43

Chu DS, Pishvaee B, Payne GS. 1999. A mod
ulatory role for clathrin light chain phospho
rylation in Golgi membrane protein local
ization during vegetative growth and during
the mating response of Saccharomyces cere
visiae. Mol. Biol. Cell 10:713–26

Coda L., Salcini AE, Confalonieri S, Pelicci
G, Sorkina T, et al. 1998. Eps 15R is a tyro
sine kinase substrate with characteristics of a
docking protein possibly involved in coated
pits-mediated internalization. J. Biol. Chem.
273:3003–12

Collins KL, Chen BK, Kalams SA, Walker
BD, Baltimore D. 1998. HIV-1 Nef pro
tein protects infected primary cells against
killing by cytotoxic T lymphocytes. Nature
391:397–401

Cowles CR, Odorizzi G, Payne GS, Emr SD.
1997. The AP-3 adaptor complex is essen
tial for cargo-selective transport to the yeast
vacuole. Cell 91: 109–18

Cremona O, De Camilli P. 2001. Phosphoinosi
tides in membrane traffic at the synapse. J.
Cell Sci. 1 14: 1041–52

Cremona O, Di Paolo G, Wenk MR, Lüthi A,
Kim WT, et al. 1999. Essential role of phos
phoinositide metabolism in synaptic vesicle
recycling. Cell 99: 179–88

Cupers P. ter Haar E, Boll W. Kirchhausen

291



556 BRODSKY ET AL.

T. 1997. Parallel dimers and anti-parallel
tetramers formed by epidermal growth fac
tor receptor pathway substrate clone 15. J.
Biol. Chem. 272:33430–34

Damer CK, O'Halloran TJ. 2000. Spatially reg
ulated recruitment of clathrin to the plasma
membrane during capping and cell translo
cation. Mol. Biol. Cell 11:2151–59

Damke H, Baba T. Warnock DE, Schmid SL.
1994. Induction of mutant dynamin specifi
cally blocks endocytic coated vesicle forma
tion. J. Cell Biol. 127:915–34

David C, McPherson PS, Mundigl O, De
Camilli P 1996. A role of amphiphysin in
synaptic vesicle endocytosis suggested by its
binding to dynamin in nerve terminals. Proc.
Natl. Acad. Sci. USA 93:331–35

de Beer T, Carter RE, Lobel Rice KE, Sorkin
A, Overduin M. 1998. Structure and Asn
Pro-Phe binding pocket of the Eps 15 homol
ogy domain. Science 281:1357–60

de Beer T, Hoofnagle AN, Enmon JL, Bow
ers RC, Yamabhai M, et al. 2000. Molecular
mechanism of NPF recognition by EH do
mains. Nat. Struct. Biol. 7: 1018–22

de Heuvel E, Bell AW, Ramjaun AR, Wong
K, Sossin WS, McPherson PS. 1997. Iden
tification of the major synaptojanin-binding
proteins in brain.J. Biol. Chem. 272:8710–16

Dell'Angelica EC, Klumperman J, Stoorvogel
W, Bonifacino JS. 1998. Association of the
AP-3 adaptor complex with clathrin. Science
280:431–34

Dell’Angelica EC, Mullins C, Bonifacino JS.
1999a. AP-4, a novel protein complex re
lated to clathrin adaptors. J. Biol. Chem. 274:
7278–85

Dell’Angelica EC, Ohno H, Ooi CE, Rabi
novich E, Roche KW, Bonifacino JS. 1997.
AP-3; an adaptor-like protein complex with
ubiquitous expression. EMBO J. 16:917–28

Dell'Angelica EC, Puertollano R, Mullins C,
Aguilar RC, Vargas JD, et al. 2000. GGAs:
a family of ADP ribosylation factor-binding
proteins related to adaptors and associated
with the Golgi complex.J. Cell Biol. 149:81–
94

Dell'Angelica EC, Shotelersuk V, Aguilar RC,

Gahl WA, Bonifacino JS. 1999b. Altered
trafficking of lysosomal proteins in Her
mansky-Pudlak syndrome due to mutations
in the B3A subunit of the AP-3 adaptor. Mol.
Cell 3:11–21

DeLuca-Flaherty C, McKay DB, Parham P.
Hill BL. 1990. Uncoating protein (hsc70)
binds a conformationally labile domain of
clathrin light chain LC, to stimulate ATP hy
drolysis. Cell 62:875–87

DeTulleo L, Kirchhausen T. 1998. The clathrin
endocytic pathway in viral infection. EMBO
J. 17:4585–93

Dittié AS, Hajibagheri N, Tooze SA. 1996.
The AP-1 adaptor complex binds to imma
ture secretory granules from PC12 cells, and
is regulated by ADP-ribosylation factor. J.
Cell Biol. 132:523–36

Drake MT, Downs MA, Traub LM. 2000.
Epsin bindstoclathrin by associating directly
with the clathrin-terminal domain. Evidence

for cooperative binding through two discrete
sites. J. Biol. Chem. 275:6479–89

Dreyling MH, Martinez-Climent JA, Zheng
M, Mao J, Rowley JD, Bohlander SK. 1996.
The t010;11)(p13;q14) in the U937 cell line
results in the fusion of the AF10 gene and
CALM, encoding a new member of the AP-3
clathrin assembly protein family. Proc. Natl.
Acad. Sci. USA 93:4804–9

Dykstra ML, Cherukuri A, Pierce SK. 2001.
Floating the raft hypothesis for immune re
ceptors: access to rafts controls receptor sig
naling and trafficking. Traffic 2:160–66

Engqvist-Goldstein AEY, Kessels MM, Cho
pra VS, Hayden MR, Drubin DG. 1999. An
actin-binding protein of the Sla2/Huntingtin
interacting protein 1 family is a novel com
ponent of clathrin-coated pits and vesicles. J.
Cell Biol. 147: 1503–18

Engqvist-Goldstein AEY, Warren RA, Kessels
MM, Heuser JE, Keen JE, Drubin DG.
2000. The actin-binding protein HiplP binds
clathrin and functions together with clathrin
in the early stage of endocytosis. Mol. Biol.
Cell 11(Suppl.):A147

Enmon JL, de Beer T. Overduin M. 2000. So
lution structure of EpslS's third EH domain



CLATHRIN-COATED VESICLES 557

reveals coincident Phe-Trp and Asn-Pro-Phe
binding sites. Biochemistry 39:4309–19

Enns CA. 2001. Pumping iron: the strange part
nership of the hemochromatosis protein, a
class I MHC homolog, with the transferrin
receptor. Traffic 2:167–74

Fabrizio JJ, Hime G, Lemmon SK, Bazinet C.
1998. Genetic dissection of sperm individ
ualization in Drosophila melanogaster. De
velopment 125:1833–43

Ferguson SS. 2001. Evolving concepts in G
protein-coupled receptor endocytosis: the
role in receptor desensitization and signal
ing. Pharmacol. Rev. 53:1–24

Fernandez-Chacon R, Achiriloaie M, Janz R,
Albanesi JP, Südhof TC. 2000. SCAMP1
function in endocytosis. J. Biol. Chem.
275: 12752–56

Fingerhut A, von Figura K, Honing S. 2001.
Binding of AP2 to sorting signals is modu
lated by AP2 phosphorylation.J. Biol. Chem.
276:5476–82

Fish KN, Schmid SL, Damke H. 2000. Evi
dence that dynamin-2 functions as a signal
transducing GTPase. J. Cell Biol. 150: 145–
54

Flaherty KM, DeLuca-Flaherty C, McKay DB.
1990. Three-dimensional structure of the AT
Pase fragment of a 70 K heat-shock cognate
protein. Nature 346:623–28

Flaherty KM, McKay DB, Kabsch W, Holmes
KC. 1991. Similarity of the three-dimen
sional structures of actin and the ATPase
fragment of a 70-kDa heat shock cognate pro
tein. Proc. Natl. Acad. Sci, USA 88:5041–
45

Floyd S, De Camilli P 1998. Endocytosis pro
teins and cancer: a potential link? Trends Cell
Biol. 8:299–301

Folsch H, Ohno H, Bonifacino JS, Mellman I.
1999. A novel clathrin adaptor complex me
diates basolateral targeting in polarized ep
ithelial cells. Cell 99:189–98

Ford MG, Pearse BM, Higgins MK, Vallis Y,
Owen DJ, et al. 2001. Simultaneous binding
of PtdIns(4,5)P2 and clathrin by AP180 in the
nucleation of clathrin lattices on membranes.
Science 291 : 1051–55

Frischknecht F. Cudmore S, Moreau V. Reck
mann I, Rottger S, Way M. 1999. Tyro
sine phosphorylation is required for actin
based motility of vaccinia but not Listeria or
Shigella. Curr Biol. 9:89–92

Fujimoto LM, Roth R, Heuser JE, Schmid SL.
2000. Actin assembly plays a variable, but
not obligatory role in receptor-mediated en
docytosis in mammalian cells. Traffic 1:161–
71

Futter CE, Gibson A, Allchin EH, Maxwell
S, Ruddock LJ, et al. 1998. In polarized
MDCK cells basolateral vesicles arise from
clathrin-y-adaptin-coated domains on endo
somal tubules. J. Cell Biol. 141:611–23

Gaidarov I, Chen Q, Falck JR, Reddy KK,
Keen JH. 1996. A functional phosphatidyli
nositol 3,4,5-trisphosphate/phosphoinositide
binding domain in the clathrin adaptor AP
2 a subunit. Implications for the endocytic
pathway. J. Biol. Chem. 271:20922–29

Gaidarov I, Keen JH. 1999. Phosphoinositide
AP-2 interactions required for targeting to
plasma membrane clathrin-coated pits. J.
Cell Biol. 146:755–64

Gaidarov I, Krupnick JG, Falck JR, Benovic
JL, Keen JH. 1999a. Arrestin function in
G protein-coupled receptor endocytosis re
quires phosphoinositide binding. EMBO J.
18:871–81

Gaidarov I, Santini F, Warren RA, Keen JH.
1999b. Spatial control of coated-pit dynam
ics in living cells. Nat. Cell Biol. 1:1–7

Gaidarov I, Smith ME, Domin J, Keen JH.
2001. The class II phosphoinositide 3-kinase
C2a is activated by clathrin and regulates
clathrin-mediated membrane trafficking.
Mol. Cell 7:443–49

Gallusser A, Kirchhausen T. 1993. The B1 and
B2 subunits of the AP complexes are the
clathrin coat assembly components. EMBO
J. 12:5237–44

Gammie AE, Kurihara LJ, Vallee RB, Rose
MD. 1995. DNM1, a dynamin-related gene,
participates in endosomal trafficking in yeast.
J. Cell Biol. 130:553–66

Garred O, Rodal SK, van Deurs B, Sandvig K.
2001. Reconstitution of clathrin-independent

293



558 BRODSKY ET AL.

endocytosis at the apical domain of perme
abilized MDCK II cells: requirement for a
Rho-family GTPase. Traffic 2:26–36

Geuze H.J. 1998. The role of endosomes and

lysosomes in MHC class II functioning. Im
munol. Today 19:282–87

Gold ES, Morrissette NS, Underhill DM, Guo
J. Bassetti M., Aderem A. 2000. Amphi
physin IIm, a novel amphiphysin II isoform,
is required for macrophage phagocytosis. Im
munity 12:285–92

Goodman OB Jr, Krupnick JG, Gurevich VV,
Benovic JL, Keen JH. 1997. Arrestin/cla
thrin interaction. Localization of the arrestin

binding locus to the clathrin terminal domain.
J. Biol. Chem. 272: 15017–22

Greenberg M, DeTulleo L, Rapoport I, Skow
ronski J, Kirchhausen T. 1998. A dileucine
motif in HIV-1 Nef is essential for sorting
into clathrin-coated pits and for downregula
tion of CD4. Curr Biol. 8:1239–42

Greene B, Liu S-H, Wilde A, Brodsky FM.
2000. Complete reconstitution of clathrin
basket formation with recombinant protein
fragments: adaptor control of clathrin self
assembly. Traffic 1:69–75

Greener T. Zhao X, Nojima H, Eisenberg
E, Greene LE. 2000. Role of cyclin G
associated kinase in uncoating clathrin
coated vesicles from non-neuronal cells. J.
Biol. Chern. 275: 1365–70

Haffner C, Paolo GD, Rosenthal JA, de Camilli
P. 2000. Direct interaction of the 170 kDa

isoform of synaptojanin l with clathrin and
with the clathrin adaptor AP-2. Curr Biol.
10:471–74

Hannan LA, Newmyer SL, Schmid SL. 1998.
ATP- and cytosol-dependent release of adap
tor proteins from clathrin-coated vesicles: a
dual role for HSc70. Mol. Biol. Cell 9:2217–
29

Hao W, Luo Z, Zheng L, Prasad K, Lafer
EM. 1999. AP180 and AP-2 interact di

rectly in a complex that cooperatively as
sembles clathrin. J. Biol. Chem. 274:22785–
94

Harris TW, Hartwieg E. Horvitz HR, Jor
gensen EM. 2000. Mutations in synaptojanin

disrupt synaptic vesicle recycling. J. Cell
Biol. 150:589–600

Haucke V, De Camilli P 1999. AP-2 re
cruitment to synaptotagmin stimulated by
tyrosine-based endocytic motifs. Science
285:1268–71

