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SCOPE OF THE THESIS

Microtubules play essential roles in cell division, cytoplasmic organization, generation
and maintenance of cell polarity and many types of cell movement. The
polymerization dynamics of microtubules are important for their biological functions.
Microtubule dynamics allow a cell to adopt spatial arrangements that change rapidly in
response to positional cues. Microtubule plus ends are among the primary sites for
regulating microtubule dynamic behavior. These microtubule distal ends may also
define local sites on microtubules for the interaction with cytoplasmic organelles and
the plasma membrane, to mediate motility and morphogenesis. Varicus plus end
binding proteins have been implicated in these phenomena. The aim of this thesis is o
study the role of microtubule plus end binding proteins, especially cytoplasmic linker
proteins (CLIPs), in microtubule dynamics and membrane traffic in order to better
understand the molecular mechanisms that underly these essential cellular processes.

Chapter 1 reviews the current knowledge on the structure and function of the
three cytoskeleton systems: actin filaments, intermediate filaments and microtubules.
The attention is mainly focused on microtubules and their dynamic behavior in the
cell. Chapter 2 gives a broad introduction on microtubule associated proteins (MAPSs),
including classical MAPs, motor proteins and proteins that influence microtubule
dynamics. A detailed description of microtubule plus end binding proteins, especially
the cytoplasmic linker protein family, will be presented. These two chapters together
give an overview of microtubule based processes in different organisms and cell types
and serve as a framework for the next chapters.

The experimental work of this thesis is summarized in chapters 3-11. Chapter
3 reports the isolation and characterization of a new cytoplasmic linker protein, CLIP-
115, which is predominantly present in the brain. Chapter 4 shows the binding of
CLIP-115 to microtubule plus ends and defines the domains of CLIP-115 which are
involved in efficient microtubule binding. Chapter 5 describes the localization of
CLIP-115 and CLIP-170 in the brain. Additional data suggest that CLIP-170 interacts
with the dynactin complex and LIS1 protein. Dynactin is the accessory factor of the
minus-end-directed microtubule motor protein dynein and mutated LIS1 is responsible
for the brain abnormalities in type 1 lissencephaly. Chapter 6 describes the isclation
and characterization of CLASPs, CLIP associated proteins, which bind to both CLIP-
115 and CLIP-170. CLASPZ2 is asymmetrically distributed in motile fibroblasts and
has a microtubule stabilizing effect. In contrast to CLIPs, CLASP2 localizes
specifically to the leading edge of fibroblasts that have been induced to polarize. The
distribution of CLASP2 is dependent on the kinase activity of GSK3p. Chapter 7
introduces the mammalian homologue of Dropsephila Bicaudal-D, BICD2. We
demonstrate that BICDZ associates with the Golgi apparatus and cytoplasmic vesicles.
BICD?2 also binds directly to the pS0 subunit of the dynactin complex and may have a
role in the dynactin-dynein pathway. Chapter 8 demonstrates the interaction between
CLIP-115 and both BICD1 and BICD2. CLIP-170 is not able to bind to BICD. These
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data suggest that CLIP-115 may act a linker protein involved in the binding of BICD2
coated vesicles to microtubules. Chapter 9 describes the genomic organization and
chromosome localization of the murine CYLNZ gene., which encodes the CLIP-115
protein. The human CYLNZ gene is located at chromosome 7qll1.23 and is
hemizygously deleted in Williams Syndrome patients. Chapter 10 describes the
generation of CLIP-115 knock-out mice. The inheritance of the mutated CLIP-115
aflele is Mendelian and homozygous CLIP-115 knock-out mice are apparently healthy
without any gross abnormalies. However, both heterozygous and homozygous CLIP-
115 knock-out mice show a growth deficiency and neurological deficits. These
phenotypes are comparable to some of the symptoms observed in Williams Syndrome
patients. In chapter 11 the implications of the results presented in this thesis and some
future prospects will be discussed.

10



Chapter 1

STRUCTURE, FUNCTION AND DYNAMICS
OF THE CYTOSKELETON






1.1 General introduction

Cells in the human body come in more than two hundred different types and
varieties, They differ in shapes and sizes, from the almost spherical lymphocyte, to
flattened spindle-shaped fibroblasts, from mature male germ cells or polygonal
epithelial cells, to wrapped Schwann cells, or neuronal cells, with many branching
dendrites and a single long axon. Such a cellular architecture is constructed and
maintained by a complex network of intracellular protein filaments, the cytoskeleton.
The cytoskeleton is involved in cell morphology in almost all eukaryotic cells and
provides mechanical strength to cells and tissues. This is especially important for
animal cells which, compared to plant cells, have no rigid cell wall. On the other hand,
it is the cytoskeleton which is very dynamic and helps a cell to change its shape and
move in respeonse to the environment. For example, the cytoskeleton is directly
responsible for swimming of a single-celled amoeba, cell migration within the erbryo
during development, movement of macrophages as a response to a local infection in
the body and contraction of muscle cells to produce mechanical force. The
cytoskeleton also provides the machinery for movements within the cell, such as the
segregation of chromosomes during mitosis and the transport of organelles or other
cargo from one part of the cell to another. For example, intestinal epithelial cells
require a polarized vesicle trafficking system to absorb nutrients from the gut and
release them into the bloodstreamy. During embryonic patterning in worms and flies,
which begins with the polarization of the body axis, the cytoskeleton is responsible for
the polarity of the single cell zygote.

A Actin filaments B Intermedicte filaments  C Microtubales Figure 1: The three types of
filaments that form the
cytoskeleton
A Actin filaments are made of
actin proteins that form two
stranded helical structures of
about 7 nm in diameter. B
Intermediate filaments are made
of intermediate filament protein
dimers that form ropelike fibers
of about 10 nm in diameter. C
Microtubules are made of o/B-
tubulin heterodimers that form a
25 nm wide hollow microtubule
cylinder. Microscope images of
actin filaments (A), intermediate
f filaments {B) and microtubule
structures (C) in cultured cells
are shown.

intermediata

ARLA monomer

The diverse activities of the cytoskeleton depend on the three major types of
protein filaments, which have been originally identified on the basis of their diameter;
intermediate filaments (about 10 nm in diameter), actin filaments (about 7 nm in
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diameter) and microtubules (about 24 nm in diameter) [1] (Fig. 1). Each filament type
of the cytoskeleton is composed of linear polymers of protein subunits, which are
assembled and disassembled by the cell in a carefully regulated fashion, sometimes at
astonishing rates. During rmitosis, for example, the microtubule network radiating
throughout the cell changes within minutes to a compact, bipolar, mitotic spindle.
Traditional genetic methods, together with a comparative genomic approach using the
sequence of different organisms, have identified the genes encoding structural
cytoskeleton or associated proteins. In the human genome six different actin genes are
used to form actin filaments; six o-tubulin and six f-tubulin genes encode microtubule
components and approximately 30 genes code for intermediate filament proteins [2,3].
A lot more genes in the genome code for cytoskeletal associated proteins. The human
genome contains seventy families of actin-binding proteins; about a dozen families of
microtubule binding proteins and 3 families of intermediate filament binding proteins.
Each family consists again of multiple proteins. For example, the kinesin motor protein
family, one type of microtubule binding protein, consists of more then forty different
kinesin genes [4]. In Drosophila approximately 230 genes (2% of the total number of
predicted genes) encode structural cytoskeleton or assoclated proteins [5,6]. The
fraction of the C. elegans genome devoted to cytoskeletal function appears to be
somewhat higher (approximately 5%) [7]. An extended overview of each class of
cytoskeletal and associated proteins is given by Kreis and Vale, (1999) [8].

In humans, problems with the cytoskeleton can cause disorders of the muscles,
the skin and the nervous system [9-14]. Changes in the cytoskeleton are important, and
thus diagnostic, in the pathology of many diseases, including cancer [15-17].
Understanding the basic cell biology of the cytoskeleton has contributed to our
understanding of the pathology of some of these disorders and will continue to affect
approaches to diagnosis. Knowledge of the cytoskeleton may also reveal useful targets
for the development of new therapies [18]. In this chapter the main characteristics of
microtubules will be summarized, including microtubule structure, assembly and
dynamics. Since microtubules are not independent identities and are part of an

integrated cytoskeleton system, the actin filaments and intermediate filaments will be
briefly addressed first.

1.2 Actin filaments

Actin filaments or microfilaments (F-actin) are rod-like structures about 7 nm in
diameter (Fig. 2}. They are built from small globular actin protein (G-actin), that is
present at high concentrations in nearly all eukarvotic cells. The actin proteins are
linked into chains and two of these chains twist about each other to form the actin
filament [19] (Fig. 2). Actin filaments are polar structures with two structurally
different ends, a slow growing minus (pointed) end and a fast growing plus (barbed)
end [1,8,20-22]. The assembly of actin into filaments and the dynamic behavior of
these actin filaments depend on ATP hydrolysis. This is similar to the role of GTP



hydrolysis in microtubule polymerization (see section 1.4.3). Although actin filaments
are present in all eukaryotic cells, actin was first discovered in muscle cells, where it
assembles into unusually stable filaments. In muscle, actin {ilaments are arranged in
parallel to one another, with filaments containing the actin motor protein myosin
placed between them. Sliding of myosin filaments along actin filaments creates the
force responsible for muscle contraction [23,24].

actin monomer two helical
actin strands

slow growing 'pointed’ fast growing ‘barded’
(minus) end (plus) end

Figure 2: Structure of actin filaments

Actin filaments (microfilaments) are two stranded helical structures of the about 7 nm in diameter.
Actin filaments are made of actin proteins and contain a slow growing ‘pointed” end and a fast
growing ‘barbed’ end. Although actin filaments are dispersed throughout the cell, they are found
concentrated in lamellipodia and filopodia as parallel actin bundles and as anti-paralle! actin bundles in

stress fibers. Immunofluorescence of stress fibers in fibroblasts labeled with an anti-actin antibody is
shown,

1.2.1 Actin and binding proteins

In vyeast, actin is encoded by a single essential gene, named ACTL1 [25].
Marnmals express six different actin isoforms; four muscle acting and two non-muscle
acting. In addition to the conventional actin genes, there are at least sixteen actin-
related proteins (Arps) found in humans [3,26]. In budding veast, S. cerevisige, ten
Arps are present, which are classified according to their similarity to actin. In yeast,
the amine acid similarity between actin and Arps ranges from 50 to 70 percent [27].
Arps are thought to share the basic actin structure and to form filaments. For example,
the highly conserved Arpl protein can polymerize into long filaments and associates
with spectrin, an actin binding protein [28]. Arpl has also been described as one of the
subunits in the dynactin complex [29] (see section 2.4.2)

There are approximately seventy distinct classes of proteins which bind to actin
[8]. Much of the actin binding proteins modulate the dynamic properties of the actin
filaments in the cell. They facilitate actin sequestration, actin filament severing,
capping and crosslinking {30-32]. For example, the actin sequestering protein, profilin,
forms a complex with ATP-bound actin and promotes actin polymerization at the plus
end. Cofilin, on the other hand, associates with ADP-actin and increases the
dissociation of actin from the minus end [33]. Another class of actin binding proteins
are the myosin motor proteins. Myosins use ATP hydrolysis to move along actin
filaments, either carrving membrane bound organelles or moving adjacent actin
filaments against ecach other [34-36]. Interestingly, a growing number of myosin
motors have been shown to be essential for the function of particular groups of neurons

15



[37]. For example, mutations in myosin-VI, VIIa and XV genes affect sensory cells in
the inner ear and are responsible for deafness in mouse and human [10,14].

1.2.2 Function of actin in cellular processes

As stated above, in muscle cells actin filaments form a very stable structure.
However, in non-muscle cells actin forms highly dynamic filaments which are
responsible for a variety of functions, such as cell migration, macrophage phagocytosis
and the propulsion of bacteria inside the host cell [38-42]. Cell migration starts with
the protrusion or extension of the plasma membrane at the front of the cell. The
protrusion structures, such as filopodia, or microspikes and lamellipodia, have been
mostly studied in neuronal growth comes and motile fibroblasts, but are present on
many other motile ceil types. Filopodia are small plasma membrane extensions that
contain bundles of long actin filaments [1,43]. Lamellipodia are sheet-like membrane
structares which are comprised of a meshwork of unipolar actin filaments and show
the characteristic ruffling appearance on motile fibreblasts. In both membrane
protrusions the actin filaments are oriented with their fast growing ends pointing
toward the plasma membrane [39]. Actin polymerization iiself acts as a small machine
for the force production at the leading edge of the cell and is sufficient to drive the
formation of membrane protrusions in migrating cells [39,42.44]. It has been shown
that members of the Rho GTPase family, such as Rac and Cdc42, regulate the
assembly of the actin network in motile cells via the activation of actin binding
proteins [45,46]. For example, proteins of the Wiskott-Aldrich syndrome (WASP)
family are activated by GTPases and bring together an actin monomer and the Arp2/3
complex. The Arp2/3 complex initiates the growth of a new actin filament as a branch
on the side of an older actin filament. The branch grows at its barbed end by addition
of actin, which is bound by profilin and pushes the plasma membrane forward [33,42].