Heuser J. 1989. Effects of cytoplasmic acidifi
cation on clathrin lattice morphology. J. Cell
Biol. 108:401–11

Heuser JE, Anderson RGW. 1989. Hypertonic
media inhibit receptor-mediated endocytosis
by blocking clathrin-coated pit formation. J.
Cell Biol. 108:389–400

Heuser JE, Keen J. 1988. Deep-etch visualiza
tion of proteins involved inclathrin assembly.
J. Cell Biol. 107:877–86

Heuser JE, Keen JH, Amende LM, Lippoldt
RE, Prasad K. 1987. Deep-etch visualization
of 27S clathrin: a tetrahedral tetramer. J. Cell
Biol. 105:1999–2009

Heuser JE, Kirchhausen T. 1985. Deep-etch
view of clathrin assembly.J. Ultrastruct. Res.
92: 1–27

Hill E, van Der Kaay J, Downes CP, Smythe
E. 2001. The role of dynamin and its bind
ing partners in coated pit invagination and
Scission. J. Cell Biol. 152:309–24

Hinshaw JE. 2000. Dynamin and its role in
membrane fusion. Annu. Rev. Cell. Dev. Biol.
16:483–520

Hirst J, Bright NA, Rous B, Robinson MS.
1999. Characterization of a fourth adaptor
related protein complex. Mol. Biol. Cell
10:2787–802

Hirst J, Lui WW, Bright NA, Totty N, Sea
man MN, Robinson MS. 2000. A family of
proteins with y-adaptin and VHS domains
that facilitate trafficking between the trans
Golgi network and the vacuole/lysosome. J.
Cell Biol. 149:67–80

Hofmann MW, Honing S, Rodionov D, Dob
berstein B, von Figura K. Bakke O. 1999.
The leucine-based sorting motifs in the cy
toplasmic domain of the invariant chain are
recognized by the clathrin adaptors AP1 and
AP2 and their medium chains. J. Biol. Chem.
274:36153–58

Holmes SE, Riazi MA, Gong W, McDermid

^ (YA



CLATHRIN-COATED VESICLES 559

HE, Sellinger BT, et al. 1997. Disruption of
the clathrin heavy chain-like gene (CLTCL)
associated with features of DGS/VCFS:

a balanced (21;22)(p12;q11) translocation.
Hum. Mol. Genet. 6:357–67

Honing S, Kreimer G, Robenek H, Jockusch
BM. 1994. Receptor-mediated endocytosis
is sensitive to antibodies against the uncoat
ing ATPase (hsc70). J. Cell Sci. 107:1185–
96

Hu Y, Barzilai A, Chen M, Bailey CH, Kan
del ER. 1993. 5-HT and cAMP induce the
formation of coated pits and vesicles and in
crease the expression of clathrin light chain in
sensory neurons of aplysia. Neuron 10:921–
29

Huang KM, D'Hondt K, Riezman H, Lemmon
SK. 1999. Clathrin functions in the absence

of heterotetrameric adaptors and AP180
related proteins in yeast. EMBO J. 18:3897–
908

Hughes WE, Cooke FT, Parker P.J. 2000. Sac
phosphatase domain proteins. Biochem. J.
350(2):337-52

Huttner WB, Schmidt A. 2000. Lipids, lipid
modification and lipid-protein interaction
in membrane budding and fission—insights
from the roles of endophilin Al and synapto
physin in synaptic vesicle endocytosis. Curr.
Opin. Neurobiol. 10:543–51

Hyman J, Chen H, Di Fiore PP. De Camilli P.
Brunger AT 2000. Epsin l undergoes nucle
ocytosolic shuttling and its eps 15 interactor
NH(2)-terminal homology (ENTH) domain,
structurally similar to Armadillo and HEAT
repeats, interacts with the transcription factor
promyelocytic leukemia Zn(2)+ finger pro
tein (PLZF). J. Cell Biol. 149:537–46

Itoh T, Koshiba S, Kigawa T. Kikuchi A,
Yokoyama S, Takenawa T. 2001. Role of the
ENTH domain in phosphatidylinositol-4,5-
bisphosphate binding and endocytosis. Sci
ence 291 : 1047–51

Kanaoka Y, Kimura SH, Okazaki I, Ikeda M,
Nojima H. 1997. GAK; a cyclin G associated
kinase contains a tensin/auxilin-like domain.
FEBS Lett, 402:73–80

Kaneseki T, Kadota K. 1969. The “vesicle in a

basket.” A morphological study of the coated
vesicle isolated from the nerve endings of the
guinea pig brain, with special reference to the
mechanism of membrane movements. J. Cell
Biol. 42:202–20

Keen JH, Willingham MC, Pastan IH. 1979.
Clathrin-coated vesicles: isolation, dissoci
ation, and factor-dependent reassociation of
clathrin baskets. Cell 16:303–12

Kelley WL. 1998. The J-domain family and
the recruitment of chaperone power. Trends
Biochem. Sci. 23:222–27

Kibbey RG, Rizo J. Gierasch LM, Anderson
RG. 1998. The LDL receptor clustering mo
tif interacts with the clathrin terminal domain
in a reverse turn conformation. J. Cell Biol.
142:59–67

Kirchhausen T 1999. Adaptors for clathrin
mediated traffic. Annu. Rev. Cell Dev. Biol.
15:705–32

Kirchhausen T. 2000a. Clathrin. Annu. Rev.
Biochem. 69:699–727

Kirchhausen T. 2000b. Three ways to make a
vesicle. Nat. Rev. Mol. Cell Biol. 1:187–98

Kirchhausen T. Harrison SC, Chow EP. Mat
taliano RJ, Ramachandran KL, et al. 1987.
Clathrin heavy chain: molecular cloning
and complete primary sequence. Proc. Natl.
Acad. Sci. USA 84:8805–9

Kirchhausen T, Toyoda T. 1993. Immunoelec
tron microscopic evidence for the extended
conformation of light chains in clathrin
trimers. J. Biol. Chem. 268: 10268–73

Kosaka T, Ikeda K. 1983. Reversible blockage
of membrane retrieval and endocytosis in the
garland cell of the temperature-sensitive mu
tant of Drosophila melanogaster, shibire. J.
Cell Biol. 97:499–507

Kraulis P.J. 1991. Molscript—a program to pro
duce both detailed and schematic plots of
protein structures. J. Appl. Cryst. 24:946–50

Kreitzer G, Marmorstein A, Okamoto P. Vallee
R, Rodriguez-Boulan E. 2000. Kinesin and
dynamin are required for post-Golgi trans
port of a plasma-membrane protein. Nat. Cell
Biol. 2:125–27

Krupnick JG, Goodman OB Jr. Keen JH, Ben
ovic JL. 1997. Arrestin-clathrin interaction.

295



560 BRODSKY ET AL.

Localization of the clathrin binding domain
of nonvisual arrestins to the carboxyl termi
nus. J. Biol. Chem. 272: 15011–16

Kuliawat R, Klumperman J, Ludwig T, Arvan
P 1997. Differential sorting of lysosomal en
zymes out of the regulated secretory pathway
in pancreatic B-cells. J. Cell Biol. 137:595–
608

Kumamoto T, Ito T, Horinouchi H, Ueyama
H, Toyoshima I, Tsuda T. 2000. Increased
lysosome-related proteins in the skeletal
muscles of distal myopathy with rimmed vac
uoles. Muscle Nerve 23:1686–93

Kusner LL, Carlin C. 2000. Expression of
clathrin assembly protein AP180 in non
neuronal cells. Mol. Biol. Cell 11(Suppl.);
A323

Lamaze C, Dujeancourt A, Baba T, Lo CG,
Benmerah A, Dautry-Varsat A. 2001. In
terleukin 2 receptors and detergent-resistant
membrane domains define a clathrin

independent endocytic pathway. Mol. Cell
7:661–71

Langlet C, Bernard AM, Drevot P. He HT
2000. Membrane rafts and signaling by the
multichain immune recognition receptors.
Curr Opin. Immunol. 12:250–55

Laporte SA, Oakley RH, Holt JA, Barak LS,
Caron MG. 2000. The interaction of B-ar
restin with the AP-2 adaptor is required
for the clustering of B2-adrenergic recep
tor into clathrin-coated pits. J. Biol. Chem.
275:23.120–26

Lauritsen JP, Menne C, Kastrup J, Dietrich J,
Odum N, Geisler C. 2000 B2-Adaptin is
constitutively de-phosphorylated by serine/
threonine protein phosphatase PP2A and
phosphorylated by a staurosporine-sensitive
kinase. Biochim. Biophys. Acta 1497:297–
307

Le Borgne R, Schmidt A, Mauxion F, Grif
fiths G, Hoflack B. 1993. Binding of AP-1
Golgi adaptors to membranes requires phos
phorylated cytoplasmic domains of the man
nose 6-phosphate/insulin-like growth fac
tor II receptor. J. Biol. Chem. 268:22552–
56

Lee C, Kim SR, Chung JK, Frohman MA,

Kilimann MW, Rhee SG. 2000. Inhibition
of phospholipase D by amphiphysins.J. Biol.
Chern. 275: 18751–58

Lemmon SK. 2001. Clathrin uncoating: auxilin
comes to life. Curr Biol. 11:R49–52

Lichte B, Veh RW, Meyer HE, Kilimann
MW. 1992. Amphiphysin, a novel protein
associated with synaptic vesicles. EMBO J.
11:2521–30

Liu H, Rhodes M, Wiest DL, Vignali DA.
2000. On the dynamics of TCR:CD3 com
plex cell surface expression and downmodu
lation. Immunity 13:665–75

Liu JP, Yajima Y, Li H, Ackland S, Akita
Y, et al. 1997. Molecular interactions be
tween dynamin and G-protein By-subunits in
neuroendocrine cells. Mol. Cell. Endocrinol.
132:61–71

Liu S-H, Mallet WG, Brodsky FM. 2001a.
Clathrin-mediated endocytosis. In Endocy
tosis, ed. M Marsh, pp. 1–25. Oxford, UK:
Oxford Univ. Press

Liu S-H, Marks MS, Brodsky FM. 1998. A
dominant negative clathrin mutant differen
tially affects trafficking of molecules with
distinct sorting motifs in the class II MHC
pathway. J. Cell Biol. 140:1023–37

Liu S-H, Towler MC, Chen E, Chen C-Y, Song
W. et al. 2001b. A novel clathrinhomolog that
co-distributes with cytoskeletal components
functions in the trans-Golgi network. EMBO
J. 20:272—84

Liu S-H, Wong ML, Craik CS, Brodsky
FM. 1995. Regulation of clathrin assembly
and trimerization defined using recombinant
triskelion hubs. Cell 83:257–67

Lu X, Yu H, Liu SH, Brodsky FM, Peterlin
BM. 1998. Interactions between HIV1 Nef
and vacuolar ATPase facilitate the internal

ization of CD4. Immunity 8:647–56
Lund J, Chen F. Hua A, Roe B, Budarf M, et al.

2000. Comparative sequence analysis of 634
kb of the mouse chromosome 16 region of
conserved synteny with the human velocar
diofacial syndrome region on chromosome
2241.1.2. Genomics 63:374–83

Maehama T, Dixon JE. 1998. The tumor sup
pressor, PTEN/MMAC1, dephosphorylates

7C)6



CLATHRIN-COATED VESICLES 561

the lipid second messenger, phosphatidyli
nositol 3,4,5-trisphosphate. J. Biol. Chem.
273: 13375–78

Mahaffey DT, Peeler JS, Brodsky FM, An
derson RGW. 1990. Clathrin-coated pits con
tain an integral membrane protein that binds
the AP-2 subunit with high affinity. J. Biol.
Chenn. 265: 16514–20

Mallet WG, Brodsky FM. 1996. A membrane
associated protein complex with selective
binding to the clathrin coat adaptor AP1. J.
Cell Sci. 109:3059–68

Mao Y, Chen J, Maynard JA, Zhang B, Quio
cho FA. 2001. A novel all helix fold of the

AP180 amino-terminal domain for phospho
inositide binding and clathrin assembly in
synaptic vesicle endocytosis. Cell 104:433–
40

Marks B, Stowell MH, Vallis Y. Mills IG,
Gibson A, et al. 2001. GTPase activity of dy
namin and resulting conformation change are
essential for endocytosis. Nature 410:231–
35

Marks MS, Ohno H, Kirchhausen T. Boni
facino JS. 1997. Protein sorting by tyrosine
based signals: adapting to the Ys and where
fores. Trends Cell Biol. 7:124–28

Marqueze B, Berton F, Seagar M. 2000. Synap
totagmins in membrane traffic: which vesi
cles do the tagmins tag? Biochimie 82:409–
20

Marsh M, McMahon HT. 1999. The structural
era of endocytosis. Science 285:215–20

Martina JA, Bonangelino CJ, Aguilar RC,
Bonifacino JS. 2001. Stonins 2: an adaptor
like protein that interacts with components
of the endocytic machinery. J. Cell Biol.
153: l l l 1–20

Mayor S, Presley JF, Maxfield FR 1993. Sort
ing of membrane components from endo
somes and subsequent recycling to the cell
surface occurs by a bulk flow process. J. Cell
Biol. 121 : 1257–69

McGraw TE, Maxfield FR. 1990. Human trans
ferrin receptor internalization is partially de
pendent upon an aromatic amino acid in the
cytoplasmic domain. Cell Reg. 1:369–77

McLauchlan H, Newell J, Morrice N, Osborne

A, West M, Smythe E. 1997. A novel role
for Rab5-GDI in ligand sequestration into
clathrin-coated pits. Curr Biol. 8:34–45

McMahon HT 1999. Endocytosis: an assem
bly protein for clathrin cages. Curr Biol.
9:R332–35

McNiven MA, Cao H, Pitts KR, Yoon Y. 2000.
The dynamin family of mechanoenzymes:
pinching in new places. Trends Biochem. Sci.
25: 115–20

Merilainen J, Lehto VP, Wasenius VM. 1997.
FAP52, a novel, SH3 domain-containing
focal adhesion protein. J. Biol. Chem.
272:23278–84

Merritt EA, Murphy MEP 1994. Raster3d
Version 2.0—a program for photorealis
tic molecular graphics. Acta Crystallogr. D
50:869–73

Meyer C, Zizioli D, Lausmann S, Eskelinen
EL, Hamann J, et al. 2000, pul A-adaptin
deficient mice: lethality, loss of AP-1 bind
ing and rerouting of mannose 6-phosphate
receptors. EMBO J. 19:2193–203

Michaely P. Kamal A, Anderson RG, Bennett
V. 1999 A requirement for ankyrin binding
to clathrin during coated pit budding. J. Biol.
Chern. 274:35908–13

Micheva KD, Kay BK, McPherson PS. 1997.
Synaptojanin forms two separate complexes
in the nerve terminal. Interactions with en

dophilin and amphiphysin. J. Biol. Chem.
272:27239–45

Miller K, Shipman M, Trowbridge IS, Hopkins
CR. 1991. Transferrin receptors promote the
formation of clathrin lattices. Cell 65:621–
32

Mineo C, Gill GN, Anderson RG. 1999. Reg
ulated migration of epidermal growth fac
tor receptor from caveolae. J. Biol. Chem.
274:30636–43

Modregger J, Ritter B, Witter B, Paulsson
M, Plomann M. 2000. All three PACSIN iso
forms bind to endocytic proteins and inhibit
endocytosis. J. Cell Sci. 1 13:451 1-21

Molinete M, Dupuis S, Brodsky FM, Halban
P 2001. Role of clathrin in the regulated se
cretory pathway of pancreatic B-cells. J. Cell
Sci. In press

297



562 BRODSKY ET AL.

Morgan JR, Prasad K, Hao W, Augustine
GJ, Lafer EM. 2000. A conserved clathrin
assembly motif essential for synaptic vesicle
endocytosis. J. Neurosci. 20:8667–76

Morgan JR, Zhao X, Womack M, Prasad K,
Augustine GJ, Lafer EM. 1999 A role for
the clathrin assembly domain of AP180 in
synaptic vesicle endocytosis. J. Neurosci. 19:
10201 – 12

Morshauser RC, Hu W, Wang H, Pang Y,
Flynn GC, Zuiderweg ER. 1999. High
resolution solution structure of the 18 kDa

substrate-binding domain of the mammalian
chaperone protein Hsc70. J. Mol. Biol. 289:
1387–403

Mostov KE, Verges M. Altschuler Y. 2000.
Membrane traffic in polarized epithelial
cells. Curr Opin. Cell Biol. 12:483–90

Muhlberg AB, Warnock DE, Schmid SL. 1997.
Domain structure and intramolecular regula
tion of dynamin GTPase. EMBO.J. 16:6676–
83

Munn AL, Stevenson BJ, Geli MI, Riezman
H. 1995. endj, endó, and end7: mutations
that cause actin delocalization and block the

internalization step of endocytosis in Saccha
romyces cerevisiae. Mol. Biol. Cell 6:1721–
42

Musacchio A, Smith CJ, Roseman AM, Harri
son SC, Kirchhausen T. Pearse BMF 1999.
Functional organization of clathrin in coats:
combining electron cryomicroscopy and X
ray crystallography. Mol. Cell 3:761-70

Nakagawa T. Setou M, Seog D, Ogasawara
K, Dohmae N, et al. 2000. A novel motor,
KIF13A, transports mannose-6-phosphate
receptor to plasma membrane through di
rect interaction with AP-1 complex. Cell 103:
569–81

Nakamura Y, Takeda M, Yoshimi K, Hat
tori H, Hariguchi S, et al. 1994a. Involve
ment of clathrin light chains in the pathology
of Alzheimer's disease. Acta Neuropathol.
87:23–31

Nakamura Y, Takeda M, Yoshimi K, Hat
tori H, Hariguchi S, et al. 1994b. Involve
ment of clathrin light chains in the pathology
of Pick's disease: implication for impairment

of axonal transport. Neurosci. Lett. 180:25–
28

Nakaseko C, Miyatake S, Iida T, Hara S,
Abe R, et al. 1999. Cytotoxic T lymphocyte
antigen 4 (CTLA-4) engagement delivers
an inhibitory signal through the membrane
proximal region in the absence of the tyrosine
motif in the cytoplasmic tail. J. Exp. Med.
190:765–74

Nakata T, Takemura R, Hirokawa N. 1993. A
novel member of the dynamin family of GTP
binding proteins is expressed specifically in
the testis. J. Cell Sci. 105:1–5

Nakatsu F, Sakuma M, Matsuo Y, Arase H,
Yamasaki S, et al. 2000. A di-leucine signal
in the ubiquitin moiety: possible involvement
in ubiquitination-mediated endocytosis. Mol.
Biol. Cell 11(Suppl.):A147

Näthke IS, Heuser J, Lupas A, Stock J, Turck
CW, Brodsky FM. 1992. Folding and trimer
ization of clathrin subunits at the triskelion
hub. Cell 68:899–910

Nemoto Y, De Camilli P 1999. Recruitment of
an alternatively spliced form of synaptojanin
2 to mitochondria by the interaction with the
PDZ domain of a mitochondrial outer mem

brane protein. EMBO J. 18:2991–3006
Nesterov A, Carter RE, Sorkina T. Gill GN,

Sorkin A. 1999. Inhibition of the receptor
binding function of clathrin adaptor protein
AP-2 by dominant-negative mutant pu2 sub
unit and its effects on endocytosis. EMBO J.
18:2489–99

Newman LS, McKeever MO, Okano HJ, Dar
nell RB. 1995. B-NAP, a cerebellar degen
eration antigen, is a neuron-specific vesicle
coat protein. Cell 82:773–83

Newmyer SL, Schmid SL. 2001. Dominant
interfering Hsc70 mutants disrupt multiple
stages of the clathrin-coated vesicle cycle in
vivo. J. Cell Biol. 152:607–20

Nossal R. 2001. Energetics of clathrin basket
assembly. Traffic 2: 138–47

Odorizzi G, Cowles CR, Emr SD. 1998.
The AP-3 complex: a coat of many colours.
Trends Cell Biol. 8:282–88

O'Halloran TJ. 2000. Membrane traffic and cy
tokinesis. Traffic 1:921–26

298



CLATHRIN-COATED VESICLES 563

Ohno H, Stewart J, Fournier M-C, Bosshart
H. Rhee I, et al. 1995. Interaction of tyrosine
based sorting signals with clathrin-associated
proteins. Science 269:1872–75

Ohno H, Tomemori T, Nakatsu F, Okazaki Y,
Aguilar RC, et al. 1999, ul B, a novel adaptor
medium chain expressed in polarized epithe
lial cells. FEBS Lett. 449:215–20

Okamoto CT, McKinney J, Jeng YY. 2000.
Clathrin in mitotic spindles. Am. J. Physiol.
Cell Physiol. 279:C369–C74

Oldridge J, Marsh M. 1998. Nef-an adaptor
adaptor? Trends Cell Biol. 8:302–5

Orsel JG, Sincock PM, Krise JP. Pfeffer SR.
2000. Recognition of the 300-kDa mannose
6-phosphate receptor cytoplasmic domain by
47-kDa tail-interacting protein. Proc. Natl.
Acad. Sci. USA 97.9047–51

Owen DJ, Evans PR. 1998. A structural expla
nation for the recognition of tyrosine-based
endocytotic signals. Science 282:1327–32

Owen DJ, Setiadi H, Evans PR, McEver
RP, Green SA. 2001. A third specificity
determining site in pu2 adaptin for sequences
upstream of Yxx4 sorting motifs. Traffic
2: 105–10

Owen DJ, Vallis Y, Noble ME, Hunter JB,
Dafforn TR, et al. 1999. A structural explana
tion for the binding of multiple ligands by the
a-adaptin appendage domain. Cell 97:805–
15

Owen DJ. Vallis Y. Pearse BM, McMahon HT,
Evans PR. 2000. The structure and function

of the B2-adaptin appendage domain. EMBO
J. 19:4216–27

Owen DJ, Wigge P. Vallis Y. Moore JD, Evans
PR, McMahon HT 1998. Crystal structure of
the amphiphysin-2 SH3 domain and its role
in the prevention of dynamin ring formation.
EMBO J. 17:5273–85

Page LJ, Sowerby PJ, Lui WW, Robinson MS.
1999, y-synergin: an EH domain-containing
protein that interacts with y-adaptin. J. Cell
Biol. 146:993–1004

Parton RG, Way M, Zorzi N, Stang E. 1997.
Caveolin-3 associates with developing T
tubules during muscle differentiation. J. Cell
Biol. 136:137–54

Payne GS, Schekman R. 1985. A test of clathrin
function in protein secretion and cell growth.
Science 230:1009–14

Payne GS, Schekman R. 1989. Clathrin: a role
in the intracellular retention of a Golgi mem
brane protein. Science 245:1358–65

Pearse BMF 1975. Coated vesicles from pig
brain: purification and biochemical charac
terization. J. Mol. Biol. 97:93–98

Pearse BMF, Robinson MS. 1990. Clathrin,
adaptors and sorting. Annu. Rev. Cell Biol.
6:151–71

Peyrard M, Fransson I, Xie Y-G, Han F-Y.
Ruttledge MH, et al. 1994. Characterization
of a new member of the human B-adaptin
gene family from chromosome 22412, a can
didate meningioma gene. Hum. Mol. Genet.
3:1393–99

Piguet V, Chen YL, Mangasarian A, Foti M,
Carpentier JL, Trono D. 1998. Mechanism of
Nef-induced CD4 endocytosis: Nef connects
CD4 with the pu chain of adaptor complexes.
EMBO J. 17:2472–81

Piguet V, Wan L, Borel C, Mangasarian A,
Demaurex N, et al. 2000. HIV-1 Nef pro.
tein binds to the cellular protein PACS-1 to
downregulate class I major histocompatibil
ity complexes. Nat. Cell Biol. 2:163–67

Pishvaee B, Munn A, Payne GS. 1997. A novel
structural model for regulation of clathrin
function. EMBO J. 16:2227–39

Pleasure IT, Black MM, Keen JH. 1993.
Valosin-containing protein, VCP is a ubi
quitous clathrin-binding protein. Nature 365:
459–62

Pley U, Parham P. 1993. Clathrin: its role in
receptor-mediated vesicular transport and
specialized functions in neurons. Crit. Rev.
Biochem. Mol. Biol. 28:431–64

Pley UM, Hill BL, Alibert C. Brodsky FM,
Parham P. 1995. The interaction of calmod
ulin with clathrin-coated vesicles, triske
lions, and light chains. J. Biol. Chem. 270:
2395–402

Pucharcos C, Estivill X, de la Luna S. 2000.
Intersectin 2, a new multimodular protein
involved in clathrin-mediated endocytosis.
FEBS Lett. 478:43–51

290



564 BRODSKY ET AL.

Pucharcos C, Fuentes JJ, Casas C, de la Luna S,
Alcantara S, et al. 1999. Alu-splice cloning
of human intersectin (ITSN), a putative mul
tivalent binding protein expressed in prolif
erating and differentiating neurons and over
expressed in Down's syndrome. Eur J. Hum.
Genet. 7:704–12

Puertollano R, Randazzo PA, Presley JF Hart
nell LM, Bonifacino JS. 2001. The GGAs
promote ARF-dependent recruitment of cla
thrin to the TGN. Cell 105:93-102

Qualmann B, Kelly RB. 2000. Syndapin iso
forms participate in receptor-mediated endo
cytosis and actin organization. J. Cell Biol.
148: 1047–62

Qualmann B, Kessels MM, Kelly RB. 2000.
Molecular links between endocytosis and the
actin cytoskeleton. J. Cell Biol. 150:Fl 11–
16

Qualmann B, Roos J, DiGregorio PJ, Kelly
RB. 1999. Syndapin I, a synaptic dynamin
binding protein that associates with the neu
ral Wiskott-Aldrich syndrome protein. Mol.
Biol. Cell 10:501–13

Ramjaun AR, Micheva KD, Bouchelet I,
McPherson PS. 1997. Identification and
characterization of a nerve terminal-en

riched amphiphysin isoform. J. Biol. Chem.
272; 16700 6

Rapoport I, Chen YC, Cupers P. Shoelson
SE, Kirchhausen T. 1998. Dileucine-based
sorting signals bind to the B chain of AP-1 at
a site distinct and regulated differently from
the tyrosine-based motif-binding site. EMBO
J. 17:21.48–55