In addition to the uniparallel actin bundles in lamellipodia and filopodia, a
second type of array is described, which has actin filaments arranged in opposite
polarities. This contractile actin filament array is found in stress fibers in fibroblasts
(Fig. 2), where it is associated with the actin motor myosin in a miniature version of
the arrangement found in muscle cells. In migrating cells, the actomyosin filaments are
responsible for the stabilization of adhesion complexes at the newly formed plasma
membrane at the leading edge [41,44], In this way the focal adhesion complexes serve
as point of tracts over which the body of the cell moves.

The actin cytoskeleton is not only important for muscle contraction and cell
muotility. it is also involved in cytokinesis, transport and maintenance of subcellular
material, such as organelles and mRNA and cell polarity [36,47]. A powerful example
of how actin dynamics can be coupled to specific cell polarity comes from work on
neuronal polarization [48,49]. Immature cultured hippocampal neurons initially project
a number of short extensions called neurites. After several hours in culture, a single
neurite elongates and differentiates into an axon. Actin depolymerizing drugs and the
inhibition of Rho GTPases induce multiple primary neurites to e¢longate into axons.



These data clearly show that the process of actin assembly and disassembly is 2 major
regulator of cell polarity and function.

1.3 Intermediate filaments

Intermediate filaments are tough ropelike polymers of about 10 nm in diameter
{Fig. 3) that mainly provide mechanical strength to cells and tissues. Intermediate
filaments are not restricted to the cytoplasm but are also found within the nuclear
envelope. In contrast to actin filaments and microtubules, whose corponents are
highly conserved during evolution and are very similar within cells, intermediate
filaments display much diversity in gene number, sequence homology and expression
pattern among metazoa [8,50,51]. Despite their diversity, members of the intermediate
filament family share a common structure. Intermediate filament protein monomers are
clongated fibrous molecules with a 300-330 amino-acid central o-helical rod domain
separating N- and C-terminal domains of variable structure and chemical character
[1,8.50.52]. The a-helical rod domain of intermediate filaments promotes formation of
coiled-coil dimers between two parallel intermediate filament protein monomers (Fig.
3). Two polar dimers associate in an antiparallel, half staggered manner to form a
protofilament. Eight protofilaments form the 10 nm intermediate filament, which
yields a coiled-coil lattice of approximately 32 polypeptides in cross section (Fig. 3).

intermediate
filaments

rotein di .
proten fimet protofilament  protofibril

-

Figure 3. Structure of intermediate filaments

Intermediate filaments are ropelike fibers of about 10 nm in diameter. They are made of intermediate
filament protein dimers which associate into protofilaments. Two protofilaments form a protofibril.
Four protofibrils form the 10 nm intermediate filament. Tmmunofluorescence staining of the keratin
network in epithelial cells is shown.

In contrast to actin filaments or microtubules, intermediate filaments subunits
do not bind nucleotides and filament assembly does not require GTP or ATP
hydrolysis. However, a detailed understanding of intermediate filament assembly is not
yet available. In addition, intermediate filaments are not, like actin filaments and
microtubules, dynamic structures. In most terminally differentiated cells, almost all
intermediate filaments are in a fully polarized state, with very little free dimers. Even
after extraction with solutions containing detergents and high concentrations of salt,
most intermediate filaments remain polymerized while actin filaments and
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microtubules are solubilized. These specialized properties of intermediate filaments
make them excellent structures to provide mechanical strength to cells and tissue.

1.3.1 Intermediate filaments and binding proteins

On the basis of sequence homology the protein members of the intermediate
filament family in humans are classified in six different types {8]; type I and II
(kerating), type III (vimentin, desmin, ghal fibrillary acidic protein (GFAP),
peripherin), type IV (o-internexin, three neurofilament subunits; NF-L(ight), NF-
M(edium} and NF-H(igh)), type V (nuclear lamins) and type VI (nestin). Interestingly,
Drosophila lacks intermediate filaments other than nuclear lamins, while other
invertebrates have multiple intermediate filament proteins. For example the nematode
C. elegans appears to have eight genes encoding different intermediate filament
proteins [6]. In §. cerevisine only the MDMI (mitochondria defect mutant) gene
product may be related to intermediate filament proteins [54]. Sequence comparisons
in several multicellular animals suggest that intermediate filament proteins arose from
a mutated lamin gene [53].

The variable N- and C-terminal domains of intermediate filament proteins allow
each type of filament to associate with other components in the cell. The interaction
between intermediate filaments and other subcellular structures is also mediated by
proteins that bind to specific intermediate filaments, such as desmoplakin, plectin and
bulbous pemphigoid antigen 1 (BPAGI) [55]. Alternative splicing of BPAGI1 and
plectin mRNAS in turn produces functionally diverse proteins that can cross-bridge
intermediate filaments with microtubules or intermediate filaments with actin
filaments., to form an integrated cytoskeletal network [56,57]. Three types of

cytoskeletal connections are implicated, for example, in cell substratum contacts and
cell migration [58].

1.3.2 Function of keratins

Keratins are the main type of intermediate filaments and account for three-
quarters of all known intermediate filament proteins [8,50]. Keratins are mainly
expressed in epithelial cells. In contrast to other intermediate filament classes, kerating
form heterodimers of type I (acidic) and type II (basic) keratin, while either type alone
cannot assemble into filaments [8,53,59]. Keratin filaments are attached to
desmosomes which link neighboring cells together and form a continunous network
throughout the tissue. In this way the filaments are responsible for resisting externally
applied stress to the epithelial cells of the skin, lung, esophagus, intestine and kidney
[8.50.60]. Mutations in the keratin genes, which are expressed in keratinocytes in the
epidermis, for example K14, cause different human skin defects, such as epidermolysis
bullosa simplex (EBS) [9.60]. Transgenic mice expressing different mutated keratin
genes show blistering of the skin, which resembles the phenotype observed in the
human diserders [61]. So when keratin proteins are mutated, the structural framework
for the cell becomes disorganized and the cells become fragile and prone to rupture



when stressed. Interestingly, in keratin K14 knock-out mice the blistering is somewhat
milder than seen with the K14 mutations [62]. This suggests that mutated keratin

protein forms aggregates that exacerbate the situation more than when the keratin
network is missing.

1.3.3 Function of neurofilaments

Neurofilaments are the major intermediate filaments in mature neurons and are
most abundant in large myelinated axons [8,50,63]. Neurofilaments are composed of
three different proteins, NF-L (68 kDa), NF-M (150 kDa) and NF-H (200 kDa), with
large variable carboxyl-terminal domains. NF-L is known to polymerize on its own,
whereas NF-M and NF-H cannot. However, both NF-M and NF-H can co-assemble
with NF-L both in vitre and in vive [64]. They are thought to bind laterally to the NF-L
backbone and protrude their carboxy-terminal tails out to the side of the filament.
These projections extend from the filament backbone to form lateral cross-bridges
between neurofilaments, which organizes them into parallel arrays in the axon.
Additional cytoskeletal linker proteins can connect neurofilaments to actin filaments
and microtubules [58]. The close correlation between the number of neurofilaments in
axons and the axonal diameter and studies on neurofilament deficient mice have
demonstrated that neurofilaments serve as cytoskeletal spacers and determine the
axonal diameter [65]. This axonal diameter directly affects the conduction velocity of
nerve impulses along the axon. The axconal caliber is modulated not only by the
number of filaments but also by changing the stoichiometry of the three neurofilament
subunits and their phosphorylation pattern [63,66]. In myelin-deficient trembler mice,
neurofilaments are less phosphorylated and more closely spaced in axons, which
results in a smaller axonal diameter compared to wild type mice [69], suggesting that
the expression of neurcfilaments subunits and the phosphorylation status of
neurofilaments may be regulated by myelination [67,68].

Neurofilaments frequently appear altered in neurodegenerative diseases,
including motor neuron diseases such as amyothrophic lateral sclerosis (ALS) and
spinal muscular atrophy (SMA) {70,71]. The commen clinical symptom of motor
neuron disease is progressive failure of motor neurons. This canses atrophy of the
skeletal muscles synapsed to the dying neurons, which eventally leads to paralysis
and death. In human ALS, the large motor neurons, which contain most neurofilament,
are most affected. Of the neuronal abnormalities, massive neurcfilament accumulation
in the cell body and proximal axons is the most prominent pathological feature,
suggesting that neurofilament dysfunction may play a key role in the disease. In
transgenic mice, overproduction of neurofilament subunits in motor neurons showed
dysfunction of motor neurons and, later on. degeneration of motor axons {72,73].
However, only one mutation in the NF-H gene has been identified in a small
percentage of patients with sporadic ALS [74]. No other mutation in the three
neurofilament genes have been linked to disease. In contrast, about 20% of patients
with familial ALS have a mutation in the ubiquitously expressed gene Zn, Cu
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superoxide dismutase 1 (SCD1) [75,76]. Although many mechanisms have been
proposed to account for the properties of the mutated SOD protein,” it remains
unknown how SOD is related o defective neurofilament accumulation [9]. One
possible hypothesis is that motor neuron degeneration of patients with ALS may arise
from disorganized neurofilaments which block transport of vesicles or other
components into the axon [77]. To summarize; the data described in this section
indicate that neurofilament proteins determine axonal diameter and are involved in
some neurodegenerative diseases. Whether changes in neurofilament proteins, as for
keratins. are a major cause of disease remains an open question.

1.4 Microtubules

Microtubules are dynamic polymers of o/B-tubulin heterodimers of about 24
nm in diameter (Fig. 4). Microtubules themselves have an intrinsic polarity with a slow
growing minus end and fast growing plus end [78,79]. In all eukaryotic cells,
microtubules are essential for a correct cell division. In interphase cells, microtubules
usually originate at the centrosome and form a dynamic network of fibers. Here they
play a major role in intracellular movement and positioning of organelles.
Microtubules were originally identified as a prominent component of flagella and cilia
[1.8.80]. Flagella provide the means for locomotion of single eukaryotic cells, like
flagellated protozoa. In mammals, many epithelial cells are ciliated in order to move
material along the tissue surface. Microtubules are also involved in the migration of
cells which do not have flagella or cilia, like fibroblasts and macrophages.

. /B hetero top view
c-tubulin gimer protofilament P
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Figure 4: Structure of microtubules

Microtebule polymers are peolar structures, with a plus end and a minus end and are made of «/p-
tubulin heterodimers. Tubulin heterodimers interact head-to-tail to form linear protofilaments, which
associate laterally to form the 25 nm wide hollow microtubule cylinder. The protofilaments are
arranged slightly staggered and form spiraling rows of tubulin proteins. Microtubules, which contain
13 protofilaments (top view), have a packing discontinuity and a seam along their length (back view),

Immunofluorescence of the rmicrotubule network in COS-1 cells labeled with an anti-B-tubulin
antibody is shown.



1.4.X Tubulin family, properties and structure

Tubulin superfamily

Microtubule polymers are made of ¢~ and B-tubulin proteins (Fig. 4). The
tubulin superfamily consists of seven members, named o-, -, y-, 8-, -, {-and 7-
tubulin and a distantly related bacterial filamentous temperature sensitive protein (ftsZ)
[81.823. Genes for o~, B- and v~ tubulin are found in all eukaryotic organisms and are
essential for microtubule polymerization. Five tubulins (o, B-, v-, 8-, e-tubulin) are
known to exist in vertebrates, while {- and n-tubulin are found in flagellated or ciliated
protozoa [83]. FtsZ is only present in prokaryotes, is essential for cell division and
shows remarkable similarity in sequence, structure and polymer arrangement to tubulin
[79.84]. The vertebrate tubulin proteing have different but highly conserved functions;
o~ and B-tuebulin assemble to form heterodimers and are the structural subunits of
microtubules [79], v-tubulin is localized in the centrosome and has been established as
a key factor in nucleating microtubule assembly [85] and, 0- and ¢-tubulin have
recently been identified as new centrosomal components [86].

Tt has been established that lower eucaryotes have small multigene families
encoding both o and B-tubulin. For example, yeast cells contain two o-tubulin genes,
whose protein products are 80% identical and only a single (-tubulin gene [25]. In
humans and other vertebrates six functional ¢~tubulin and a corresponding number of
3-tubulin genes have persisted during evolution [2]. Although sequence diversity often
indicates that a protein has become specialized in a function, genetic evidence in yeast
has clearly shown functional redundancy between the isotypes. If one of the two o-
tubulin genes is disrupted, the yeast cell is still able to grow and divide normally [87].
In contrast. during spermatogenesis in Drosophila, one B-tubulin isoform can not be
substituted for another, since mutant sperm cells lack microtubular structures in their
flagella [88]. This indicates that at least some tubulin isotypes arose during evolution
to carry out particular functions.