Rebecchi MJ, Scarlata S. 1998. Pleckstrin ho
mology domains: a common fold with di
verse functions. Annu. Rev. Biophys. Biomol.
Struct. 27:503–28

Riese DJ II, Stern DF 1998. Specificity within
the EGF family/ErbB receptor family signal
ing network. BioEssays 20:41–48

Ringstad N, Nemoto Y, De Camilli P 1997.
The SH3p4/Sh■ p8/SH3p 13 protein family:
binding partners for synaptojanin and dy
namin via a Grb2-like Src homology 3 do
main. Proc. Natl. Acad. Sci. USA 94.8569–
74

Ritter B, Modregger J, Paulsson M, Plomann
M. 1999. PACSIN 2, a novel member of the
PACSIN family of cytoplasmic adapter pro
teins. FEBS Lett. 454:356–62

Robinson MS, Kreis TE. 1992. Recruitment of
coat proteins onto Golgi membranes in intact
and permeabilized cells: effects of Brefeldin
A and G-protein activators. Cell 69:129–38

Roos J, Kelly RB. 1998. Dap 160, a neural
specific Eps! 5 homology and multiple SH3
domain-containing protein that interacts
with Drosophila dynamin. J. Biol. Chem.
273: 19108–19

Rosa JL, Barbacid M. 1997. A giant protein
that stimulates guanine nucleotide exchange
on ARF1 and Rab proteins forms a cytoso
lic ternary complex with clathrin and Hsp70.
Oncogene 15:1–6

Rosenthal JA, Chen H, Slepnev VI, Pellegrini
L, Salcini AE, et al. 1999. The epsins define
a family of proteins that interact with compo
nents of the clathrin coat and contain a new

protein module. J. Biol. Chem. 274:33959–
65

Roth MG. 1999. Lipid regulators of membrane
traffic through the Golgi complex. Trends
Cell Biol. 9:174–79

Roth TF, Porter KR. 1964. Yolk protein uptake
in the oocyte of the mosquito Aedes aegypti
L. J. Cell Biol. 20:313–32

Rubtsov AM, Lopina OD. 2000. Ankyrins.
FEBS Lett. 482: 1–5

Sakamuro D, Elliott KJ, Wechsler-Reya R,
Prendergast GC. 1996. BIN1 is a novel
MYC-interacting protein with features of a
tumour suppressor. Nat. Genet. 14:69–77

Salcini AE, Chen H, Iannolo G, De Camilli P.
Di Fiore PP 1999. Epidermal growth factor
pathway substrate 15, Eps 15. Int. J. Biochem.
Cell Biol. 3 1:805–9

Salim K, Bottomley M.J, Querfurth E, Zvelebil
MJ, Gout I, et al. 1996. Distinct speci
ficity in the recognition of phosphoinositides
by the pleckstrin homology domains of dy
namin and Bruton's tyrosine kinase. EMBO
J. 15:6241–50

Salisbury JL, Condeelis JS, Satir P. 1980.
Role of coated vesicles, microfilaments, and

7 ■ y■ )



CLATHRIN-COATED VESICLES 565

calmodulin in receptor-mediated endocytosis
by cultured B lymphoblastoid cells. J. Cell
Biol. 87: 132–41

Santini F, Marks MS, Keen JH. 1998. En
docytic clathrin-coated pit formation is in
dependent of receptor internalization signal
levels. Mol. Biol. Cell 9:1177–94

Santolini E, Puri C, Salcini AE, Gagliani MC,
Pelicci PG, et al. 2000. Numb is an endocytic
protein. J. Cell Biol. 151:1345–52

Schlossman DM, Schmid SL, Braell WA,
Rothman JE. 1984. An enzyme that removes
clathrin coats: purification of an uncoating
ATPase. J. Cell Biol. 99:723–33

Schmidt A, Wolde M, Thiele C, Fest W,
Kratzin H, et al. 1999. Endophilin I medi
ates synaptic vesicle formation by transfer of
arachidonate to lysophosphatidic acid. Na
ture 401 : 133–41

Seaman MNJ, Sowerby PJ, Robinson MS.
1996. Cytosolic and membrane-associated
proteins involved in the recruitment of AP
1 adaptors onto the trans-Golgi network. J.
Biol. Chem. 271:25446–51

Sengar AS, Wang W, Bishay J, Cohen S, Egan
SE. 1999. The EH and SH3 domain Ese pro
teins regulate endocytosis by linking to dy
namin and Eps 15. EMBO J. 18:1159–71

Sever S, Damke H, Schmid SL. 2000. Gar
rotes, springs, ratchets, and whips: putting
dynamin models to the test. Traffic 1:385–92

Shih W. Gallusser A, Kirchhausen T. 1995.
A clathrin-binding site in the hinge of the
B2 chain of mammalian AP-2 complexes. J.
Biol. Chem. 270:31083–90

Simpson F, Bright NA, West MA, New
man LS, Darnell RB, Robinson MS. 1996.
A novel adaptor-related protein complex. J.
Cell Biol. 133:749–60

Simpson F. Hussain NK, Qualmann B, Kelly
RB, Kay BK, et al. 1999. SH3-domain
containing proteins function at distinct steps
in clathrin-coated vesicle formation. Nat.
Cell Biol. 1: 119–24

Simpson F, Peden AA, Christopoulou L,
Robinson MS. 1997. Characterization of the

adaptor-related protein complex, AP3.J. Cell
Biol. 137:835–45

Simpson F. Whitehead JP, James DE. 2001.
GLUT4—at the cross roads between mem
brane trafficking and signal transduction.
Traffic 2:2–1 l

Skretting G, Torgersen ML, van Deurs B,
Sandvig K. 1999. Endocytic mechanisms re
sponsible for uptake of GPI-linked diphtheria
toxin receptor. J. Cell Sci. 112:3899–909

Slepnev VI, De Camilli P 2000. Accessory
factors inclathrin-dependent synaptic vesicle
endocytosis. Nat. Rev. Neurosci. 1:161–72

Slepnev VI, Ochoa GC, Butler MH, De
Camilli P. 2000. Tandem arrangement of the
clathrin and AP-2 binding domains in am
phiphysin l and disruption of clathrin coat
function by amphiphysin fragments compris
ing these sites. J. Biol. Chem. 275:17583–
89

Smith CJ, Grigorieff N, Pearse BMF 1998.
Clathrin coats at 21 Å resolution: a cel
lular assembly designed to recycle multi
ple membrane receptors. EMBO.J. 17:4943–
53

So CW, So CK, Cheung N, Chew SL,
Sham MH, Chan LC. 2000. The interac
tion between EEN and Abi-1, two MLL fu
sion partners, and synaptojanin and dynamin:
implications for leukaemogenesis. Leukemia
14:594–601

Solomonia RO, McCabe BJ, Jackson AP, Horn
G. 1997. Clathrin proteins and recognition
memory. Neuroscience 80:59–67

Sorkin A, Carpenter G. 1993. Interaction
of activated EGF receptors with coated pit
adaptins. Science 261:612–15

Sparks AB, Hoffman NG, McConnell SJ,
Fowlkes DM, Kay BK. 1996. Cloning of
ligand targets: systematic isolation of SH3
domain-containing proteins. Nat. Biotech
nol. 14:741–44

Spradling KD, Burke TJ, Lohi J, Pilcher BK.
2000. Cloning and initial characterization of
human epsin 3, a novel matrix-induced ker
atinocyte specific transcript. J. Invest. Der
matol. 1 15:332

Springer S, Spang A, Schekman R. 1999. A
primer on vesicle budding. Cell 97:145–48

Stoorvogel W. Oorschot V, Geuze HJ. 1996. A

301



566 BRODSKY ET AL.

novel class of clathrin-coated vesicles bud
ding from endosomes. J. Cell Biol. 132:21–
33

Subtil A, Daidarov I, Kobylarz K, Lampson
MA, Keen JH, McGraw TE. 1999. Acute
cholesterol depletion inhibits clathrin-coated
pit budding. Proc. Natl. Acad. Sci. USA
8:6775–80

Sugita M, Peters PJ, Brenner MB. 2000.
Pathways for lipid antigen presentation by
CD1 molecules: nowhere for intracellular
pathogens to hide. Traffic 1:295–300

Sutton RB, Ernst JA, Brunger AT 1999. Crys
tal structure of the cytosolic C2A-C2B do
mains of synaptotagmin III. Implications for
Ca(+2)-independent SNARE complex inter
action. J. Cell Biol. 147:589–98

Takatsu H, Yoshino K, Nakayama K. 2000.
Adaptor year homology domain conserved
in y-adaptin and GGA proteins that inter
act with y-synergin. Biochem. Biophys. Res.
Commun. 271:719–25

Tan PK. 1993. Clathrin facilitates the internal
ization of seven transmembrane segment re
ceptors for mating pheromones in yeast. J.
Cell Biol. 123: 1707–16

Tan PK, Howard J.P. Payne GS. 1996. The se
quence NPFXD defines a new class of endo
cytosis signal in Saccharomyces cerevisiae.
J. Cell Biol. 135:1789–800

Tebar F, Bohlander SK, Sorkin A. 1999.
Clathrin assembly lymphoid myeloid leu
kemia (CALM) protein: localization in
endocytic-coated pits, interactions with
clathrin, and the impact of overexpression
on clathrin-mediated traffic. Mol. Biol. Cell
10:2687–702

ter Haar E, Harrison SC, Kirchhausen T.
2000. Peptide-in-groove interactions link tar
get proteins to the 8-propeller of clathrin.
Proc. Natl. Acad. Sci. USA 97: 1096–
100

ter Haar E, Musacchio A, Harrison SC, Kirch
hausen T. 1998. Atomic structure of clathrin:
a beta propeller terminal domain joins an
alpha linker. Cell 95:563–73

Timm D, Salim K, Gout I, Guruprasad L, Wa
terfield M, Blundell T. 1994. Crystal struc

ture of the pleckstrin homology domain from
dynamin. Nat. Struct. Biol. 1:782–88

Tong X, Boll W. Kirchhausen T. Howley
PM. 1998. Interaction of the bovine papillo
mavirus E6 protein with the clathrin adaptor
complex AP-1. J. Virol. 72:476–82

Traub LM, Bannykh SI, Rodel JE, Aridor
M, Balch WE, Kornfeld S. 1996. AP-2-
containing clathrin coats assemble on mature
lysosomes. J. Cell Biol. 135:1801–14

Traub LM, Downs MA, Westrich JL, Fremont
DH. 1999. Crystal structure of the alpha ap
pendage of AP-2 reveals a recruitment plat
form for clathrin-coat assembly. Proc. Natl.
Acad. Sci. USA 96:8907–12

Traub LM, Ostrom JA, Kornfeld S. 1993. Bio
chemical dissection of AP-1 recruitment onto
Golgi membranes. J. Cell Biol. 123:561–
73

Trejo J, Altschuler Y. Fu H-W, Mostov KE,
Coughlin SR. 2000. A mutant HeLa cell line
suggests novel requirements for protease
activated receptor-1 phosphorylation and re
cruitment to clathrin-coated pits. J. Biol.
Chem. 275:31255–65

Umeda A, Meyerholz A, Ungewickell E. 2000.
Identification of the universal cofactor (aux
ilin 2) in clathrin coat dissociation. Eur: J.
Cell Biol. 79:336–42

Ungewickell E, Ungewickell H, Holstein SEH,
Lindner R, Prasad K, et al. 1995. Role of
auxilin in uncoating clathrin-coated vesicles.
Nature 378:632–35

van Kerkhof P. Sachse M, Klumperman J,
Strous GJ. 2001. Growth hormone receptor
ubiquitination coincides with recruitment to
clathrin-coated membrane domains. J. Biol.
Chem. 276:3778–84

Velier J, Kim M, Schwarz C, Kim TW, Sapp
E, et al. 1998. Wild-type and mutant hunt
ingtins function in vesicle trafficking in the
secretory and endocytic pathways. Exp. Neu
rol. 152:34–40

von Poser C, Zhang J2, Mineo C, Ding W,
Ying Y, et al. 2000. Synaptotagmin regula
tion of coated pit assembly. J. Biol. Chem.
275:30916–24

Vowels JJ, Payne GS. 1998. A dileucine-like

302



CLATHRIN-COATED VESICLES 567

sorting signal directs transport into an AP-3-
dependent, clathrin-independent pathway to
the yeast vacuole. EMBO J. 17:2482–93

Wakeham DE, Ybe JA, Brodsky FM, Hwang
PK. 2000. Molecular structures of proteins
involved in vesicle coat formation. Traffic
1:393–98

Wan L, Molloy SS, Thomas L, Liu GP, Xi
ang Y, et al. 1998. PACS-1 defines a novel
gene family of cytosolic sorting proteins re
quired for trans-Golgi network localization.
Cell 94:205–16

Warren RA, Green FA, Enns CA. 1997. Satu
ration of the endocytic pathway for the trans
ferrin receptor does not affect the endocyto
sis of the epidermal growth factor receptor.
J. Biol. Chem. 272:21 16–21

Wendland B, Emr SD. 1998. Panlp, yeast
eps 15, functions as a multivalent adaptor that
coordinates protein-protein interactions es
sential for endocytosis. J. Cell Biol. 141:71–
84

Wendland B, Emr SD, Riezman H. 1998. Pro
tein traffic in the yeast endocytic and vacuo
lar protein sorting pathways. Curr. Opin. Cell
Biol. 10:513–22

Wendland B, Steece KE, Emr SD. 1999. Yeast
epsins contain an essential N-terminal ENTH
domain, bind clathrin and are required for en
docytosis. EMBO J. 18:4383-93

Wessels D, Reynolds J, Johnson O, Voss E,
Burns R, et al. 2000. Clathrin plays a novel
role in the regulation of cell polarity, pseudo
pod formation, uropod stability and motility
in Dictyostelium. J. Cell Sci. 1 13:21–36

Whistler JL, von Zastrow M. 1999. Dissocia
tion of functional roles of dynamin in
receptor-mediated endocytosis and mito
genic signal transduction. J. Biol. Chem.
274:24575–78

Whitehead B, Tessari M., Carotenuto A, Hene
gouwen PMPVE, Vuister GW 1999. The
EH1 domain of Eps 15 is structurally clas
sified as a member of the S100 subclass of
EF-hand-containing proteins. Biochemistry
38: 11271–77

Wigge P. McMahon HT 1998. The am
phiphysin family of proteins and their role in

endocytosis at the synapse. Trends Neurosci.
21:339–44

Wilde A, Beattie EC, Lem L, Riethof DA,
Liu S-H, et al. 1999. EGF receptor signal
ing stimulates SRC kinase phosphorylation
of clathrin, influencing clathrin redistribution
and EGF uptake. Cell 96:677–87

Wilde A, Brodsky FM. 1996. In vivo phospho
rylation of adaptors regulates their interac
tion with clathrin. J. Cell Biol. 135:635–45

Witke W. Podtelejnikov AV, Di Nardo A,
Sutherland JD, Gurniak CB, et al. 1998. In
mouse brainprofilin I and profilin II associate
with regulators of the endocytic pathway and
actin assembly. EMBO J. 17:967–76

Wong DH, Brodsky FM. 1992. 100-kD pro
teins of Golgi and trans-Golgi network
associated coated vesicles have related but

distinct membrane binding properties. J. Cell
Biol. 1 17:1171–79

Woscholski R, Parker PJ. 1997. Inositol lipid 5
phosphatases—traffic signals and signal traf
fic. Trends Biochem. Sci. 22:427–31

Yamabhai M, Hoffman NG, Hardison NL,
McPherson PS, Castagnoli L, et al. 1998.
Intersectin, a novel adaptor protein with two
EpslS homology and five Src homology 3
domains. J. Biol. Chem. 273:31401–7

Yao PJ, Morsch R, Callahan LM, Coleman PD.
1999. Changes in synaptic expression of
clathrin assembly protein AP180 in Alzhei
mer's disease analysed by immunohisto
chemistry. Neuroscience 94.389–94

Yao PJ, Weimer JM, O'Herron TM, Coleman
PD. 2000. Clathrin assembly protein AP-2 is
detected in both neurons and glia, and its re
duction is prominent in layer II of frontal cor
tex in Alzheimer's disease. Neurobiol. Aging
21:921–29

Ybe JA, Brodsky FM, Hofmann K, Lin K,
Liu S-H, et al. 1999. Clathrin self-assembly
is mediated by a tandemly repeated superhe
lix. Nature 399:371–75

Ybe JA, Greene B, Liu S-H, Pley U, Parham P.
Brodsky FM. 1998. Clathrin self-assembly is
regulated by three light chain residues con
trolling the formation of critical salt bridges.
EMBO J 17: 1297–303

303



568 BRODSKY ET AL.

Yeung BG, Phan HL, Payne GS. 1999. Adap
tor complex-independent clathrin function in
yeast. Mol. Biol. Cell 10:3643–59

Zhang B, Ganetzky B, Bellen HJ, Murthy VN.
1999. Tailoring uniform coats for synaptic
vesicles during endocytosis. Neuron 23:419–
22

Zhang J2, Davletov BA, Südhof TC, Anderson
RG. 1994. Synaptotagmin I is a high affinity
receptor for clathrin AP-2: implications for
membrane recycling. Cell 78:751–60

Zhao X, Greener T, Al-Hasani H, Cushman
SW, Eisenberg E, Greene LE. 2001. Ex

pression of auxilin or AP180 inhibits endo
cytosis by mislocalizing clathrin: evidence
for formation of nascent pits containing AP1
or AP2 but not clathrin. J. Cell Sci. 1 14:353–
65

Zhu X, Zhao X, Burkholder WF, Gragerov A,
Ogata CM, et al. 1996. Structural analysis of
substrate binding by the molecular chaperone
DnaK. Science 272:1606–14

Zizioli D, Meyer C, Guhde G, Saftig P. von
Figura K, Schu P. 1999. Early embryonic
death of mice deficient in y-adaptin. J. Biol.
Chem. 274:5385–90

304



Traffic 2000 1: 393-398
Munksgaard Intemational Publishers

Toolbox

Molecular Structures of Proteins Involved
Coat Formation

Diane E. Wakeham *, Joel A. Ybe",
Frances M. Brodsky * and Peter K. Hwang"

* G.W. Hooper Foundation Box 0552, University of
California San Francisco, 513 Parnassus Avenue, San
Francisco, CA 94143, USA
* Department of Biochemistry and Biophysics, Box 0448,
University of California San Francisco 513 Parnassus
Avenue, San Francisco, CA 94143, USA
* Corresponding author: FM. Brodsky,
frmarbroCºitsaucsf.edu

Figures in this toolbox were generated from co-ordinates
deposited in the Protein Data Bank (1). This article is a
composite of work from many laboratories referred within.

Clathrin heavy chain proximal leg (1210-1516) and N-ter
minal domain and linker (1-494). Clathrin is a trimer of 192
kDa heavy chains, each with an associated regulatory light
chain. Adaptor complexes recruit clathrin to the membrane at
the cell surface or trans-Golgi network where it self-assem
bles into a lattice coat (2). The proximal leg mediates lattice
assembly, which is regulated by binding of acidic light chain
and phosphorylation of Y1477 (red) (3). The proximal leg (4)
(upper,115 x 28x 24A) is an elongated rod made up of an
extended a■ o superhelix, comprised of tandemly repeated
146-residue motifs (CHCRs). Alignments indicate that the
structure of clathrin legs is generated by seven CHCRs, each
of which contains a stack of 5 helix hairpin pairs. A conserved
basic groove (blue) may be the binding site for clathrin light
chains. The globular N-terminal domain projects vesicles to
ward the vesicle membrane (5) to interact with the 3-hinge
domain of the adaptor complex (6) and other accessory
proteins. This domain (7) (lower, 47x 40x 75 Å) is a seven
bladed 6-propeller structure with an o-helical flexible linker
domain (gray). Each blade of the propeller is a slightly twisted
antiparallel B-sheet. 3-arrestin and 63 adaptin bind in a
groove between two blades of the propeller (red) (8,51).

* For all Figures:Black bar indicates portion of protein included
in molecular structure solution. Abbreviations: CC coiled coil
domain, CCP clathrin coated pit, CHCR clathrin heavy chain
repeat, EGF epidermal growth factor, GAP GTPaseactivating
protein, GEF guanine nucleotide exchange factor, PPll helix,
polyproline II helix
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AP2 adaptor a subunit C-terminal appendage domain
-

(701-938). The AP2 adaptor complex (~ 300 kDa) selects > →
molecules for sorting into clathrin-coated vesicles (CCVs)and Nº.
recruits clathrin to the plasma membrane (16). The - 100
kDa a subunits appendage (47x 53x 59 A) is a tightly
packed two-lobed structure (17,18). One domain (blue) is a
two-sheet 6-sandwich of antiparallel strands, resembling the
immunoglobulin (IG) superfamily. The second platform' do
main, similar to the yeast TATA-box, is an antiparallel fl-sheet
‘platform' with two buttressing helices below it (yellow, red),
and a helix crossing over top. A conserved hydrophobic patch
on the platform face centered at W840 (violet) is required for
binding to accessory proteins Epsis, epsin, amphiphysin,
auxilin, or AP180.

AP2 adaptor M2 subunit internalization signal binding
domain (122-435). The u2 subunit of AP2 (~ 50 kDa) adap- ■ º
tor binds the endocytic sequence motif of cargo proteins,
coupling them to the clathrin coat (16). The elongated, ba
nana-shaped endocytic binding motif (80x 25x 20 Å) has
two 3-sandwich subdomains (19) (left and right). Signal pep
tides of trans-Golgi network protein TGN38 (DYQRLN) and
EGF receptor (FYRALM, shown) both bind in an identical
manner as extended 3-strands. Hydrophobic cavities binding
the Tyr and 4 residues (blue) are positioned on either side of
an edge 6 strand (pink). u2 dimerization may contribute to
selective recognition of adjacent signal peptides in dimeric u?-Adaptin
receptors. Tºm.
Visual arrestin (8-402). Arrestins (~ 45 kDa) bind to G- AP2 core Endocytic motif binding
protein coupled receptors (GPCRs)and block G protein bind
ing to terminate signaling (20). Non-visual arrestins,
presumably similar in structure, bind clathrin N-terminal do
main and can function as adaptors for the internalization of
62-adrenergic receptor (21). Arrestin (95x 45x 60 Å) is com
posed of seven-stranded 6-sandwich N (blue) and C (yellow)
domains, and a C tail (orange) that packs up against their
interface (22,23). Arrestin's proximity to its phosphorylated
receptor may disrupt electrostatic interactions to induce con
formation changes that favor GPCR binding. The non-visual
arrestins have an LIEFEinsertion in an exposed loop (green, Visual Arrestin –
dashed) for clathrin binding (21). B-Arrestin localization is
regulated by phosphorylation (24) and a phosphoinositide + mTºm. - * * -

binding site (violet) (25). **.*.* & A º

HIV-1 protein negative factor (Nef) anchor domain (1-57) r –

and core (57-203). Nef (27 kDa) is crucial for disease pro- ***. core domain
gression (26,27). Nef binds to u-adaptin and vacuolar ATPase "\anchor domain
NBP1, and accelerates CD4 internalization by localizing CD4

-
* ~ *

to CCPs. Nef may then bind to endosomal 3-COP, leading to \ " . - *.
CD4 degradation (28). (Left, 60x 45x 60 Å) The myristoy-

-

**
--- --lated N-terminus anchors Nef to the membrane (29). Kinase & >

interaction is mediated through an o-helix (left, green) and a
-
\ } --

PPII helix RPQVPLR(right, orange) in the loosely-packed of
- --

core (50x 50x 30 A) (30-32). A protruding loop (right, red) ºf .
containing a dileucine motif binds u-adaptin. Residues 57-58 Nº

-

(indicated ***, left and right) in turn bind to the CD4 mºl. ºf
dileucine motif. Anchor Core - -

Y : *
*/

-*- --

a

> →
s".
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ADP-ribosylation factor 1 (ARF1) (1-179). ARF1 is a mem
brane-associating 21-kDa GTPase that controls coating and
uncoating of COP1 formed in the secretory pathway or on
endosomes and clathrin-coated vesicles of cells (33). Coat
assembly is initiated when ARF1 binds GTP and recruits coat
proteins. After vesicles pinch off, the coat disassembles as
ARF hydrolyzes GTP and releases from the membrane. ARF1
is dissociated from the membranes by treatment of cells
with Brefeldin A. The myristoylated N-terminus (1-17, not
shown) anchors ARF to the membrane (34). (Upper left,
30x 35x 25 A. ARF1 GTPase core (34,35) shares the struc
tural fold of Ras, an eight stranded B-sheet surrounded by
five helices. Strands B2 and B3 (green) and adjacent sw2
(switch2) loop (red) move about 7A between ARF structures
with bound GDP (shown) or bound GTP-analog, suggesting
how nucleotide exchange regulates exposure of the myris
toylated N-terminus.

ARF GTPase activating protein 1 (ARFGAP1)(1-136). ARF
GAP1 (45 kDa) binding to ARF is required to accelerate GTP
hydrolysis (33) (Upper right, 35x 35x 25 A) ARFGAP1 (35)
features a GATA-like Cys4 zinc finger (CX20Xie CX2, yellow in
vicinity of zinc) nested against six helices and a 3 strand.
Binding between ARF1 and ARFGAP1 involves the structural
components highlighted in red. The role of a conserved Arg
(violet) remains unsettled, but it appears essential for GT
Pase activity. However, in the crystallized complex (as
shown), this residue is too distant from the GTP site to serve
as catalytic Arg finger.

PYK2 tyrosine kinase activating protein 3-subunit
(PAPB): ARF-GAP domain and ankyrin repeats (112-522).
PAPB (88 kDa) activates ARF1 GTP hydrolysis and contains
C-terminal ankyrin repeats common in other proteins with
ARF-GAP activity (36). ARF-GAP domains of PAPB (37) (cen
ter, 42x 28x 26 A) and ARFGAP1 (upper right) are similar,
although divergent in C-terminal portions buttressing the
back of the zinc finger module. Comparison of structures
suggest that either the ankyrin repeats (alternating blue and
red helices, 40x 15x 20 A) are dislodged from the ARF-GAP
domain before binding ARF1 or that the PAPB ARF-GAP
binds ARF1 differently from the previous structure.