Tubulin stability and folding

The proper folding of ¢-, B- and y-tubulins, and likely the other tubulin family
members. cannot occur spontaneously and requires an ATP-dependent interaction with
cytosolic chaperonins (c-cpn) [89-91]. Although newly synthesized y-tubulin is folded
properly by c-cpn, folding reactions for o- and P-tubulin molecules are far more
complex. Since o and B-tubulin are only partially folded by chaperonin and are highly
unstable in the monomeric state, a special set of additional tubulin-specific chaperones,
termed tubulin folding cofactors A-E, are needed to finish the folding and join &- and
B-tubulin into functional dimers [89,90,92,93]. Cofactor D and E bind to partially
folded [ and o monomers, respectively. Subsequent binding of cofactor C combines
the monomers and releases the stable dimer. Cofactor A and B each appear to act as
reservoirs for the capture of chaperonin folded B and o monomers, respectively, and
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probably regulate the balance of the o- and B-subunits. Experiments show that a higher
expression of B-tubulin is lethal. Overexpressing cofactor A rescues this defect,
suggesting that cofactor A sequesters the excess [ monomer [94]. Homologues of
cofactor A (Rbl2), B (Alf1), D (Cinl) and E (Pac2) exist in S. cerevisiae [25,94,95].
There is no cofactor C homologue in yeast, however, this factor exists in plants and
nematodes. Although mutations in cofactor genes in S. cerevisiae result in cytoskeletal
defects, none of the cofactors are essential for cell viability [96-98]. This contradicts
with the expectations based on findings in mammalian systems, in which the cofactors
are absolutely required for tubulin folding iz vitre [91]. In fission yeast S. pombe, the
cofactors, A (Cfa), B (Alpl lB), D (Alpl ID) and E (A1p21E) were shown to be essential
for life [99,100]. Interestingly, both mammalian cofactor B and E and their
homologues in other organisms (except for Alp21% in fission yeast) contain a
microtubule binding CAP-Gly motif, which is present in CLIP-115 and CLIP-170 (see
section 2.5.1).

Tubulin structure

Microtubule polymers are formed by the self-assembly of o- and B-tubulin
heterodimers (Fig. 4). The o- and B-tubulin monomers have a molecular mass of 50
kDa each and share 40 percent amino-acid sequence identity [79]. Both tubulins exist
in several isotypes and undergo a variety of post-translational modifications [81,101].
Both o~ and B-tubulin proteins and all other tubulin homologues have a seven amino
acid region that is involved in GDP/GTP binding. This guanine nucleotide binding
domain is structurally different from that of classical GTPases [102]. There is an
important difference in GTP hydrolysis for o~ and B-tubulin proteins. GTP is
nonexchangeable when it is bound in the o subunit and exchangeable when bound in
the [} subunit. The GTP bound B-tubulin is hydrolyzed to GDP soon after the
heterodimer is incorporated in the microtubule polymer [78] (see section 1.4.3). The
structures of ¢~ and B-tubulin are basically identical and can be divided into three
functional domains: the amino-terminal domain containing the nucleotide-binding
region, an intermediate domain containing the taxol-binding site (in the B subunit) and
a carboxy-terminal domain, which forms the outside surface of the microtubule, where
the microtubule-associated proteins are likely to bind [103]. The last 15 residues of the
tubulin monomers are the most variable parts of the molecules and the main
determinants of isotype variety. From the structural data of ¢~ and B-tubulin, an
molecular mode] for o/B-tubulin heterodimers has been presented [89,104]. Within a
dimer. the GTP in the aminc-terminal domain of the ¢-tubulin subunit interacts with
the intermediate domain of the B-tubulin subunit. In this way, the nucleotide of o-
tubulin is buried within the dimer, and thus, nonexchangeable, while the GTP in B-
tubulin is exposed and exchangeable,

Tubuling are a major target for antiimor drug molecules [18]. The
antiproliferative action of all microtubule drug agents appears to result from
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modulation of the polymerization dynamics of spindle microtubules. Several synthetic
inhibitors have been developed that are related to the natural products taxol, colchicine
and vinblastine. Taxol, a drug from the bark of Pacific yew tree is effective in the
treatment of a wide range of human malignancies {17,105]. Taxol has a specific
binding site on the B-tubulin molecule and is able to stabilize microtubules [1063. The
ability of taxol to block cells in mitosis, by preventing them to form a normal mitotic
apparatus, in the absence of cofactors like GTP and microtubule-associated proteins,
makes it unique among chemotherapeutic agents. In contrast to taxol, colchicine,
colcemid, and nocadazole inhibit polymerization by preventing the addition of tubulin
to the plus‘ends. At high concentrations vinblastine aggregates tubulin and also leads
to microtubule depolymerization. New microtubule (de)polymerization inhibitors,

developed on the basis of the o- and B-tubulin protein structure, will attract great
attention in the future.

1.4.2 Microtubule structure, assembly and nucleation

Microtubule structure

Within a microtubule, o/f-tubulin heterodimers interact head-to-tail to form
linear protofilaments, which associate laterally to form 25 nm wide hollow cylindrical
polymers (Fig. 4). In vitro, the protofilamnent number of microtubules varies from 10 to
15. Microtubules in vive and microtubules nucleated in vitro from centrosomes have
predominantly 13 protofilaments [107]. Protofilament number can also be controlled
by specific isoforms of [B-tubulin [108]. A high-resolution map of microtubule
structure has recently been obtained using electron crystallography [109]. This shows
that, in contrast to earlier hypotheses, the lateral interaction between tubulin monomers
of adjacent protofilaments are made between subunits of the same type, that is, o-¢
and B-B. This results in a slightly staggered protofilament arrangement, forming
spiraling rows of ¢~ and B-tubulin that travel up the microtubule lattice (Fig. 4). In this
arrangemment, microtubules with 13 protofilaments have a seam along their length,
which results in a packing discontinuity and loss of helical symmetry (Fig. 4). At the
seam the lateral monomer contacts are reversed (B-o. and o-B) [110]. Although the
relevance of this seam is still being debated, it is likely to be related to the microtubule
polymerization process, which shows that microtubules grow by elongation of open
sheets that later close into a cylinder (see section 1.4.3)

As a consequence of the head-to-tail interaction of o/B-tubulin heterodimers
within the microtubule lattice, the microtubule itself forms a polar structure, with a
plus end and a minus end (Fig. 4). After considerable controversy, it is now clear that
within each protofilament, the o/f-tubulin heterodimers are oriented with their B-
tubulin monomer pointing towards the plus end of the microtubule. Therefors B-
tubulin is exposed at the distal end and o-tubulin is exposed at the minus end of the
microtubule, which in turn is usvally embedded in the centrosome [79,110]. The



polarity of the microtubule is of central importance for the function of microtubules in
a variety of cellular processes (see section 1.4.4).

Microtubule assembly

Microtubule nucleation and assembly is quite different in a test tube compared
to the living cell. In vitro, high concentrations of free tubulin cause microtubules to
self-nucleate and grow from both ends, with their plus end growing more quickly. In
most animal cells microtubules are nucleated within the centrosome, also called the
microtubule organizing center (MTOC) or, in yeast, the spindle pole body (SPB) (Fig.
5a) [79,111-113]. The centrosome is about | pm in diameter, is composed of a pair of
centrioles surrounded by pericentriolar material and is located normatly in the center of
the cell, next to the nucleus. The microtubule plus-ends, nucleated from the
centrosome, are free to add tubulin molecules and extend distally to the periphery of
the cell at approximately 0.2 um per second (Fig. 5a). Thus, centrosomes have a dual
function in interphase cells: they focus the microtubule array, which helps to organize
the cytoplasm, both in positioning the orgapelles as well as in providing routes for
vesicular transport [114] and they stabilize the microtubule minus ends, which might
otherwise be subject to depolymerization. In addition, the centrosomes are duplicated
during mitosis and help the formation of the mitotic spindle.

In vivo, microtubule nucleation requires a third tubulin, y-tubulin, which does
not polymerize with o/f-tubulin and is limited in its distribution to the centrosome. v
Tubulin shares approximately 30 percent identity with o/B-tubulin. Disruption of y-
tubulin genes in fungi and yeast causes lethality and results in perturbations of the
mitotic spindle structure [115,116]. In the pericentriolar material, y-tubulin forms a
complex with at least five other proteins, which is called the y-tubulin ring complex (y-
TuRC) [85,112]. This v-TuRC is of roughly the same diameter as 2 microtubule. Two
models have been proposed to explain how Y-tubulin binds to the microtubule minus
end and how vy-tubulin nucleates microtubule assembly [117]. The difference between
the two models is the orientation of the wTuRC with respect to the microtubule lattice.

Non-centrosomal microtubules

As discussed above, in dividing cells, interphase microtubules are typically
organized into a radial array with their minus end anchored at the centrosome and thelr
plus ends, extending towards the cell periphery (Fig. 5a). However, in many terminally
differentiated cells, microtubules are not only focused at the centrosome [118,119]. In
polarized epithelial cells, for example, microtubules are parallel to the long axis of the
cell, with their minus end located at the apical surface and their plus end at the basal
surface. In additicn, randomly oriented mucrotubules are located below the apical
membrane (Fig, 5b). This arrangement is important for the proper sorting of membrane
components and directing vesicle traffic to the apical or basal sites [120]. In migrating
epithelial newt lung cells 80-90% of the microtubules are not bound to the centrosome
[121]. In neurons, only a few microtubules are attached to the centrosome, which is
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present in the cell body. The vast majority of the microtubules are free, they coalesce
into bundles that reside in the axons and dendrites (Fig. 5¢). In axonal processes,
microtubules are uniformly polarized, with their plus ends onentated towards the
growth cone whereas in dendrites the microtubules have mixed polarity, with about
haif the micretubule rminus ends proximal and half distal to the cell body [122]. Tt has
been widely speculated that the difference in microtubule polarity in dendrites and
axons is the basis for selected protein sorting into the dendritic or axonal
compartments [123-125].

A Fibroblast B Epithetial cell Figure 5: Microtubule organization in
different cell types.
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Different types of mechanisms can generate non-centrosomal microtubules:
self-assembly of microtubules in the cytoplasm, nucleation of microtubules at non-
centrosomal sites, or breakage or severing of centrosomal microtubules along their
length and release of microtubules from the centrosome. All mechanisms are observed
in cultured cells or extract systems [111,118]. In vitro, free microtubule nucleation



only occurs at relatively high concentrations of pure tubulin. The tubulin concentration
in cells is generally below that required for spontaneous nucleation, suggesting that
non-centrosomal nucleation must be driven by cellular factors, Microtubules may grow
from nucleation sites that are free in the cytoplasm or attached to the cell membrane or
cytoplasmic vesicles. To date it is unknown which factors are involved in this process.
Candidate proteins with possible nucleating activity are free cytoplasmic v-TuRC and
microtubule stabilizing proteins [126,127]. Another mechanism that can produce free
microtubules is breaking or severing. A break in a microtubule, random or near the
centrosome, can be caused by mechanical stress [121.128] or by specific
mechanochemical enzymes, such as katanin [129]. Katanin consists of a heterodimer
of an ATPase subunit, that possess an enzymatic activity and a WD40 domain
containing subunit, which targets katanin to the centrosome. Katanin uses ATP
hydrolysis to disassemble microtubules at internal sites, resulting in an ATP-dependent
severing activity [130].

It has been shown in epithelial cell lines that microtubules released from the
centroscme are gemerally prevented from disassembly. This suggests that free
microtubule minus ends in these cells are specifically capped [131,132]. If the
microtubules lose their cap, the microtubules are rapidly shortened from their minus
end. Axonal and dendritic microtubules in neuronal cells show similar behavior, in that
they are released from the centrosome and grow with their plus ends only
[119,133,134]. One interesting candidate as a minus end cap protein is the 7-TuRC.
The release of the microtubules from the centrosome may occur between the
centrosomal material and the v-TuRC ., thereby producing a stable y-tubulin capped
microtubule [127]. Additional, unidentified minus end asseciated proteins might also
serve this function.

1.4.3 Microtubule dynamics

Dynamic instability

The ability of microtubules to grow and shorten rapidly allows a cell to quickly
re-arrange the microtubule network. Individual microtubules switch between phases of
slow growth and fast shrinkage, so that within a single cell microtubules exhibit
different polymerization dynamics. This process is called microtubule dynaric
instability {135,136]. The ‘dynamic instability' model provides a good mechanistic
description of the dynamic behavior of microtubules [78].