ARF nucleotide-binding-site opener (ARNO): SecY ARF
GEF domain (50-252). The SecY domain of the 47-kDa
protein, ARNO, catalyzes nucleotide exchange in the G
protein ARF1 (38). After GDP to GTP exchange, ARF1 ini
tiates the coating of vesicles formed in the endoplasmic
reticulum, Golgi apparatus, TGN and endosomes. The crystal
structure (2 A) of ARNO-SecY (39), resembling a flared cylin
der, is a series of othelices folded in a distorted right-handed
superhelix (70x 40x 40 A). Two highly conserved regions,
Motif 1-loop and Motif2-helix (red), define opposite walls of a
groove into which both Brefeldin A and the switch 2 region
of ARF1 ft (34,39). Substitutions in either motif block ARNO
Sec/ nucleotide exchange activity.
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Amphiphysin 2: Src-homology 3 (SH3) domain (494-588).
Amphiphysin isoforms 1 and 2 (49% sequence identity, - 95
kDa) form a heterodimer that binds to the C-terminal ap
pendage domain of the AP2 adaptor ot-chain in CCVs (40).
Both isoforms have SH3 domains which recognize the
PSRPNR sequence within dynamin's proline rich domain
(PRD). Amph 1 and Amph 2 also bind clathrin, synaptojanin,
and endophilin. Isolated Amph SH3 domains disrupt endocy
tosis by preventing multimerization of dynamin. The Amph.2
SH3 domain (41) (35x 25x 30 A) comprises a five-stranded
B-barrel with a hydrophobic binding face formed by the RT
(blue) and n-Src (green) loops for interacting with Pro-rich
ligand sequences. The unique n-Src loop in Amph 2 intro
duces acidic residues, specific for the two R residues in its
dynamin binding site (red) and its extended size explains the
steric interference with dynamin multimerization. Thus, am
phiphysin recruits dynamin to CCVs, but negatively regulates
dynamin assembly until the two proteins dissociate.

Dynamin 1: pleckstrin homology (PH) domain (518-630).
Dynamin, a GTPase of ~ 100 kDa that is essential for endo
cytosis, is recruited to a CCV during scission from the plasma
membrane. Dynamin self-assembles into a collar at the ves■
cle-membrane attachment site, a process that regulates its
GTPase activity and controls membrane scission (42.43). The
dynamin 1 PH domain (44,45) is a B-sandwich (40x 40x 35
A) of two orthogonally-oriented B-sheets (yellow and green),
flanked on one side by an o-helix (blue). On the other side of
the sandwich, protruding loops form a positively charged
surface for binding to proteins or to phosphoinositide (violet)
(46). PH-mediated phosphoinositide binding is not essential
for dynamin membrane localization, but may be important for
function (47).

EGF receptor substrate 15
(Epsts): EH1 (7-115) and EH2 (115-218) domains. Epsi 5
(~ 100 kDa) binds the C-terminal appendage domain of the
AP2 adaptor ot-subunit in CCVs (48). Epsil 5 function is essen
tial to endocytosis, mediating the interaction of AP2 with
proteins containing NPF or W/FW sequences through its
three EH domains. Binding proteins include epsin, CALM:
AP180 and synaptojanin, all implicated in regulation of recep
tor-mediated endocytosis. Epsi 5 forms oligomers through a
colled-coil domain in the center of the molecule, suggesting
a structural or cytoskeletal role. The EH1 (49) (upper, 25x
35x 30 A) and EH2 (50) (lower, 25x 35x 30 A) domains of
eps 15 each comprise two helix-loop-helix EF hand motifs
(green and yellow), which are connected by a short anti-paral
le B-sheet in EH1. Ca” binding (red sphere) in EH2 likely
has a structural role. The NPF-binding site of each is formed
by hydrophobic residues along helical faces contributed by
both EF hands (violet).

396

EH2

Epsis

* CC PRDEH2
EH- EH-3 opwºopf

Traffic 2000: 1: 393-398

308



Heat-shock cognate 70 kDa protein (Hsc?0 ) ATPase
(1-384) and substrate binding domain (SBD) (383-540).
The molecular chaperone Hsc70 (9) is the uncoating ATPase
for the disassembly of clathrin lattices and also contributes to
adaptor uncoating (10). The portion of the protein repre
sented by these two structures together is sufficient for
uncoating activity (11). The DnaJ homologue auxilin binds to
the proximal leg of assembled clathrin and to ATP-bound
Hsc70 (12) to mediate clathrin uncoating. (Left, 50x 50x 20
A) The Hsc70 ATPase domain (13) is a member of the
hexokinase:actin superfamily of structures (14). ATP binds in
a deep cleft (red) between two subdomains (yellow, cyan).
The connection point between the ATPase and SBD domains
is indicated (""). (Right 55x 30x 20 A) SBD (15) contains a
3-Sandwich domain (purple) with a helix latched on top (or
ange), where L539 (green) blocks the substrate binding
groove. Nucleotide-dependent movement of this helical latch
may make the groove accessible (16).
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Synaptic fusion complex of syntaxin LA (188-259),
synaptobrevin II (25-93) and SNAP-25B (7-83, 131-204).
Syntaxin A, synaptobrevin || and SNAP-25B spontaneously
assemble into a stable ternary (SNARE) complex to drive
vesicle docking. The crystal structure (24 A) of the fusion
complex, consisting of the carboxyl terminal H3 domain of
syntaxin 1A (9 kDa) (blue), the cytoplasmic domain of
synaptobrevin || (11 kDa) (green) and the N- and C-terminal
portions of SNAP-25B (9 and 10 kDa) (orange), is a cable of
four intertwined on-helices with their N-termini at one end
and their C-termini at the other (4). Each helix in the fusion
complex contributes residues (shown in center of complex)
that interact in a similar manner to other leucine-zipper
proteins, such as transcriptional activator GCN4. The
ternary complex is further stabilized by ionic interactions,
shielded from solvent by the surrounding leucine-zipper
layer (4). This arrangement may have a functional impact
on disassembling the SNARE complex, since disrupting the
hydrophobic layer by the binding of a-SNAPs:Sec17 will ex
pose buried salt bridges to facilitate disassembly.

Abbreviations: IP, Inositol tetraphosphate, IP3, Inositol pen
taphosphate, SNAP soluble NSF attachment protein. SNAP-25,
synaptosomal-associated protein of 25 kDa, SNARE, SNAP re
ceptors, Syt, synaptotagmin, TM transmembrane domain
| For all figures: Black bar indicates portion of protein included in
molecular structure solution.

474

We present a summary of the structures of 13 proteins
involved in the docking and fusion of intracellular trans
port vesicles to their target membranes.

Key words: C2 domain, D2 domain, fusion, NSF, Rab,
Rab-GDI, Rabphilin, Sec 17, cº-SNAP, SNAP-25, synaptic
fusion complex, structure, synaptobrevin, synaptotag
min, syntaxin, vesicle docking
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Syntaxin 1A N-terminal domain (27-146). The N-terminal
domain of the syntaxin family is highly variable; however,
some residues are conserved in syntaxin isoforms involved
in neurotransmitter release at the plasma membrane (5). The
syntaxin 1A N-terminal domain (13.2 kDa) is essential for the
binding of syntaxin-interacting proteins munc13s (6) and
munc18-1 (7,8). The NMR structure reveals three long cº-he
lices in a twisted left-handed up-down bundle (9). A long
groove lined with conserved residues may be important for
specific protein-protein interactions. The N-terminal domain
is also marked by a highly charged region (red) that binds to
the C2A domain of synaptotagmin in a calcium-dependent
manner and may act as an electrostatic switch to regulate
neurotransmitter release (9).

Synaptotagmin I C2A domain (140-267). Synaptotagmins
are transmembrane Caº” sensors regulating synaptic vesicle
fusion (10). The 11 known isoforms, seven of which are
neuronal, vary in their affinity for calcium or inositol polyphos
phates, inositol tetraphosphate (IPA) and inositio pentaphos
phate (IPL) (11). Neuronal Syt1 (65 kDa) binds to calcium and
IP, with moderate affinity. Synaptotagmins form homo- or
heteromultimers in the cell to regulate synaptic plasticity
(12). The synaptotagmin (Syt1) C2A domain (13,14) is an
eight-stranded B-sandwich which uses aspartates and serine
(violet) in two loops (green) to bind three Ca” (red) following
synaptic Ca” influx. Electrostatic changes then favor inser
tion of Phe 204 (green) into the phospholipid bilayer (15) and
Syt binding to components of the SNARE complex to stimu
late exocytosis. Caº” –independent interaction between Syt1
C2B and the AP-2 clathrin adaptor complex is enhanced by
cargo binding to AP-2 (16) and may recruit AP-2 to the
membrane for endocytosis.

Synaptotagmin III C2A and C2B domains (295-566). This
65 kDa neuronal isoform of synaptotagmin is very calcium
sensitive and has no detectable Pa affinity (11). The two C2
domains of Syts (17) are connected by a flexible linker to
bring the calcium binding sites (green) face-to-face. The C2A
domain (purple) binds three ions (red), while the lower affinity
C2B domain (orange) binds just one (red). Ca” -dependent
binding of Syt to the SNARE fusion complex requires both
C2A and C2B. C2B has a basic region (blue) which in some
Syt isoforms is important for binding to AP-2, Ca” channels,
inositol polyphosphates, and for dimerization (18). Sytc2B
binding to IPs, which accumulates after depolarization, in
hibits the fusion step of exocytosis. Hence, Syts initially
trigger and subsequently arrest vesicle fusion in response to
secondary messengers.
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Sec17 vesicular transport protein (1-290) (o-SNAP yeast
homologue). Three molecules of yeast SNAP Sec17, each 32
kDa, form a sheath around the SNARE complex to permit the
binding of the cytosolic chaperone NSF. The Sec17 crystal
structure (2.9 A) is an N-terminal twisted sheet of o-helical
hairpins (green and yellow) and a C-terminal cº-helical bundle
(red) (19). The N-terminus resembles HEAT repeats (20-23),
armadillo repeats (24,25) and clathrin heavy chain repeats (26).
Several models based on surface charge profiles have been
proposed to understand the SNAP:SNARE interaction. The
acidic concave face of the N-terminal sheet of helical hairpins
(orange helices) would unlikely interact with highly acidic
SNARE complex. In contrast, the opposite helical face has a
slightly basic charge distribution, suggesting this side may
provide a binding site. The disposition of Sec17 on the SNARE
complex suggests they may act as torque arms that transmit
forces generated by NSF to pull apart the fusion complex (19).

NSF (N-ethylmaleimide-sensitive fusion protein) N-termi
nal (1-201) and D2 (478-744) domains. NSF, a 205 hexam
eric protomer, serves as a cytosolic ATPase chaperone to
disassemble the SNARE fusion complex. The N-terminal do
main (NSF-N) (22 kDa) (upper) associates with the C-terminal
region of o-SNAP:Sec17 and its ATPase activity is stimulated,
in part, by this interaction. The kidney-shaped structure of
NSF-N solved independently by two groups (27.28) has two
subdomains (blue and green). The fragment crystallized as a
trimer (blue to green arrangement), probably its functional
form. A highly basic groove (red) may be the ot-SNAP:Sec17
binding site (27). The structure of the N-terminal domain of
the yeast orthologue (Sec18) closely resembles its mam
malian counterpart (29). The low-affinity ATP-binding hexam
eric D1 domain (structure undetermined) stacks on D2
(high-affinity ATP-binding, low hydrolysis rate), forming a
two-layer washer stack underneath NSF-N. The D1 domain
drives SNARE complex disassembly, while D2 is important in
hexamer formation. The 29 kDa D2 protomer structure
(lower) (30,31) has a nucleotide-binding domain (blue and
green) and a helical region (red) important for hexamer forma
tion. When NSF is bound to the ■ o-SNAP:Sec17):SNARE
complex, the D1+D2 ring stack shows diffuse features, sug
gested to be NSF-N, splayed away from the D1+D2 pore
(ATP hydrolysis dilates the D1 ring and pulls these features
in). This is consistent with the 3-in, 3-out' model, which
suggests there are two sets of NSF-N trimers that exchange
position on the D1+D2 stack by flipping each of their
monomers in or out of position, resulting in a 60° rotation of
the SNAPs with respect to the SNARE complex (28).
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Rab3A (18-192). Rab proteins constitute a large family (over
40 distinct members) of GTPases that participate with
SNAREs in vesicle targeting and membrane fusion (32). Rabs
form diverse complexes with effectors that regulate and
impart specificity to membrane trafficking at the levels of
vesicle transport, docking and fusion. These include guanine
nucleotide exchange factors (GEFs), GTPase-activating
proteins (GAPs), and GDP dissociation inhibitors (GDIs). Rab3A
isoforms associate with presynaptic vesicles to regulate
Caº” -dependent exocytosis and neurotransmitter release.
The Rab3A GTPase core (19 kDa, blue, upper right) shares the
structural fold of Ras, with a central six-stranded beta sheet
surrounded by five helices (33,34). The isoprenylated C-termi
nal extension (missing from model) likely serves as the mem
brane anchor (35). The conserved switch 1 and switch 2
regions (violet) are sensitive to nucleotide-binding state, but
specificity determinants for effector interactions may reside
elsewhere in the protein.

Rabphilin 3A Rab-binding domain (RBD)(44-167). Rabphilin
3A binds to the active GTP-bound state of Rab3A to form a
protein complex that mediates docking of synaptic vesicles at
the synaptic membrane. The 14 kDa RBD resembles a pistol
(left of Rab3A), with a pistol barrel' composed of an extended
helix (green), a handle' region consisting of two Zn” -binding
sites and interspersed loops, and a trigger" made of a turn
containing a conserved SGAWFF motif (WFF side-chains are
shown in red). In the crystallized complex, most side-chain
interactions between Rab3A and Rabphilin 3A are hydrophobic
(34). Of the two distinct interface areas, the first involves the
highly conserved switch 1 and switch 2 regions of Rab3A
(violet). The second interface involves a deep pocket in Rab3A
that interacts with the SGAWFF motif. Sequence variability
suggests that this pocket may determine the specificity of
interaction between Rabs and their effectors.

Rabphilin 3A C2B domain (541-680). Tandemly repeated C2
domains are common in Caº” -sensing mediators of interac
tions between proteins involved in membrane trafficking (36).
Both rabphilin and synaptotagmin contain consecutive C2
domains (C2A and C2B) that share a high degree of homology
but also have specific differences. The Rabphilin C2B domain
(18 kDa) binds two Ca” ions with micromolar affinity and has
the distinctive property of participating in Ca2+-dependent and
Ca” -independent interactions (37). NMR spectroscopy indi
cates a structure consisting of a B-sandwich formed by two
four-stranded B-sheets (37), as observed in other C2 domains
(see synaptotagmins above). Caº’ binding sites are formed by
residues in loops 1 and 2 (yellow). The C2B structure also
contains an o-helix (helix 2, red) at the bottom of the sandwich
that is absent in C2A domains. Helix 2 packs against the
interface between the two B-sheets and may mediate the
Caº” –independent interactions of C2 domains.

Rabphilin 3A

, -s; 1-A. 402 Hº H.,
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(Rab-GDI) Rab GDP-dissociation inhibitor. Rab-GDI (55
kDa) maintains Rab in a soluble, inactive, GDP-bound state in
the cytosol. Following GTP hydrolysis, the binding of GDI to
Rab also facilitates the release of GDP-bound Rab from the
membrane. GDI is eventually displaced by the GDI displace
ment factor (GDF), allowing Rab to reassociate with mem
brane. GDI consists of two major structural domains, a large
cylindrical multisheet module (domain I, 340 residues, blue),
related in structural organization to FAD-dependent
Flavoproteins, and a smaller ow-helical domain (domain ||, 119
219, green) (38). Site-directed mutagenesis indicates that a
region of conserved residues (19, 232-259, red) plays a
critical role in the binding of Rab3A. Furthermore, residues in
a mobile domain II loop (216-220) may be required for binding
GDI to membranes and extracting membrane-bound Rab
(39).

References

1. PDB (Protein Data Bank) loentification for structures shown: SNAP
25B:syntaxin 1A:synaptobrevin Il fusion complex. 1SFC, Synapto
tagmin | C2A: 1BYN; Synaptotagmin III C2A and C2B: 1DQV.
Syntaxin 1A N-terminal domain: IBR0; Sec 17: 10OE; NSF N-termi
nal domain: 10CS, 10DN, NSF D2 domain; 1NSF Rab3A:Rabphilin
3A complex; 17BD, Rabphilin 3A C2B: 3RPB: Rab-GDI: 1GND.

2. Kraulis P.J. Molscript - a program to produce both detailed and
schematic plots of protein structures. J Appl Cryst 1991:24: 946
950.

3. Merritt EA Murphy MEP. Raster3d version 2.0 - a program for
photorealistic molecular graphics. Acta Crystallog D : Biol Cryst
1994:50: 869-873.

4. Sutton RB, Fasshauer D. Jahn R. Brunger AT. Crystal structure of a
SNARE complex involved in synaptic exocytosis at 2.4 A resolution.
Nature 1998;395: 347-353.

5. Bennett MK. Garcia-Arraras JE, Eferink LA, et al. The syntaxin
family of vesicular transport receptors. Cell 1993:74: 863-873.

6. Betz A. Okamoto M. Benseler F. Brose N. Direct interaction of the
rat unc-13 homologue Munc13-1 with the N terminus of syntaxin. J
Biol Chem 1997:272: 2520-2526.

7. Hata Y. Slaughter CA. Sudhof TC. Synaptic vesicle fusion complex
contains unc-18 homologue bound to syntaxin. Nature 1993:366:
347-351.

8. Kee Y, Lin RC, Hsu SC. Scheller RH. Distinct domains of syntaxin
are required for synaptic vesicle fusion complex formation and
dissociation. Neuron 1995:14: 991-998.

9. Fernandez I, Ubach J. Dulubova I. Zhang X, Sudhof TC, Rizo J.
Three-dimensional structure of an evolutionarily conserved N-termi
nal domain of syntaxin 1A. Cell 1998:94: 841-849.

10. Sudhof TC, Rizo J. Synaptotagmins: C2-domain proteins that regu
late membrane traffic. Neuron 1996:17:379-388.

11. Mikoshiba K. Fukuda M. Ibata K. Kabayama H. Mizutani A. Role of
synaptotagmin, a Caº” and inositol polyphosphate binding protein,
in neurotransmitter release and neurite outgrowth. Chem Phys
Lipids 1999;98: 59-67

12. Littleton JT, Serano TL. Rubin GM, Ganetzky B, Chapman ER.
Synaptic function modulated by changes in the ratio of synaptotag
min I and IV. Nature 1999;400: 757-760.

478

14.

15.

16.

17.

18.

22.

23.

24.

Sutton RB, Davietov BA. Berghuis AM, Sudhof TC, Sprang SR.
Structure of the first C2 domain of synaptotagmin I: a novel Ca” :
phospholipid-binding fold. Cell 1995:80: 929-938.
Shao X, Fernandez I, Sudhof TC, Rizo J. Solution structures of the
Ca” -free and Ca” -bound C2A domain of synaptotagmin I. does
Ca” induce a conformational change? Biochemistry 1998:37:
16106-16115.
Zhang X. Rizo J. Sudhof TC. Mechanism of phospholipid binding by
the C2A domain of synaptotagmin I. Biochemistry 1998:37: 12395
12403.

Haucke V. De Camilli P. AP-2 recruitment to synaptotagmin stimu
lated by tyrosine-based endocytic motifs. Science 1999:285: 1268
1271.

Sutton RB, Ernst JA, Brunger AT. Crystal structure of the cytosolic
C2A-C2B domains of synaptotagmin III. Implications for Ca(+ 2)-in
dependent snare complex interaction. J Cell Biol 1999:147: 589
598.

Chapman ER. Desai RC, Davis AF, Tomehl CK. Delineation of the
oligomerization, AP-2 binding, and synprint binding region of the
C2B domain of synaptotagmin. J Biol Chem 1998:273: 32966
32972.

Rice LM, Brunger AT. Crystal structure of the vesicular transport
protein Sec17: implications for SNAP function in SNARE complex
disassembly. Mol Cell 1999:4: 85-95.
Chook YM, Blobel G. Structure of the nuclear transport complex
karyopherin-beta2-Ran x GppNHp. Nature 1999:399. 230-237.
Cingolani G. Petosa C. Weis K. Muller CW. Structure of importin
beta bound to the IBB domain of importin-alpha. Nature 1999:399:
221-229.

Groves MR. Hanlon N, Turowski P. Hemmings BA, Barford D. The
structure of the protein phosphatase 2A PR65/A subunit reveals the
conformation of its 15 tandemly repeated HEAT motifs. Cell
1999;96:99-110. -

Vetter IR. Nowak C. Nishimoto T, Kulilmann J. Wittinghofer A.
Structure of a Ran-binding domain complexed with Ran bound to a
GTP analogue: implications for nuclear transport. Nature 1999:398:
39-46.
Huber AH, Nelson WJ, Weis WI. Three-dimensional structure of
the armadillo repeat region of beta-catenin. Cell 1997:90: 871
882.

Traffic 2000: 1: 474+479

315



Conti E. Uy M, Leighton L. Blobel G, Kuriyan J. Crystallographic
analysis of the recognition of a nuclear localization signal by the
nuclear import factor karyopherin alpha. Cell 1998.94: 193-204.
Ybe JA Brodsky FM, Hofrnann K. et al. Clathrin self-assembly is
mediated by a tandemly repeated superhelix. Nature 1999:399.
371-375.

Yu RC, Jahn R. Brunger AT. NSF N-terminal domain crystal structure:
models of NSF function. Mol Cell 1999;4: 97-107
May AP, Misura KM, Whiteheart SW, Weis WI. Crystal structure of the
aminoterminal domain of N-ethylmaleimide-sensitive fusion protein.
Nat Cell Biol 1999:1: 175-182.
Babor SM, Fass D. Crystal structure of the Sec18p N-terminal
domain. Proc Natl Acad Sci USA 1999:96: 14759-14764,
Yu RC, Hanson Pl, Jahn R. Brunger AT. Structure of the ATP-depen
dent oligomerization domain of N-ethylmaleimide sensitive factor
complexed with ATP. Nat Struct Biol 1998:5: 803-811.
Lenzen CU, Steinmann D. Whiteheart SW, Weis W. Crystal structure
of the hexamerization domain of N-ethylmaleimide-sensitive fusion
protein. Cell 1998;94: 525-536.

Traffic 2000: 1: 474+479

32.

33.

34.

35.

36.

37.

38.

39.

Proteins involved in Vesicle Fusion

Novick P. Zerial M. The diversity of Rab proteins in vesicle transport.
Curr Opin Cell Biol 1997;9: 496-504.
Dumas JJ, Zhu Z, Connolly JL, Lambright D.G. Structural basis of
activation and GTP hydrolysis in Rab proteins. Structure 1999:7;
413-423.
Ostermeier C. Brunger AT. Structural basis of Rab effector specificity:
crystal structure of the small G protein Rab3A complexed with the
effector domain of rabphilin-3A. Cell 1999.96: 363-374.
Peter M. Chavrier P, Nigg EA, Zerial M. Isoprenylation of rab proteins
on structurally distinct cysteine motifs. J Cell Sci 1992;102: 857-865.
Nalefski EA, Falke J.J. The C2 domain calcium-binding motif: struc
tural and functional diversity. Protein Sci 1996.5: 2375-2390.
Ubach J. Garc-a J, Nittler MP, Sudhof TC, Rizo J. Structure of the
Janus-faced C2B domain of rabphilin. Nat Cell Biol 1999:1: 106-112.
Schalk I, Zeng K. Wu SK, et al. Structure and mutational analysis of
Rab GDP dissociation inhibitor, Nature 1996;381: 42-48.
Luan P, Heine A, Zeng K, et al. A new functional domain of guanine
nucleotide dissociation inhibitor (o-GDI) involved in rab recycling.
Traffic 2000:1: 270.

479

s

316



* . . - ----
- w º º, - º –---i & -- º º & A ºvº■ C º' ºvuuli º º■ C º!—- sº

-

* - -- Qo º !, º* , _* - t '4. º º hº 1 * : * * * º
s *** º, sº º -

42 *S* fº_j.!!!º ºwn fºr ºf wº º, º francisco º
-** sº Oil// / /º/, ■ º sº 4- & ºv ºy■ were sº º *

- ... º. *~ .." "º })) º 42 o Q.s - -> º + º º
-

ºtº ..)/le tºº tºº […]”
º | | º,

-
is --- ”, | º º –– º, —r- & -7 º [

-- -- ". . A > -
> * º ººn º, --- º ºvº º 11 º' Lºlº º/C º* \ ºf \| || º ** t I - 2 * - º, sº

-
º,º

- - ‘. . - * - - ** - -- ~~

, ºr ; ; ; ; ; /º º º, sº º I.
--

º tº sº /º º, sº * ).º, ºncisco*'■ "Sº ºº sº. º, o sº, º/* >
- * º 12, ^ - .S. ; ) º ) & º -

º■ º - - - . - -- º º & º º º A. º

- n ~" ºS re- º L■ tº ■ º, ■ º Y s 1 - º, v’’ –2 º [...] * Ll 3 RARY º L
º ( . r - ** 2 -*- -* - ~ fir- >

× -- -8 -- * --- wº- ** * o ■ |
- * * º J º

- * - º - -
º --- * -

ºf º - &º, |
-

º ºvº () 'º L- º * (■ / º º, º As ºf v ºf Q ■ ºl º, sº t
º sº * '*, º ºv º º *** * : * * * ■ º (O % º º

º, sº dºº-1/ tºº * As -y - * -- º (ºf *S º ºAt ■ º *- : . *-*.* tº 44, a - …
y & & º ■ i■ /º■■ , ■ º Nº º * sº º, “’

* * * *. º o sº. oº º 0), sº Liº- * , º, * * &
- wº º

sº º º/− s. º, L13 RARY cº Lil º, º/A-2 Sº *.
dº -> - 4- * - - - -º' tº […] I

- ■ . -- - f L. < º º º º AT * * * * * */-.- . . . * - -
« º -- N Riv \{ \} ITº // º, ºvºgº º & i■ *, sº º,