Microtubule dynamic instability is defined by four parameters; the rate of
growth (polymerization), the rate of shrinkage (depolymerization), and the transition
frequencies between growing and shrinking (catastrophe) and shrinking and growing
(rescue) (Fig. 6a). One other term used in the description of microtubule dynamics is
pausing. Pauses are periods in which the microtubule length stays constant. This
reflects either a2 non dynamic state or a dynamic state such as treadmilling (see below).
It is generally accepted that the transition between growth and shrinkage most likely



depends on the biochemical nature and structure of the microtubule plus ends and the
presence of a terminal stabilizing cap of unhydrolyzed GTP, the "GTP cap" (Fig. 6a)
[78]. When a microtubule grows, o-tubulin heterodimers with bound GTP assemble
at the microtubule plus end and protect the microtubule from shrinking. Soon after
incorporation of tubulin subunits in the polymer, the GTP bound to the P-tubulin
subunit is hydrolyzed to GDP. In this way the end of the microtubule consists of GTP-
containing subunits, while the rest of the microtubule contains GDP in the
exchangeable site on B-tubulin (Fig. 6a). However, it is not clear how long the lag is
between incorporation into the lattice and GTP hydrolysis and how many GTP
subunits need to be bound to the microtubule to stabilize it. Some experiments suggest
that a stabilizing GTP cap can be as small as one layer of subunits [137]. The loss of
the "GTP cap" results in exposure of an unstable GDP-tubulin core and causes
destabilization and rapid disassembly of the microtubule. Experiments with
nonhydrolysable GTP analogues have shown that polymerization does not require GTP
nydrolysis and that the microtubule lattice is more stable with GTP bound to B-tubulin
than with GDP [138]. This suggests that the primary role of GTP hydrolysis is to
destabilize the microtubule lattice by creating GDP-bound subunits, that make weaker
intersubunit contacts. Thus, tubulin dimers have a built-in lattice destabilization
mechanism driven by GTP hydrolysis on 3-tubulin.

The polymerization rate of tubulin in vivo is approximately tenfold higher than
that of similar concentrations of pure tubulin. In addition, microtubules in vivo exhibit
a high frequency of catastrophe [139]. Therefore, it is very likely that in a cell distinct
mechanisms exist to promote polymerization and to induce catastrophe. Much effort

has been directed toward identifying proteins that regulate microtubule dynamics (see
section 2.3).

Structural basis for dynamic instability

Approaches using cryoelectron microscopy have shown that the structure of the
protofilament lattice at the microtubule end is different during growing and shrinking
phases [140]. During growth, the microtubule tip is not blunt but rather consists of a
two-dimensional sheet of slightly curved protofilaments closing into tubes further
down the lattice (Fig. 6b). The length of the sheat increases with increasing growth rate
[141]. Thus, the length of the sheet appears to correlate with the stability of the
microtubule. During shrinkage, the microtubules display curved protofilaments,
peeling out from the plus end and disselving almost immediately into subunits (Fig.
6b) [111]. The molecular structure of tubulin and measurements between GTP- and
GDP-bound tubulin subunits have shown that tubulin can have two conformations; a
straight, relaxed conformation of GTP-tubulin and a curved, stressed conformation of
GDP-tubulin {split ends) [89,104,111,141]. This suggests that the sheets are composed
of GTP-tubulin protcfilaments, that the curled protofilaments contain GIDP-tubulin and
that GTP hydrolysis changes the protofilament conformation from straight to curled.
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A GTP hydrolysis at microtubule plus ends. With the expectation of the microtubule plus end, all
tubulin subunits in the microtubule polymer are bound to GDP. The microtubule plus end consists of
GTP containing tubulins, also called the GTP-cap. Tubulin dimers that are assembled into the
microtubule carry GTP. Scon after incorporation in the pelymer, the GTP-tubulin is hydrolyzed to
GDP. When a GTP-tubulin is added faster then the GTP is hydrolyzed, the GTP cap is created. The
GTP cap forms a stable structure at the plus end of the microtubule and promotes tubulin assembly.
Loss of the GTP cap results in destabilization and rapid disassembly of the microtubule. Microtubule
disassembly results in the release of GDP-tubulin dimers. These tubulin dimers exchange their GDP
for GTP and can be assembled into a newly growing microtubules. Microtubules utilize this
mechanism of polymerization-induced GTP hydrolysis to generate dynamic instability B Microtubule
plus end structures during dynamic instability, The microtubule plus ends have distinet conformations
in the growing and shrinking phases. During microtubule growth. the plus end of the microtubule
consists of a open flat sheet of protofilaments. which folds into a tube further down the [attice. At the
tip of the sheet a stable GTP cap is present. When a microtubule stops the assembly of tubulin
heterodimers. the sheet becomes shorter. This allows the microtubule tube to close all the way to the
plus end, which will generate a microtubule blunt end without a GTP-cap (intermediate phase). At that
stage. the protofilaments on plus ends will immediately peel back around the microtubules tube and
break up into tubulin heterodimers. This will cause a rapid disassembly of the microtubule (shrinking).

How do these data correlate with the dynamic instability model? The most
likely explanation is that the GDP-tubulin protofilaments in the lattice of the
microtubule, which prefer a curved conformation, must be constrained within the
straight wall of the microtubule. This puts mechanical strain on the lattice and results
in an inherently unstable conformation of the microtubule. The GTP-tubulin
protofilaments in sheets at the microtubule ends are relaxed and can easily interact
with each other. This makes sheets at microtubules plus end extremely stable and
prevents the GDP-tubulin protofilaments in the rest of the microtubule to relax into the
preferred curved conformation [142]. For dynamic microtubules it means that when a
microtubule polymerizes at a slower rate or stops the assembly of co/f-tubulin
heterodimers. the stable sheet becomes shorter and the microtubule tube closes all the
way to the tip, generating a blunt end (Fig, 6b). As the microtubule closes a GDP
subunit will contact a GTP subunit at the seam, which may result in GTP hydrolysis



which propagates around the helix. Now, the mechanical stress in the GDP lattice is no
longer constrained by the GTP cap and the GDP subunits can relax into the preferred
curved conformation. GDP containing protofilaments release the strain by curling out,
which causes rapid catastrophic depolymerization [111].

in summary; experimental data point to a microtubule {de)polymerization
mechanism in which a sheet conformation prevents microtubule depolymerization and
closure of the microtubule tube to the end of the polymer triggers catastrophy. It seems
likely that factors influencing microtubule dynamics exert their function by interacting
with protofilaments of the sheet structure, by enhancing or preventing tube closure.

Treadmilling

In many cells, the cytoplasmic microtubules are nucleated and anchored by their
minus ends at the centrosome. The predominant dynamic behavior of such
microtubules is dynamic instability at their plus ends. In contrast, in polarized cells,
many free, non-centrosomal microtubules are present. These microtubules are
stabilized at their minus ends and display dynamic instability at their plus ends or have
both ends free and show a rapid treadmilling behavior in the absence of detectable
dynamic instability [132). Treadmilling involves the addition of o/B heterodimer
tubulin to the plus end of a microtubule and loss of o/ tubulin subunits from the other
end under conditions where the polymer maintains its length. As a consequence, there
is a continuous tubulin subunit flux from one end of the polymer to the other [143].

Observations from fish melanophores revealed that some of the microtubule
movement in the cytoplasm is achieved by treadmilling. Here, microtubules are
detached from their nucleation site and depolymerize from their minus ends. However
the rate of depolymerization at the minus end equals the rate of microtubule
polymerization at the plus end. This results in microtubules of constant length that
move in a steady manner away from the centrosome to the periphery with their plus
ends leading. The rate of treadmilling was measured to be as high as 10 um/min [132].
The functional implications for microtubule treadmilling are substantial, including a
function during the construction of the mitotic spindle and the permission of passive
transport of microtubule associated organelles [143].

Microtubule stabilization

In interphase cells, two populations of microtubules have been distinguished;
short-lived or dynamic microtubules, with a half live of 5-10 minutes and long-lived or
stable microtubules with a half live of more than 1 hour [144]. Dynamic microtubules
have been described above and predominate in proliferating and undifferentiated cells,
whereas stable microtubules may be the more abundant type in differentiated cells.
Stable microtubules are enriched in post-translationally modified forms of o-tubulin,
known as detyrosinated tubulin and acetylated tubulin, whereas dynamic microtubules
contain predominantly tyrosinated tubulin [101,145]. Detyrosination involves the
removal of a carboxy-terminal tyrosine from c-tubulin. Removal of the tyrosine by a
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tubulin-specific carboxypeptidase leaves a terminal glutamic acid on the carboxy-
terminus of o-tubulin which results in detyrosinated tubulin (also called glutamylated
tubulin, or Glu-tubuylin). Subsequently, tubulin tyrosine-ligase reattaches tyrosine to
detyrosinated tbulin (or Tyr-tubulin) [101,146]. Removal of both tyrosine and
glutamic acid residues yields non-tyrosinatable tubulin, which is the major a-tubulin in
mammalian brain [147]. In addition to detyrosinated tubulin, subpopulations of stable
microtubules also contain acetylated tubulin, where an acetyl group is attached to
lysine at position 40. The different tubulin forms in a cell can be detected with
antibodies that specifically recognize these modifications [148). Despite the correlation.
between high levels of Glu-tubulin or acetylated tubulin and microtubule stability,
neither meodification directly cause microtubule stabilization nor distabilization.

Instead, it is now clear that the modification is a consequence of microtubule stability
[149,150].

1.4.4 Role of microtubules in cellular processes

Microtubules and transport

Several lines of evidence suggest that microtubules play an essential role in
maintaining the distribution of cellular material [114]. Studies using video-enhanced
light microscopy have demonstrated that membranous vesicles are transported
bidirectionally along microtubules in living cells or in extruded axoplasm [151-153].
In addition, disruption of the microtubule cytoskeleton by microtubule depolarizing
agents, such as nocodazole, results in an abnormal distribution of various organelles,
such as mitochondria, endosomes and the Golgi apparatus [154-156]. Electron
microscopy has shown the presence of various cross-bridge structures between
transport organelles and microtubules [157,158]. These findings suggested the
existence of an array of motor proteins that mediate the microtubule transport system,
The identification of molecular motors such as kinesin and dynein, which are capable
of movement to the microtubule plus end and the minus end, respectively, provided the
first glimpse of the mechanisms involved in intracellular trafficking [158,159]. Over
the last several years, multiple kinesin-related motors proteins (KIFs) have been
identified (see section 2.4). Characterization of kinesin properties has revealed that the
stable microtubules are the preferred tracks used for the translocation of membranous
vesicles [160].

The microtubule network is not the only transport system in the cell. In plants,
algae and budding yeast, for example, organelles are mainly transported along the actin
filaments and depend on the actions of myosin motor proteins. In addition, treatrment
of animal cells with microtubule depolymerizing drugs shows that the actin transport
system can take over from the microtubule system. Thus, some organelle
translocations may be facilitated by both the microtubule and actin-based transport
systems [161]. There is further evidence that the actin-based vesicle transport motor,
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myosin Va, interacts directly with the microtubule-based kinesin motor, which
provides a direct link between actin and microtubule trafficking systerns [162].

Most experiments to determine the role of microtubules in intracellular transport
have been done in neuronal cells. In neurons, microtubule dependent transport is the
primary mechanism for the distribution of materials necessary for axonal and dendritic
functions [125,163]. The microtubule cytoskeleton is very important in axonal
transport because, due to the lack of protein synthesis in the synapse, most of the
materials have to be transported down the axon after synthesis in the cell body. Two
types of axonal transport occur in neurons: fast and slow. Fast transport is responsible
for the movement of membranous organelles at 50-200 mm per day towards the
synapse or back to the cell body. Synaptic vesicles, ton channels, neurotransmitters
and neuropeptides are transported anterogradely towards the synaptic terminal by fast
transport [164]. Slow axonal transport moves cytoskeletal proteins at 0.5-4 mm per
day. The tansport of tubulin itself is microtubule dependent. Two opposing models
have been proposed to explain how tubulins are transported by slow axonal transport.
The first, the polymer sliding theory, hypothesises that microtubule structures grow, as
normal, in the nerve cell body, break away and then travel into the axon [165]. The
second hypothesis is called the subunit transport theory and proposes that tubulin
proteins are transported in an unassembled form in the axon and added where
necessary to the exposed ends of the protein polymer [159]. Recent data have shown
that a single labeled microtubule does not move as a polymer in cultured Xenopus
neurons [166]. Fluorescence correlation spectroscopy revealed that labeled tubulin is
actively transported by kinesins [167]. These data suggest that the subunit transport
theory remains the most plausible model for tubulin protein transport.

One other example of the role of the microtubule cytoskeleton in intracellular
transport comes from studies in the developing Drosophila oocyte [168,169]. Oocyte
determination involves a complex process by which a single cell within an
interconnected cyst of 16 germline cells differentiates into an oocyte. This process
requires a proper organization of the microtubule cytoskeleton. A single cystocyte
develeps a microtubule organizing center (MTOC) and forms a polarized microtubule
network that extends into all 16 cells. The single cell of the cyst that contains the
MTOC develops into the oocyte (Fig. 5d). In this way, the microtubule cytoskeleton
differentiates the pro-oocyte from the remaining nurse cells in the cyst and is involved
in the establishment of cytoplasmic asymmetries. This polarized microtubule
organization is responsible for the asymmetric accumulation of both specific mRNAs
and proteins within the future oocyte, which are synthesized in the nurse cells and
transported to the oocyte. Microtubule assembly inhibitors disrupt the accumulation of
mRNA in the oocyte [170,171]. Once the ococyte is determined, it forms an anterior-
posterior asymmetry. At this stage the MTOC becomes localized at the anterior cortex
and microtubules are involved in the organization of the anterior-posterior axis [169].
The polarized microtubules position the main oocyte determinants, such as bicoid
mRNA at the anterior pole and oskar and narnos mRNA at the posterior site. These

31



factors control axis formation in the oocyte and are essential for a proper spatial
development of the embryo. Microtubule depolymerizing agents disrupt the
localization of bicoid, eskar and nanos mRINAs in the oocyte [171,172]. Microtubule
depolymerization also inhibits the dorsal-ventral asymmetry by mislocalization of
specific mRNAs [169]. Together, these data reveal an important role for microtubules
in the axis specification at each stage of oogenesis. However, how the microtubule
cytoskeleton is precisely organized and how mRNAs are transported along
microtubules remains unclear. Microtubule dependent motors and additional proteins,
such as Bicaudal-D are likely to be involved [173-175].

The biological function of dynamic instability: search and capture mechanism

Modulation of dynamic microtubule instability allows a cell to generate a
spectfic spatial organization of the microtubule network [78]. The cell can remodel the
microtubules in such a way that an asymmetric network is generated. The asymmetric
organization of microtubules towards specific membrane sites is crucial for a variety
cellular processes. such as the navigation of the neuronal growth cone. the polarisation
of T cells towards antigens, the movement of fibroblasts, the migration of the aucleus
and the positioning of the mitotic spindle in dividing cells. Several mechanisms have
been proposed to target microtubules to specific locations within the cell {79].

The search-and-capture model is the most prominent mechanism for
microtubule asymmetry [78,176]. In this model, microtubules rapidly explore the
three-dimensional cytoplasmic space and ‘search’ for specific targets or are captured
by sites within the cell (Fig. 7a). Interactions between microtubules and binding sites
on the cell cortex or the chromosomes (kinetochores) are thought to arise by this
mechanism. In the model, dynamic instability of the microtubule plus end allows
random growth of labile microtubules, which simply by a matter of chance contact the
target site(s). As a result the microtubules get selectively stabilized and induce
asymmetry in the microtubule cytoskeleton [78]. The captured microtubules may be
stabilized by microtubule associated proteins and subsequently post-translationally
modified (see section 1.4.3). The local microtubule contact sites may be formed in
response to environmental cues [78,145].

However, not only a random search mechanism targets microtubules to specific
locations within a cell, also a microtubule guidance mechanism exist. It has been
shown that microtubules are directly guided towards target contact sites [177,178]. For
example, microtubules in fission yeast can change their direction depending on the
cortical membrane (Fig. 7b) (see also section 2.5.1) and microtubules in budding yeast
may track along actin cables [179]. In motile fibroblasts, microtubules can repetitively
target a single contact, side step to target a new contact, or even make an excursion
from one contact to the other [178]. The successful connection between the
microtubules and the specialised capture sites is likely to be enhanced by stabilised
interactions between microtubule ends and capture sites as well as increasing local
microtubule dynamics. The molecular basis for microtubule capture at the cortex and



other sites has remained clusive. However, it has been suggested that microtubule plus
end binding proteins are involved in the interaction of microtubules and the cortex and
may act as capture devices [180-182]. The last part of this chapter describes examples
of cellular processes in which microtubule dynamics and the search and capture
mechanism play an important role.

Microtubules and mitosis

Mitosis is the last step of the cell cycle and separates the replicated
chromosomes into the two newly forming cells. The framework for the segregation of
the chromosomes is provided by the mitotic spindle [183-185]. The mitotic spindle is
composed of microtubules, two centrosomes (also called spindle poles) and their
associated proteins (Fig. 7d) [111,185]. The kinetochores are the mechanical link
between the chromosomes and the microtubules. The interaction between microtubules
and the kinetochores is the best example of a search-and-capture mechanism [111]. In
the early stages of mitosis, dynamic microtubules grow out in random directions from
the two centrosomes. Their minus ends are anchored in the centrosomes, while their
plus ends grow or shrink, while ‘searching’ for contact sites. Sometimes, individual
microtubules are captured by the kinetochore, which prevents the microtubule from
(de)polymerization. At anaphase, the microtubules depolymerize at the kinetochores
and the attached chromatide is thereby carried to the spindle pole. This mechanism of
chromosome segregation is highly regulated by microtubule motor proteins and
microtubule stabilizing and destabilizing proteins [184,186,187]. However, the initial
interactions between the microtubules and kinetchores are most likely regulated by
growing microtubule search devices, such as microtubule plus end binding proteins
[188].

The mitotic spindle also determines the plane of cleavage during cytokinesis.
The position of the cleavage plane is between the two spindle pole asters. To orient the
division plane, the astral microtubules of the mitotic spindle attach via the search and
capture mechanism to specialised local regions of the cell cortex (Fig. 7d), resulting in
a rotation of the mitotic spindle [189]. Whereas most cells divide symmetrically,
sometimes the mitotic spindle is not positioned in the centre of the cell. This results in
an asymmetric division and creates daughter cells of different sizes. During embryonic
development, asymmetric divisions are crucial for the generation of cell diversity.
Different “micrombule capture’ factors on the cortex have been described that
influence the position of the spindle, these include actin, adherens junctions and PDZ-
domaln containing proteins [190,191].
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A Search and capture mechanism Figure 7: The search and capture
mechanism
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Microtubules and nuclear migration

In contrast to most cells, the mitotic spindle in budding veast is inside the
nuclens and the nuclear membrane remains intact during mitosis. In addition, the
spindle position does not determine the cleavage plane but instead the division plane is
predetermined by the position of the bud. The mitotic nucleus migrates through the
narrow neck between the mother and daughter cell, breaks up in two and segregates to
each cell [192-194]. Cytoplasmic microtubules are essential in this nuclear migration
process. Cytoplasmic microtubules are attached to the nuclear membrane with their
minug ends and probe the cell cortex of the bud by the search and capture mechanism
(Fig. 7c). Once the microtubules are captured by the cortex of the bud, the nucleus is
brought in position by pulling the astral microtubules. The motor proteins dynein and
kinesin Kip3p play a critical role in the nuclear movement and positioning of the
spindle [193]. Recently, the budding yeast homologue of EB1, Bimlp, has been shown
to anchor astral microtubules to the cortical protein Kar9p and to be involved in
positioning the nucleus by this cortical microtubule capture mechanism [195,196].
Since, Bimlp is present at the microtubule tip it is suggested that this microtubule plus
end protein is involved in promoting microtubule search and capture (see section
2.5.2).

Nuclear migration 1s not only restricted to yeast cells, it is required for the
proper growth and development of all eukaryotes [197]. For example, an important
process in the developing mammalian brain is the movement of the nucleus in
differentiating neurons and microtubules also play a key role in this process.
Microtubules provide length dependent forces on the nuclei or transport nuclei, along
microtubules analogous to motor driven motility of organelles [198]. Indentification of
proteins involved microtubule based nuclear migration processes have come from
nuclear migration mutants in filamentous fungi, A. nidulans and N. crassa. Many of
the nud (nuclear distribution) or ro (ropy) mutant genes encode subunits of the
cytoplasmic dynein motor complex and dynactin complex [197]. Of particular interest
is the nudF gene of A. nidiulans, which encodes a protein similar to mammalian
microtubule associated LIS1. Mutations in a single LIS1 allele causes type I
lissencephaly. a brain developmental disease with a gross disorganisation of cortical
regions of the brain, caused by defects in neuronal migration [199]. Analysis of LIS1
knockout mice support the notion that a reduced gene dosage gives rise to the
lissencephalic phenotypes [200]. Recent studies suggest that LIS1 may be part of the
microtubule capture machinery present at the cell cortex [201].

Microtubules and cell motility

Migrating cells rely primarily on the dypamic reorganisation of their actin
cytoskeleton to move (see section 1.2) [39]. However, other factors are also involved
in the regulation of cell migration, such as G proteins, focal adhesions and
microtubules [44]. The microtubule array is remodelled constantly as microtubules
populate protrusive regions and vacate retracting regions of the cell. The importance of
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the microtubule system is dependent on the cell type. In the presence of microtubular
inhibitors, fibroblasts lose their polarity and metlity, while lymphocytes still move,
but undergo random migration in a chemotactic experiment [44,202]. In general,
microtubules grow randomly from the centrosome but become captured and stabilized
only at the leading edge of the cell. Thus, an asymmetric microtubule network is
generated, which is oriented in the direction of migration (Fig. 7e) [203]. In this way,
stabilized microtubules may serve as tracks for the directed delivery of membrane
vesicles to the lamellipodium (see section 1.2.2) were the membrane vesicles are
inserted into the plasma membrane at the leading edge to drive lamellipodium
protrusion.

This phenomenon of microtubule asymmetry during cell migration is best
described in in vitro wound healing experiments [203]. Here, fibroblasts are grown to
confluency and a narrow strip of cells is scraped off. The cells at the wound edge are
initially unpolarized. but in response to wounding, they become polarised with their
leading edge facing the cell free area. As a result they are able to move into the wound.
In response to wounding, a subset of microtubules, that are oriented towards the
wound, gets stabilized [203]. Local microtubule stabilization is dependent on serum
factors, in particular mitogenic lipid lysophosphatidic acid (LPA) [150,204]. This
suggests the presence of a signalling pathway that mediates the LPA-induced
stabilization of microtubules. Several factors have been proposed to play a role, such
as the GTPase Rho [150]. Active Rho induces long episodes of pausing in a subset of
microtubules and subsequently stimulates the formation of stable detyrosinated
microtubules at the leading edge of the cell. At the same time, local microtbule
pausing or stabilization must also be regulated by microtubule binding proteins. Such
candidate proteins for these functions are the CLIP associated binding proteins
(CL.ASPs) (Chapter 5) [205].

Another example of microtubule involvement in cell motility comes from
studies on the neurconal growth cone at the tip of the axon, Neuronal growth cones are
highly motile and navigate along specific pathways to find their correct target. This
process, named axonal pathfinding, is essential for the formation of the highly specific
pattern of connections in the nervous system [206]. The neuronal growth cone has two
distinct domains created by the differential localization of actin filaments and
microtubules: the neurite shaft and central domain have a high density of microtubules,
while the pheripheral domain, which consists of filopodia and lamellipodia, is rich in
actin filaments [40,207]. When a growth cone is stable or pauzes, some individual
microtubule in the peripheral domain aquire a loop conformation [208] (Fig. 7f). When
the growth cone migrates In response to attractive extracellular guidance cues, the
microtubule loops disappear and a rapid rearrangement of the microtubule structure
takes place [209,210]. During axonal guidance microtubules are able to cause
asymmetry in the shape of the growth cone, possibly by local capture and stabilization
of the microtubules [211] (Fig. 7f). Similar reorganizations of the microtubule
cytoskeleton occur at the sites of axon branch formation [210,212].
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Chapter 2

MICROTUBULE ASSOCIATED PROTEINS






2.1 General introduction

Microtubules were originally isolated from brain extracts by multiple cycles of
polymerization and depolymerization and differential centrifugation. About 80 percent
of the microtubule preparation is ¢~ and B-tubulin, while the remaining 20 percent
contains a variety of microtubule associated proteins (MAPs). A protein was named a
MAP if it copurified with tubulin during repeated cycles of assembly and disassembly
and if it was able to stabilize microtubules. However, this definition of MAPs on the
basis of their in vitro stabilizing behavior is unsatisfactory, since MAPs have been
characterized that are unable to stabilize microtubules. Therefore, nowadays MAPs are
defined as proteins that are attached to microtubules in vivo [1]. Most of the proteins
that interact with microtubules are covered by this definition. Further classification of
the MAPs on the basis of sequence homology, biochemical properties, or function has
turned out to be difficult. It has been shown that some MAPs have a conserved
structure but have a totally different function in vivo and vice versa {2]. Moreover,
intermediate filament binding proteins can function as microtubule binding proteins by
alternative splicing of a microtubule binding containing exon {3] and some general
enzymes inside the cell, like formiminotransferase cyclodeaminase and glutamate
dehydrogenase, possess affinity for microtubules [4-6]. In spite of this reservation, we
have classified the MAPs into four major families. The first MAP family contains the
classical or structural MAPs, like tau and MAP1 [7.8]. The second MAP family
includes the microtubule motors, such as kinesin and the cytoplasmic dynein motor
complex [9.10]. The third MAP family includes microtubule binding proteins that
affect microtubule dynamics, like Opl3/Stathmin and XMAP-215 [11,12]. The last
MAP family contains microtubule plus end binding proteins, like CLIPs and EBI
family members [13-15]. In this chapter the first three MAP families will be briefly
described. The microtubule plus end binding proteins will be addressed in more detail
at the end of this chapter.