--" º * - tº º º y - tº S º: , ; ; ; ; º:

\
-

º wºu!!!/ºC * > -\º fººd º cº■ t■ º s- - -- -- - - - - - - - - - - - - - - - - * * * * * * -

*- º/, 11/’■ ■ º () º º,
-----

...Nº º, Q- * * s %
*** * º

*- -º- o, º º, - - - o F- ºB is a ■ º sº º, ):
-

sº ■ º-, *, Lººkº ºf r-hº, ■ lº -->
** º ºn tº º |- l º - * * * º- | º º, cº | | | º º

- - **- - * , S.
-

* * - * ** o ~

1 & . | º º/ * º, 1. º A. ºf vº■ ºf 1 | ". - º º (/C º, º As ºf "º
* ...i

-
º, º -**** * * * , , , , , . " *z, * * -- 2 S ** : ; , ;

ºf \ º,
-

\ 7-
-- º º 0.1% I. }//?". 1/º \ º º fº/?■ : ■ ug sº Cº- ***\º º º º ■ ºn, ■ º J º *4. --- 4- sº º, C. * * * sº 43. **

*- sº ". *~" º * . ■ j º - *. L tº ■ º, R_Y Sº --- %,
----- º º, n R A R Y º ºr º 4. " / ~ sº ■ | º, º *- -

º | | *3 º

• I a
-

| | | “. J. * . ----- •o, I
- *~

- -
* . - - * º - º, -*- º -

- - ---- A&
- -

ºvºid in º, | cº- (' I º ºvvuri º -- cº (C º,º Cl ~, Sº -
-- º ~ * *... sº 12. Sº * ---> º,º -- - *2, N * - -

~ -

- , , , , , , "A 2.
-

ºut. A■ ºf * . 747, ■ º-y-º-º-º º
■ º rºº■ * * > -\º

- -- --- - -- *-**-*- ■ lº, 777, - CO
-- -

ºncºrd º - **- Nº ºt. ****)
-

- * *- sº º
-

" *~ * // º ..sº º, sº %. -->
-

Q
4.

º -- .* - º º,
-

Y | | sº & º º ºsº tºº ■ º, ºle sº-ººººº st
º ... tº -

_* - -
c

º - - - - * –– O. - r - > sº- %) -*- º 9. r- ºsºn, L. sº – "… [■ ] is ºvº G 11 º' sº cº
º, - sº º M \, ºf º | T º º º (■ ( º º - O º tº, sº ~...~ ºv, sº a "' - º, sº º5 y -s

º
- -

tº . . º º, is
- -* Nº 1 - ■ - - - ------ - ~ J & * - fº º

( () º' tº (12) 101.º.A. º § 1. ºft º/14 ■ ºlº .Nº º,
-

sº º, c). 7,
. - 1. º *. * - º- %)

_º- J. º º 'o - gº > ..) º
º º [.

-
”, ..) *—” sº [T] º, L 1: RAK Y º L r | º, /. 5

& - --- º • --- O. - ** -- -
º o”

- o | -
-- ( *- : | º º, ~A

- -y º ■ ºº --- & †, !--- -> º *I/O ºwn º' ('C 2º !/.
-

7, --tº- !
- - ■ º S

-- P--- % º jº º/ºr - * S - - - - -7 ºr , -, ---- 2 - dºll■ º
-

Sº/wºo sº 0.05'■ . º sº º nºncºco sº - yº N º s
-

º O º- « º ‘’. º ■ º º-
-- 9. & ºp * * * --- º // ~

L. B R A Rºy Sº " > º, tº- / º 5 º [...] º, LIBRARY sº L. º, *** ºf
-

|
-- * -

º, &
-

Oc… [Tr 9 o, [...] sº
- f | | *

-
†, , L | -** wº – º ºiº

l º -- º ‘T.’■
y º, ----- sº Mºvº 3 in *. º * (IC º º A lº

- “. . . .
--

º, sº º '■ 7. ~ *, * * ->
to sº dº

* * , * - - --- - - - - - ºf '1/ -/-º S.
-

º
-7, ■ (0 º' tº -º sº º º /////(Ašq■ ) sº sº º 4.

& f Jº■■ C1, sº º .*
- º A. - - ->

-
º

-º ■ | º,--- º, ». *.

-* …” *o
-
º / º -* º, sº º,

--- ", 1 I B, ■ º A R Y * , --, *, / º “ *- º, L■ 3 RA R_Y tº -- º
º

s *~ tº | ) *> t 4-
sº T | 'o. º

* 2-7

-

º º ra ----- —r- O º

~ ■ * -
-

■
- -

º * º ■
- - f - - -- º

- - --y p * - ºf ºs * * 4- A J.ºvº º 'º L. º * º, s ºvº urn ºr sº (((. º
M \, \! \! * , º ( /( , 2, ** -- * º, sº º * *- '

- 4. ~ * -- º - * * - - -----, - -> ,- 1. • -- 1 * : * * -, *… .º -

- - - - - / -- *> 2 -º tººl■ / ?// \- *.s c) *f, * *--ºf --> --; : * * * * * * * * * * * * y - -- - - - - - - it.' I 7*/*\º ºncºco º –4 -
º/nº

--- 4. is º ºr C s: _s º º* * * -".

* - º r_-- *, 1.1 B R A R Y sº | ºr ºl- -- .* t *-

sº ■ –1 T 2. - Hº

4- sº &

- **

«.
- -

- º Tº ■ º. A gº º º* T- º, L■ ■ º ■ º. A■ Y sº ■
~ –– C. sº_º

-

… [T] -ºr 1 - Sº º,1 * *

s

º

i



-
w -, sº -- ~ . . . . ~ * ** . º "…, S \ºvº* -- s ~/C º, --'º ºvº º 1-1 º —- s * (IC º l_■ is ■ º

º -
«» ** % ** *†, sº

º -** º */ Sº ~, ! *** ~ nº is42 sº º, º a■ ºn - ? -- * f. º:O ºf -º -- * ^ N tº 'º','!'.
D 4-s º 2. 0 ºf ■ º

-

º/nwicº º º

* s e > * * * * * 7/. º º Jº -sº “”– ..", & Cº. º/ºutcº º, º~ *

» * -
n ■ º º º, º

º º, Li BRARY Not to be taken Lie RARY is [...] © .º [. C- & Qe r- sº •r
-

&g from the room.
Jºivº C in 'º C. º * * º -

º tº L. Jºs L/ º,º- º, º *.9. º *** º !

º/ºo "sº I■ º © fºllºGo Sºcº º'''...}ºl■ /-// .
-

~ }.7///7, fº■■ º &º –4 wº º %2. c
* -> º *~ *--- ºff a Lºº4º e. ~~

* , º ■ º ■ º. A £2 ºr º' ºr, tºtº ■ º... ■ ºn..." In "". sº ll.ºn tº Ill■ ||||I|| ºn tº º
* * * * */ * s

<-- *** º 1) ~ º,
º > 1. º ‘e. * * * ** º ./

º .* º ■sº fºr hº ..) le sº º, Lic RARY is | || º, '*' sº […] °. L■ 5 R.| C | | º *g
*3

*-º
º

~. * º a. sº L r
O > -- -- (). * o

ºf º C, & */ [. T ** ~gº, *.º [...] & * º Lºl º f 3. * *-* St Jºvº º 17 • 2 --

C º{(, º-º wº vº an º º – º º, sº --, º
- * -º

- - … -
-

º ** ºr a **** **

* 7- . 2. A Jºiº■ ■ º º & º, fºcíºo ºf cºlº/ ‘S’
*//hi/■ cºco *S*. -- 2 ***** * *

is ºw ºf , ºf 4 ■ ºlº sº, y ->
*. Sº '3- , S- (* • *o --

º º º * º +,” º S.
* .* º / & - - - * - º

O * * *-*.tº RARY sº ■ º, O sº º, LIBRARY s º, * >
* [] J C *— Q º º & - -

* -r 9 so sº "c o” o, º* -- ~/. "...[I] ºn E- sº º º■ sº% º /C º,º º As ºf , ºf 2 : T. º, º ( ■ /* *... º ATM ºr ,
º ...”

--->
%. s - *** * * *** N. º º *-* *

º sº 0.”º,> * > C■ .º/Zºrºa º º■ º º cº ºnci■ co “*” “...
S 31, ºf f { / / / / 4. _N 'Z * sº º º º ºg 2- .º !. º, _&- %, º ~ º -º- -

º
.*, * º * → º *4. A Tº &- º //
º […] º, L13 RARY s | || °, º/A-2 º [...] º, L■ 5 RAR ºr º º, tº
- O So [...]* , O

º -*.

& -* > * & ■~ r- C. º * ~f
** - - - C. | | * º | | º -* [...] $ * ** { ...ºf G 11 ºz. º■ C º sº ºg in º * - / / * ,

* * *. t º * -
º wº- 2 ~/ --> --- º º

--, º, S- Ty º ** * º 2- 12 º -y - * * *

*** 7//?? / / //, ºf S. ŽI 2 2.3 Jººl■ fºº(C * > -)
-

-: * ~ * ºº/º º º/rºncºco & “”º cºncº º
-

• */ * º º ºg. * > *. º
º o º * C.())) º y Q/2 5 & * a sº * --

, V/ s %. L13 RARY & º, 2/ sº [...] º, L. BRARY S. L.C o oº º e & --- Cº. —r- ~ -[T] sº * [...] sº -º, "… [...] sº * [ ] sº —
º sº ºvºgri º – sº (■ º ºrºgºi º ºs º-,C º

* -º
->

& 4
~ º º sº- *o * ■ º s 42 *~_º '92 z º º C’ / º º re- > º º - - & º - Jº, -

sº %, ..) !- sº %. L15 Rºn Y cº [...] º, .//~ sº T º, L. B R
‘. [...] º, º [...] Cº. --r- & º, º * – º,

* *

c-, * [I] sº sººn º ºs * *. [...] sº sºon º(t º cº A Nivº Q 11 º, sº ■ º *... ." * *.
º *…* -** _*. - •. º **

* ---- a
º, sº ■ º **** fº %.sº * * * * ■ . * - - - º º º: 1/ º o 3.ºf,■ ºcºco Sº, --º-º: sº Jº■■ º) Sº, 4. * -º- º sº

* -> -
3. 2-, - -º- º sº * , o * º &

ºf g º a sº a e º () gº º ! ■ º tº ** º *N
, RA ºr sº —r- º, J/ cº [...] º, f : X Q & R_Y º [...] º º / –2 º *--º -

-- - - -
o' 9. & !--- Cº. --- sº ** º - -y > o C o 1. * - - - -

• * º º &
-

Lºº ºr C. [...] & cº- , /7 º, – ºS * º: * ºº s º º, [...] º ºvº gº º-' s (■ º *... -->
º, sº * tº º, sº º /* º sº * - *2 sº tºº.º.

º º, -º --- ** a *2 S. Q_ º, 11/ º --- * -- º -- ?----
º ºf ~, - - - - * - "… º. * - 7 gº - 44 ºf -Sºº º Sºjº º 'º

º º, *- º º 2-, -> *2. - - -- --> -
º

sº º ■ º ■ º. A ■ º & º, / º º, Li D. R_*. Tº Y sº ---- º, 4 º'rºº tºº ºle tº tºº
* * ‘. º --

C.
- -* ** v. ) * ---

---- º, L. l º º I *- º ** -
º: cº | || & c-, 27 º, ■ -1ºf q i-1 % º º/C * - sº ºvºiari º – ■ º 9.

- * - - {} * º
- a **,

-
wº- - -, * * - sº- * - -- *---, º, Sº * , *- º: 7 : *** * ; , , , , ") ** --> - --- - *...*

* - - - , - * , , 'º. Nº z ^ -º C.J.' Jº º º * > -\ ºf rº-- ºr -º, tº - -* , MA: " A / / ºf ~ * * -- ~~ º ~ : z - ** **, * Z.'■ ■ º ■ º. &
■ º ■ º. A■ wº

º 4. Cº■■ , !Cº.) sº
--- A- - *, *- *- * * * * sº

• * |) -º- º, *- * * * º º 0, } * sº º | ■ ■ º ■ º. 4, ■ º Y -- *Çº * -
º º ~ º - * : * ~ * ~ wº

g // 4–2 º º, L. B. R & R_Y sº T º, 4. * C ■ º 's
- - -

º
º & C. J - C.

- -
º

- -- ...! sº rº- * - º &
- * ... fºr

- -º r − o'
-

■ ºf - *

*. º . .~, -

* . -- ~ º sº nº º ºs- ... 2 *O º º -
°º gº */º ºf -a- \º, A. ■ º- -- . cº■ º. y "2, tº Y, Zºº, fºr 'º'- * * * * *** º ºf, - ***, *, * * :

y sº
* .*

sº °, C.” / A■ ºo º 4. *-

---, E.
- • *. ~ * º, sº ~, –

-^i, * … * - sº "Y -- *2 S * , ; ; ; ; f, ºr ºf "A * -º
'-2 º * A ºf /.../ 4, 13 *.* * -- *-i- - - - . Yº º Jº'■ . * * * * * - *

º/º
º| -

sº, gºv/ */ lº & º cº,
* i■ /■ º s %

* -
l º º

* ,

º

*