2.2 Classical or stroctural microtubule associated proteins

The structural or classical MAPs are also called the assembly MAPs or
microtubule stabilizers. These proteins bind to microtubules reversibly with affinities
in the low-micromeolar range, lack enzymatic activity, promote tubulin polymerization
and stabilize microtubules [8,16,17]. Generally, members of this MAP family are
responsible for cross-linking microtubules. In this way. MAPs modulate microtubule
organization during the development of cell processes, establishment of cell polarity
and intracellular transport [7]. However some can also link microtubules to other
subcellular structures, like membranes, membrane receptors, intermediate filaments or
actin filaments. Classic MAPs are all composed of a microtubule binding domain and a
projection domain, which protrudes from the microtubule surface. The length of the
projection domain controls how far apart microtubules are spaced [18]. Based on their
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sequence, classical MAPs can be grouped into two types. Type I MAP family
members include the proteing MAPIA and MAPIB/MAPS while type I MAPs
include MAP2, MAP4 and tau proteins.

2.2.1 Type I MAPs

Type I MAPs are multimeric protein complexes that comprise a heavy chain
(~230 kDa) and two or three light chains (~25 kDa) [16,17]. The heavy and light
chains are proteolytic cleavage products of a common protein precursor [19]. MAP1A
and MAPIB have been shown by rotary shadowing electron microscopy to be a long,
thin rods of 150-200 nm in length. The heavy chain contains several repeats of the
amino acid sequence KKEX which has been implicated in the microtubule binding.
However, light chain 3 of MAPI1A also has been shown to bind microtubules directly.
MAPIA and MAPIB are predominantly expressed in brain. They are both distributed
along the length of microtubules in neurons and form long cross-bridges between the
microtubules [16]. It has shown that MAP1B, in addition to its function in linking and
stabilizing microtubules, has a role in microtubule-membrane and microtubule-actin
filament interactions [20]. Antisense oligonucleotide treatment and knock out mice
revealed that MAP1B is required for the development and function of large myelinated
axons and is involved in axon guidance of a subset of neurons [21]. The MAPIB
homologue Futsch/22C10 in Drosophila is required for dendrite and axonal
development and controls synaptic growth and branching [22,23].

2.2.2 Type I1 MAPs

Type Il MAPs are composed of an N-terminal projection domain and a C-
terminal microtubule binding domain which contains a proline-rich sequence and three
or four repeats of 18 amino acids, with the consensus GSX.NX;HXPG; [17,24,25].
The main difference between MAP2, MAP4 and tau is the length of their projection
domain, for example tau is about 50 nm in length while MAP2 is 100 nm. Type I
MAPs reveal a characteristic distribution pattern in nerve cells; tau is predominantly
localized in axons whereas MAPZ is abundant in dendrites. Overexpression of MAPs
in cells induces bundles of microtubules and arranges the microtubules into patterns
that reflect the neuronal phenotype [16,18,26]. For example, in cells expressing MAP2,
the distance between microtubules is similar to that found in dendrites. Isolated MAPs
show varying degrees of phosphorylation on several motifs flanking the microtubule
binding domain. Phosphorylation of MAPs influences their microtubule stabilizing
capacity. MAP/microtubule affinity regulated kinase (MARK) phosphorylates tau,
MAP2 and MAP4 at the KXGS sequence and causes their dissociation from
roicrotubules, which subsequently increases microtubule dynamics [7]. Studies form C.
elegans suggest that the MARK homologue, PARI is important in the establishment of
cell polarity.

Recently, it became clear that tau and MAP1B, which are both prominent in
axons function sypergistically. Tau deficient mice are essentially normal and only
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show subtle differences in microtubule organization in small caliber axons [27].
Mating these mice with the MAP1B null animals show that deficiency of both MAPs
is lethal by four weeks of age [28]. Moreover, taw/MAPIB double knock out mice
show defects in axon tract formation, growth cone morphology and neuronal
migration.

The tau protein is probably the best known and most studied microtubule
binding protein. Tau is the major component of cytoplasmic filamentous aggregates,
termed neurofibrillary tangles, observed in brains of patients with neurodegenerative
disorders such as Alzheimer's discase, Pick’s disease, frontotemporal dementia and
cortico-basal degeneration [29-31]. These and other diseases with abundant tau
positive filamentous lesions are called tauopathies. Although no Alzheimer's disease
causing mutations have been detected thus far in the tau gene, the tau protein changes
in several ways during the progression of disease [32]. The first sign in affected
neurons is a hyperphosphorylation of the tau protein. Subsequently tau is released from
the microtubule, redistributed to a somatodendritic compartment and forms aggregates.
Since there is a good correlation between tan pathology and loss of synapses, it has
been proposed that neuronal transport is impaired by blocking motor protein function
33]. This is consistent with the observation that overexpression of tau inhibits kinesin-
dependent trafficking of vesicles [34]. However, overexpressing tau isoforms in
transgenic mice does not result in an Alzheimer-like pathology [35,36]. These data
indicate that abnormal tau may not be involved in the onset but more in the
progression of the disease. Other proteins, such as presenilin or B-amyloid, may be
involved in the initiation of Alzheimer's disease.

Recent studies have shown that mutations in coding and non-coding regions of
the tau gene are directly associated with the development of frontotemporal dementia
and parkinsonism linked to chromosome 17 (FTDP-17) [29-31]. Patients with these
mutations show pronounced tau deposits. Mice expressing the FTDP-17-linked,
missense tau mutant protein (P3I0L) show newurofibrillary tangles and other
phenotypes comparable with FTDP-17 pathology [37]. However, transgenic mice
expressing tau protein which mimics other FTDP-17 mutations have revealed that too
much mutant tau protein displays neuronal dysfunction, but no filamentous tau lesions
have been observed [29,38,39]. These data suggest that tau aggregates are themselves
not responsible for the neurological deficits and that both different FTDP-17 mutations
and expression levels in transgenic mice can influence the formation of tau lesions.

To surnmarize, different tavopathies can either be caused by mutations in the
tau gene (FTDP-17) or are a consequence of the abnormal behavior of other neuronal
factors that influence tau proteins (Alzheimer’s disease). In both cases the molecular
mechanisms underlying these phenomena remain unclear.
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2.3 Proteins regulating microtubule dynamics

One of the key properties of microtubules is their polymerization dynamics (see
section 1.4.3). The rapid switching of microtubules between growth and shrinkage
allows them to search and explore the three dimensional space of the cell. Proteins that
regulate microtubule dynamics have been identified and fall into two main classes
[11,12.17.40,41], Stabilizing factors, such as the classical MAPs and XMAPs promote
microtubule growth by reducing the catastrophe frequency and destabilizing factors,
such as Op18/Stathmin family proteins and Kin I kinesins destabilize microtubules by
increasing the catastrophe rate.

2.3.1 Stabilizing MAPs

The stabilizing MAPs were originally isolated based on the promotion of
microtubule assembly in vitro and in Xenopus egg extracts. The classical MAPs, such
as tan and MAP? stabilize microtubules but cause only a modest increase in growth
rate of approximately 2 fold [42.43]. In contrast, the XMAP-215 protein, which was
initially isolated from Xenopus extracts, speeds up the microtubule growth rate by 7-
10 fold [42.44]. Little sequence homelogy exists between XMAP-215 and the classical
MAPs. In contrast, XMAP-215 possesses a N-terminal domain with a HEAT repeat,
which was originally identified in Huntingtin and the regulatory subunit of
phosphatase 2A [45]. XMAP-215 homologues are found from yeast to human. For
example, S. cerevisiae and pombe express the XMAP-215 related proteins Stu2p and
p93dist, respectively [46,47]. while other homologues have been identified in C.
elegans (ZYG-9), Drosophila (Msps) and human (TOGp) [48-50]. All XMAP-215
related proteins are associated with the microtubule network and centrosomes or
spindle pole bodies in some stage of the cell cycle. In yeast, Drosophila and C.
elegans, mutations in the XMAP-215 homologues result in mitotic defects resembling
defects in microtubule dynamics [48-50]. Immunofluorescence observations showed
that all family members label microtubules along their length [45,50]. However, recent
data suggest that human XMAP-215 homologue preferentially binds fo microtubule
ends and has affinity for protofilaments and tubulin dimers [51].

2.3.2 Destabilizing MAPs

Microtubule destabilizing proteins are defined as factors which promote
microtubule disassembly when added to the polymer. Proteins of the Kin I kinesin
family include XKCMI1 and XKIF2Z, and Opl&/Stathmin-related proteins and are
responsible for microtubule plus end catastrophes [2.17.52]. The Kar3 protein is a
minus end directed motor identified in S. cerevisiae that destabilizes microtubules at
their minus ends in vitre. Deletion of kar3 results in more and longer microtubules in
the cytoplasm [53,54]. In addition, severing proteins, such as katanin, which cuts
microtubules at internal sites, may also be involved in microtubule destabilization [55].
The best studied factor from the microtubule destabilizing subfamily is the oncoprotein
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18 (Op18), also named Stathmin, prosolin or metablastin [52]. Opl8/Stathmin is part
of a small family of proteins, which includes the nervous system associated proteins
SCG10. SCLIP and RB3 [56]. Opl8/Stathmin is a small phosphoprotein which is
highly upregulated in some tumors, but no evidence for mutations in the gene has been
found [57]. Moreover, it has been reported that suppression of Opl8/Stathmin
abrogates the transformed phenotype [58]. Consistent with a function for
Opl8/Stathmin in microtobule destabilization, tubulin polymerization increases upon
immunodepletion of Opl8/Stathmin. Antisense treatment and overexpression of
Opl8/Stathmin in cells causes a dramatic increase or decrease, respectively, in
polymerized tubulin [52.59,60]. However, mice lacking both Opl8/Stathmin genes
show normal development and behavior. Op18/Stathmin can destabilize microtubules
via two different mechanisms, depending on the intracellular environment. At pH 7.5,
Op18/Stathmin interacts with the microtubule polymer and induces catastrophes at the
plus ends, while at pH 6.8, Opl8/Stathmin sequesters tubulin dimers and induces
catastrophes by lowering the amount of free tubulin. Interestingly, addition of
Opl8/Stathmin to microtubules decreases both the length and frequency of sheet
structures at the plus ends and increases the number of split ends [61]. These data
indicate that an increasing catastrophe frequency, induced by Opl8/Stathmin,
correlates with the structural state of the microtubule. Like for the XMAPs several
models have been proposed for the role of Opl8/Stathmin in microtubule dynamics
{1241]. Tt remains unclear whether regulation of microtubule dynamics by
Op18/Stathmin is directly responsible for the progresston of tumors.

2.4 Microtubule motor proteins

Microtubules act as railroad tracts on which the microtubule motor proteins,
such as kinesin and dynein, trangport cargo in a polarized manner through the cell (Fig.
ia). An array of motor proteins exists that mediates the transport of vesicles, mRNA
and other material inside the cell. Another important function of motor proteins is their
role in the movement of chromosomes dwring meiosis and mitosis [62,63]. Motor
proteins produce oppoesing inward and outward forces on the microtubule [2,62,64]. In
general, motor proteins of the kinesin superfamily (KIF) move to the microtubule plus
end and cytoplasmic dynein motor proteins are able to move to the minus end [9,10].
For example, in neuronal axons the movement of membranes anterogradely from the
cell body toward the synapse uses the kinesin motors, while membranes returning from
the synapse via retrograde transport use cytoplasmic dynein [65,66]. (Fig. 1b). Some
family members of the kinesin family, the C-terminal motor domain type (KIFC),
show microtubule minus end motility, indicating that kinesin motors can also be
involved in retrograde transport [9,67). Motor proteins can be viewed as nanoscale
macromolecular machines. They convert energy from ATP into protein motion
[68.69]. If an appropriate cargo is attached to the motor protein, the cargo will be
moved with the motor along the microtubule.
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Figure 1: Dynein and dynactin in neurons.

A Scheme of membrane traffic in nerve cells, In the axon, the various types of membranous organelles
are transported bidirectionally at 50-200 mm per day. Membranous organelles that move in an
anterograde direction include mitochondria, axonal plasma membrane precursors, synaptic vesicles
and synaptic plasmaz membrane. These membranous organelles can contain neuropeptides,
neurotransmitters and associated proteins. In contrast, membranous organelles that move in a
retrograde  direction include endosomes, lysosomes, multivesicular bodies and mitochondria.
Neurotrophic factors are transported retrogradely. Microtubules serve as rails for the transport of
organelles. Within the axon, the microtubules point with their plus end to the synapse. B Motor protein
trangport in the axon. Microtubule motor proteins are responsible for in intracellular trafficking.
Different types of motor proteins are involved in plus-end (anterograde) and minus-end (retrograde)
directed transport. Plus-end directed motor proteins are members of the kinesin family. They are
defined by the presence of a conserved N-terminal or middle motor domain, with ATP and putative
microtubule bindings sites. Cytoplasmic dynein and C-terminal type kinesins are thought to move to
the microtubule minus ends. C Schematic representation of the possible organization of cytoplasmic
dynein and dynactin on microtubules and organelle membranes. Proteins present in both complexes
are indicated in the text. The interaction between dynein and dynactin is mediated by the dynein
intermediate chain and p150%**. Both dynein and dynactin can bind to microtubules. In this model,
dynactin is proposed to mediate the association with membranes. The actin-like filament of dynactin

binds t¢ spectrin, which is present on the erganelle surface. Dynein can also bind membranes by itself
(not shown).

2.4.1 Kinesin superfamily

Three major types of kinesin motor proteins (KIFs) have been identified,
according to the position of the motor domain; the N-terminal, middle and C-terminal
motor domain type [70]. Different classes of kinesin motor proteins are identified per
KIF type: eight classes of the N type, one class of the M type and four classes of the C
type [9]. Until now approximately 150 KIFs have been identified from yeast to
mammals carrying out a wide variety of functions [10,70]. KIF proteins transport
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different types of vesicles, proteins and/or mRNAs [71]. KIFs also move
chromosomes, crosslink and organize microtubules and sequester molecules involved
in signal transduction on microtubules [72]. Of great interest is the role of KIFs in the
left-right asymmetry in developing mouse embryos [73]. In patients, kinesin proteins
have been shown to be autoantigens, upregulated in a variety of diseases and to be
associated with disease causing mutations {74,75]. Defects in kinesin-encoding genes
may cause neurclogical disorders or syndromes of clinical importance. For example,
defective meiotic and mitotic kinesins may cause infertility, spontaneous abortion,
neonatal chromosome disorders, somatic abnormalities or cellular transformation,
including neoplasia. Recently, a mutation in the motor domain of KIFIB has been
found to cause Charcot-Marie-Tooth disease, a peripheral neuropathy in humans [76].
However no other mutations in KIF genes have yet been found linked to a disease.
Conventional kinesin, also called KIF5, is the founder member of the kinesin
superfamily and consists of 2 identical heavy chains and 2 light chains. The heavy
chain contains 3 domains: a globular N-terminal motor domain, a central alpha-helical
rod domain, which enables the 2 heavy chains to dimerize, and a globular C-terminal
domain, which interacts with light chains. The light chains are thought to be
responsible for the binding of cargo and the regulation of motor activity [72,77].
Analysis of conventional kinesin function in C. elegans and Drosophila revealed that
mutations in the gene lead to neuronal defects of varying severity [78,79]. Disruption
of one of the heavy chain genes, KIFSB. leads to embryonic lethality in knock-out
mice, with a severe growth retardation at E10.5 [80]. KIF5B null mutant cells have a
normal Golgi apparatus but are impaired in lysosome and mitochondria distribution,
suggesting that other KIFs are involved in the transport of Golgi membranes.
Consistent with this observation it has been shown that different KIFs are involved the
transport of distinct types of organelles [71]. In neurons, specific KIF proteins exist
that are responsible for the movement of only one type of organelle. For example,
KIF1A transports synaptic vesicle precursors, KIF4 is associated with vesicles
containing cell adhesion molecule (CAM) L1, KIF17 is able to transport vesicles
containing NMDA receptor 2B and KIFC2 transports multivesicular endosomes.
Furthermore, KIFs are likely to play a role in conveying synaptic plasma membrane
proteins essential for vesicle docking, such as SNAP25 and syntaxin 1. An important
question nowadays is how the different motors identify their cargo. One possibility is
that there is a membrane receptor or a binding protein on the vesicle which is specific
for each motor protein and vesicle [72,81]. For example, mammalian kinectin is an
integral membrane protein which binds to conventional kinesin and is essential for
organelle motility in vitro [82]. Amyloid precursor protein (APP), on the other hand, is
a membrane receptor for the light chain of conventional kinesin. Transport of APP is
creatly decreased in kinesin light chain mutant mice [83]. Some other likely
candidates involved in membrane-kinesin interactions are, spectrin (fodrin), a complex
of JIP scaffolding proteins and the Reelin membrane receptor, ApoER2 [71,72,84,85].
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2.4.2 Cytoplasmic dynein and dynactin

In contrast to the functional specification of the many members of the kinesin
superfamily, only one form of dynein appears to function in many different cellular
roles, including mitotic chromosome moverment, mitotic spindle migration during cell
division, nuclear positioning, localization of the Golgi complex , retrograde axonal
vesicle transport and mRNA tranport [17,66,81,86,87]. The functional diversity of
cytoplasmic dynein is achieved through the use of alternative dynein subunits [87].
Cytoplasmic dynein is a large multisubunit complex of 1.2 MDa, composed of four
classes of subunifs. Each cytoplasmic dynein complex contains two heavy chains,
three intermediate chains, and several light intermediate and light chains [88-90] (Fig,
1¢). The dynein heavy chains are polypeptides of 530 kDa which contain four ATPase
domains and are responsible for microtubule binding and force production. The
intermediate chaing are a diverse set of subunits, derived from alternative splicing of
different genes, and have been proposed to bind to the dynactin complex, the accessory
protein of dynein [91]. Both light intermediate chains and light chains are speculated to
have a targeting function, by anchoring the appropriate cargo to cytoplasmic dynein. In
different organisms, multiple genes are found for each subunit. This further supports
the idea that distinct dynein subunit isoforms allow binding to different cargoes and
indicates that the cytoplasmic dynein pool is heterogeneous in the cell. Mice lacking
the dynein heavy chain, which normally is associated with vesicles, are embryonic
lethal at day 8.5. Null mutant blastocyst cells showed Golgi vesiculation and
endosome/lysosome dispersion, suggesting that dynein is involved in all major
trafficking routes {92]. Interestingly, in mutant cells the Golgi apparatus, endosomes
and lysosomes are still attached to the microtubules.

Cytoplasmic dynein is thought to bind cargo via its accessory protein, dynactin
{81]. In addition to acting as an adapter for cargo binding, dynactin has been shown to
improve dynein processivity along the microtubules, possibly by stabilizing the
microtubule-dynein interaction [91.93,94]. Like dynein, dynactin is also a large
multisubunit complex of about 1.1 MDa, which consists of 10-11 distinct
polypeptides, including p150°*, dynamitin (p50) and the filament forming actin
related protein, Arpl [93,95.96] (Fig. I¢). Dynactin can be divided into two structural
domains, an actin-like backbone, including Arpl, CapZ, p62, Arpll, p27 and p25 and
a projecting shoulder/sidearm, including p150°"™, dynamitin and p24 [97). The actin-
like backbone is thought to be responsible for the cargo attachment via the interaction
with spectrin and acidic phospholipids (Holleran and Holzbaur, 1998; Muresan, et al.,
2001), whereas the shoulder/sidearm interacts with dynein and microtubules [87,91,97]
(Fig 1c). Qverexpression of the dynamitin subunit in cells divides dynactin into the
two structural domains [98,99]. It is believed that in these cells dynein can still bind to
the shoulder/sidearm, but now lacks the mechanism for cargo attachment. Indeed,
membrane transport is largely abolished in dynamitin overexpressing cells [98].

The Drosophila p150°™* gene, Glued, has been extensively characterized by
traditional genetic approaches. Mutations in the Glued locus result in a variety of
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neuronal phenotypes; disrupted sensory axon path finding, abnormal synaptogenesis
and eye formation defects [100-102]. By genetic analysis in flies, dynein and dynactin
have been deduced to function in the same pathway. Certain mutations in the
Drosophila dynein heavy chain gene suppress or enhance the phenotype of the Glued
mutation {103]. Further studies in yeast suggest that dynein and dynactin act in a
common cellular process [87]. Despite the abundant evidence in support for a role of
dynactin in the minus end directed dymein pathway, cytoplasmic dynein has been
shown to bind cargo via a number of other interactions. For example, the dynein
complex can bind directly to membrane lipids [104] and the dynein light chain Tctexl
is able to interact with the transmembrane protein rhodopsin [105]. This suggests that
dynactin is not essential for all dynein-cargo interaction.

2.5 Microtubule plus end binding proteins

Dynamic instability, is also regulated at the plus ends of microtubules. It is
likely that microtubule dynarnics at plus ends depends on specific regulatory factors,
such as Op18/Stathmin and XMAP215. However these proteins are localized along the
microtubules and are not limited to the microtubule ends. EB1, APC, cytoplasmic
linker proteins (CLIPs) and the dynactin complex have recently emerged as
microtubule binding proteins that have been observed to be present on the microtubule
plus ends. Such a localization is ideally suited for regulating microtubule dynamics.
Microtubule plus end binding proteins, also called plus end-tracking proteins (+Tips),
can also link the microtubule cytoskeleton to other structures within the cell
[14,106,107]. Plus end binding proteins may promete, for example, microtubule
interactions with the plasma membrane and could be involved in the microtubule
search and capture mechanism. In this way microtubule plus end proteins may help to
set up the general spatial organization of microtubules within a cell and contribute to
overall cell morphology. On the other hand microtubule plus end binding proteins may
prepare local sites on microtubules for establishing an initial contact between a
membranous organelle or chromosomes. While the mechanism remains unknown,
proteins that bind to the plus end could do this by using dynamic or structural cues. In
this section, the main functions of microtubule plus end proteins will be highlighted. A
historical overview of CLIP-170 is given, together with a classification of the different
CLIPs and CLIP-like proteins. In addition, the EB1 and APC family proteins are
discussed.

2.5.1 Cytoplasmic linker proteins (CLIPs)

The first member of the CLIP family, CLIP-170

It was the Thomas Kreis lab who described CLIP-170, the first member of the
cytoplasmic linker protein (CLIP) family of 170 kDa. In search for linker proteins that
bind microtubules and organelles, CLIP-170 was identified [108], by using a standard
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microtubule motor preparation from Hela cells, which was previously applied for the
1solation of kinesin and cytoplasmic dynein [109]. Proteins within HeLa cell extracts
were allowed to bind to polymerized microtubules and subsequently eluted with ATP.
CLIP-170 was found to be one of the ATP-sensitive microtubule binding proteins
[110]. CLIP-170 colocalized with microtubules by immunoflucrescence but was
characteristically different from kinesin and cytoplasmic dynein, as determined by
sucrose gradients and nucleotide sensitive microtubule binding. The ATP-sensitive
microtubule interaction suggested that CLIP-170 belongs to a novel class of
microtubule-based mechanochemical enzymes. Further studies showed that the
interaction of CLIP-170 with microtubules is regulated by phosphorylation on serine
residues and is not directly sensitive to ATP. Inhibition of microtubule binding by
phosphorylation of CLIP-170 accounts for the observed elution of CLIP-170 from
microtubules by ATP [111]. Furthermore, the in vivo phosphorylation state of CLIP-
170 is dependent on microtubules since nocodazole, a microtubule depolymerizing
agent. induces a rapid dephosphorylation of CLIP-170. This suggests that a
microtubunle-associated kinase is responsibie for the phosphorylation of CLIP-170,
Thus, although CLIP-170 turned out not to be a motor protein, its binding to
microtubules in an ATP dependent manner is relevant for its function.

Next, by using an in vitro assay to test for the binding of cytoplasmic vesicles to
microtubules, CLIP-170 was found to be essential for the binding of endocytotic
carrier vesicles to microtubules [108,112]. Immunodepletion of CLIP-170 from the
cytosol abolished the binding of endocytotic vesicles to microtubules, whereas adding
affinity purified CLIP-170 to cytosolic extracts depleted of CLIP-170 restored the
ability to support binding in the assay. Furthermore, imrnunoflucrescence in Hela
cells showed that CLIP-170 partially colocalized with transferrin receptor positive
endocytic structures. In cells treated with BFA, which induces the tubulation of the
endosome system, a more extensive colocalization was observed [108]. These data
suggested that CLIP-170 links endocytotic vesicles to microtubules.

The cDNA for CLIP-170 was cloned from a Hela cell expression library using
CLIP-170 monoclonal antibodies [108]. The sequence predicted a protein that consists
of three domains. A basic N-terminal domain of 350 amino acids, containing two
microtubule binding motifs is separated by a long coiled coil of 900 amino acids, with
numerous heptad repeats involved in dimerization, from a short C-terminal domain,
with two putative metal binding motifs. The sequence however does not contain any
consensus nucleotide binding motif, again indicating that CLIP-170 is not a motor
protein. Physical characterization and rotary shadowing electron microscopy revealed
that CLIP-170 is an elongated homodimer with the N-terminal and C-terminal domain
separated by the 135 nm long rod domain [113].

Around the same time that the CLIP-170 sequence was published, another
group identified a protein, named restin, which was highly expressed in Reed-
Sternberg cells of Hodgkin's disease and in anaplastic large-cell lymphoma [114, 116-
117]. This suggested that Restin overexpression may be a contributing factor to the



progression of Hodgkin's disease. Restin is identical to CLIP-170, except for a 35
amino acid insert in the coil-coiled region, but was proposed to be an intermediate
filament-associated protein [118]. Although Restin shows some weak homology with
intermediate filament proteins, such as keratin, GFAP. neurofilament protein and
lamin and transfection studies indicated that restin forms filamentous structures, the
evidence for restin as a intermediate filament-associated protein is not very strong.
Later it was clearly demonstrated that overexpression of CLIP-170 has no effect on the
organization of intermediate {llaments in different cell types and that a complete
collapse of the intermediate filament network does not relocalize endogenous CLIP-
176 [119]. Thus. in contrast to the initial report by Bilbe et al. (1993) [114], restin is
not an intermediate filament associated protein. However, the observation that
restin/CLIP-170 is abundantly present in Reed-Sternberg cells of Hodgkin disease and
other lymphomas remains valid and interesting.

Microtubule binding (CAP-Gly) domain in CLIPs

The N-terminal head domain of CLIP-170 contains two microtubule binding
(CAP-Gly) domains surrounded by basic serine-rich regions [108]. Characterization of
the microtubule binding sites was done by mutagenizing CLIP-170, either by
truncation, internai deletions or point mutations. Binding of mutant CLIP-170 to
microtubules was assayed by cosedimentation with polymerized tubulin or by
transient expression in mammalian cells [108,119]. These experiments showed that
both microtubule binding motifs are competent to bind to microtubules, although their
contribution is not equivalent. The microtubule binding domains contain highly
conserved glycine residues and a core sequence of PXGKND. Because of the highly
conserved glycine residues, the microtubule binding domains of CLIPs are named
cytoskeletal associated protein glycine conserved domain (CAP-Gly} [120]. These
microtubule binding domains are different from microtubule binding motifs found in
other MAPs.

Metal binding domain in CLIP-170

CLIP-170 has two putative metal binding motifs at the C-terminus of the
protein. The second motif matches exactly the CCHC zinc finger-like consensus
sequence CXLCXGHX,C [120]. CCHC modules are also found in the nucleocapsid p7
{(NCp7) proteins of human immunodeficiency virus type 1 (HIV-1). The spacing
pattern between the cysteine and histidine residues of these nucleocapside CCHC zinc
fingers is highly conserved among retroviruses. In addition, single or multiple copies
of the CCHC boxes are found in nucleic-acid binding proteins and have been shown to
be responsible for binding to RNA and DNA [121,122]. The CCHC module also binds
Zn™, as determined by UV/VIS spectrophotometric methods and NMR. experiments
[123.124]. However, whether CLIP-170 is able to bind zinc and/or nucleotides remains
to be determined.
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The first putative metal binding domain of CLIP-170 differs from the CCHC
zinc finger-like maodule because of an additional cysteine residue, resulting in the
sequence CX,CXCX3HX,C. Although this motif is highly conserved between
Drosophila CLIP-190 and chicken, rat and human CLIP-170, database searches have
failed to find this motif in other proteins. However, CCHC domains with different
spacing between conserved residues were found. For example, in the Drosophila
Nanos protein, the CCHC module binds to RNA and is essential for the regulation of
translation [122]. The differences between the two metal binding sites in CLIP-170
raise the possibility that both modules function independently of each other or that
together both domains form a new specialized motif. Truncation of the complete C-
terminal tail domain of CLIP-170 suggests a role for the metal binding motifs in cargo
recognition. Interestingly, the forming of CLIP-170 induced patches in overexpressing
cells and the targeting of CLIP-170 to prometaphase kinetochores depends on an intact
C-terminal domain [119,125].

CLIP superfamily

Originally, the term cytoplasmic linker proteins (CLIPs) was used to identify
non-motor proteins that link specific organelles to microtubules. With the
identification of CLIP-170 and its specific endosome-microtubule interaction, it was
suggested that there must be specific CLIPs for each organelle [126]. Indeed,
additional CLIP proteins have been characterized in in vitro organelle-microtubule
binding assays. For example, specific CLIPs have been found to Hnk microtubules to
the endoplasmatic reticulum, Golgi apparatus, lysosome and peroxisomes
[4,5,127.128]. Thus, identification of these proteins supported the theory that other
CLIPs exist that mediate the interaction of specific organelles with microtubules.
However, these CLIP proteins have totally different structures and microtubule
binding domains and are not homologues to CLIP-170. Nowadays, the nomenclature
describes CLIPs as proteins which are homologous to CLIP-170.

The CLIP superfamily consists of proteins which share the highly conserved
microtubule binding CAP-Gly motifs of CLIP-170. CLIP-like proteins have been
identified from yeast to mammals. Based on their protein domains and putative
functions, the family of CLIPs can be grouped into five classes (Fig. 2). Class I CLIPs
inchade the CLIP-170-like proteins, which can be further subdivided in three
subclasses; CLIP-170 (Class Ia), CLIP-115 (Class Ib) and p150“™* (Class I¢). Class II
CLIPs include two tubulin folding factors protein; tubulin folding factor B (Class Ila)
and tubuiin folding factor E (Class IIb). Class III CLIPs include the kinesin-73-like
proteins. Class IV CLIPs include proteins named CLIP-related proteins and class V
CLIPs include CYLD. Members of class I and II are present in marnmals, fly, worm
and both budding and fission yeast. This suggests that the genes of these CLIP-like
proteins are the oldest in evolutionary terms and that the other CLIP-related genes
have appeared later in evolution.
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Figure 2: The CLIP superfamily.

CLIP family proteins are divided into five classes: CLIP-170-like proteins (I), tubulin folding factors
(II). kinesin-73-like proteing (1), CLIP-related proteins (VI) and CYLD (V). Class T can be
subdivided in CLIP-170 (la), CLIP-115 (Ib) and p150°™* {Ic) en class I can be subdivided in tbulin
folding factor B (Ila) and tubulin folding factor E (IIb) proteins. Asterisks indicate proteins that are
homologous to members of the same class except they do not contain a conserved CAP-Gly
microtubule binding domain. The schematic protein structure is indicated at the right. The different
motifs found in CLIP family proteins are shown below the figure.

Class Ia proteins have one or two conserved microtubule CAP-Gly motifs, a
long coiled-coil domain and a putative metal-binding motif at their C-terminus, that is
similar to the domain in CLIP-170. Class la members include mammalian CLIP-170
[108], Drosophila CLIP-190 [129], S. cerevisiae Biklp {130] and S. pombe Tiplp
[131], also named Noclp [132]. Biklp and Tiplp contain one CCHC zinc finger
module while CLIP-170 and CLIP-190 have two of these motifs. The metal binding
motifs from Biklp and Tiplp match with the second motif of CLIP-170 and CLIP-190
{see above). This suggests that the second zinc finger may have an evolutionary
conserved function. Since most of the functional studies on CLIP proteins have been
done on the class Ja members, the role of these CLIP-170-related proteins in
microtnbule dynamics and organelle transport will be summarized in the next
paragraph.

Class Ib proteins have one or two microtubule binding motifs and a long coiled-
coil domain. A metal binding motif is not present in class Ib proteins. Class Ib
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members include mammalian CLIP-115 [133] and a hypothetical protein in C. elegans
(M0O1A8.2) [134]. CLIP-115 bears a striking homology to CLIP-170, the overall
similarity between CLIP-115 and CLIP-170 being 67% (chapter 3) [133]. In addition,
both CLIPs have a highly similar secondary structure. Like CLIP-170, CLIP-115 has a
basic amino-terminal domain. with two microtubule binding domains and surrounding
serine-rich regions, and a long coiled coil structure which is involved in
homodimerization (chapter 4) [135]. However, in contrast to CLIP-170, CLIP-115
lacks a C-terminal cysteine-rich structure and its tail is rather inconspicuous. The
similarity between these CLIP-115 and CLIP-170 and the presence of only CLIP-170
homologue in lower eucaryotes, suggests that the CLIP-115 gene was formed from a
duplication of the CLIP-170 gene late in evolution. Interestingly, mammalian CLIP-
115 and CLIP-170 and Drosophila CLIP-190 are the only CLIP proteins with two
microtubule binding (MTB) motifs and a coiled-coil region. Within their dimeric
protein configuration, these CLIPs therefore have four microtubule binding domains,
suggesting that CLIP-115, -170 and -190 may have a higher affinity for microtubules,
than the other CLIP family members. On the other hand. site-specific phosphorylation
of each microtubule binding domain, may regulate the interaction with microtubules or
wbulin protofilaments (chapter 4) [135].

Class I¢c proteins have one microtubule binding motif and two coiled-coil
domains. Class Ic members include mammakian p150%°* [93], fission veast Ssmd
[136], budding yeast Nip100p [137], a hypothetical protein in C. elegans (ZK593.5)
[134], and Glued in Drosophila [100]. p150° is the biggest subunit of the dynactin
complex (see section 2.4.2), p1507* is reported to mediate the interaction between
cytoplasmic dynein and dynactin [91]. Genetic analysis in flies and yeast reveals a
important function for p150°™“-like proteins in basic cellular processes (see section
2.4.2)(101,102,137].

Class II proteins are twbulin folding factors. which are tubulin specific
chaperones and needed for the folding and joining of newly synthesized o~ and B-
tubulin into functional dimers (see 1.4.1). Class II include two tubulin folding factor B
{Class Ila) and tubulin folding factor E (Class IIb). The protein structure of tubulin
foiding factor B and E are completely different. Tubulin folding factor B has a coiled-
coil domain and a C-terminal microtubule binding CAP-Gly motif, while tubulin
folding factor E has a N-terminal CAP-Gly motif and a coiled-coil domain containing
ten times a leucine-rich repeating motif [138-1401. Homologues of human cofactor B
and E. exist in S. cerevisiae (Alflp and Pac2p) [141], S. pombe (Alp11® and Alp215)
[1381. C. elegans (hypothetical proteins F53F4.3 and KO7HS.1) [134] and Drosophila
(hypothetical protein CG11242 and CG7361) [142]. Interestingly, AlpElE in fission
yeast has no conserved microtubule binding domain [138]. Feierbach et al. (1999)
[141]. showed that the microtubule binding CAP-Gly motif of Alflp {(cofactor B)
interacts with o-tubulin monomers. These results raise the possibility that other

members of the CLIP fanuly may also interact with ¢-tubulin via their conserved
microtubule binding motif.
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Class III proteins are defined by a N-terminal motor domain of the KIF1 A/unc-
104 subfamily of the kinesin superfamily, in addition to a C-terminal microtubule
binding domain and a coiled-coil structure. Class IIT members include Drosophila
kinesin-73 [143] and human GAKIN [144]. In Drosophila, kinesin-73 is widely
distributed in the syncytial embryo but becomes restricted to the central and peripheral
nervous system upon development. The presence of a CAP-Gly domain and motor
domain suggests that kinesin-73 may be a motor protein for the anterograde axonal
transport of tubulin oligomers, or polymers, along microtubule tracks [143]. GAKIN,
Guanylate kinase Associated KINesin, is identified as a binding protein of the human
homologue of the Drosophila Disc Large tumor suppressor protein (Dlg) {144]. Dlg
acts as a scaffold lattice for the assembly and organization of protein complexes, such
as receptors, at specialized membrane sites. In neurcns, Dlg has been shown to be
required for the development of synaptic structures [145]. It is proposed that the
GAKIN-Dlg interaction is involved in the reorganization of cytoskeleton and
membrane receptors at synaptic sites in neuronal cells [146]. Interestingly, GAKIN is a
candidate gene for schizophrenia on chromesorme 6p23 [147].

Class IV proteins have an ankyrin (ANK) repeats in addition to their
microtubule binding domain. Class IV members are only found in mammals and
inciude proteins named CLIP-related proteins (CLIP-Rs) [148]. While most CLIP-like
proteins carry their microtubule binding motif at the N-terminus, the CLIP-R proteins
have microtubule binding motifs at the C-terminus, while at the N-terminus of these
CLIPs, the ankyrin repeats are positioned. Ankyrin repeats have been identified in
hundreds of proteins in viruses, prokaryotes and eucaryotes and are involved in
specific protein-protein interaction. Two CLIP-R genes are found in the human
genome with this composition; hCG23458 (protein code hCP41062) is located at
chromosome 19 and hCG16535 (protein code hCP33528) is present on chromosome 2
[148]. The transcripts of both genes can be found as short ESTs and long ¢cDNA
isolated from several human, mice and rat libraries. Alignments of these sequences
suggests the presents of alternatively spliced transcripts, containing one, two or three
microtubule binding domains (AK005167, BAB31773 and data not shown). The
different cDNAs are most likely the result of alternative splicing of the genes.
Although this suggests a complex pattern of protein isoforms, nothing is reported
about the characteristics and possible function of the CLIP-R proteins.

Class V proteins have a CAP-Gly microtubule binding domain together with an
ubiquitin carboxy-terminal hydrolase (UCH2) motif. The only member of the class IV
is the CYLD protein, which contains three CAP-Gly domains and two UCH2 motifs
[149]. Likely orthologues are found in Drosophila and C. elegans (hypothetical
proteins CG35603 and F40F12.5 respectively), however, sequence similarity is
predominantly restricted to the C-terminal part of the protein, which contains the
UCH?2 motifs. The UCH2 motif can catalyze the hydrolysis of ubiquitin, which results
in deubiquitination and a reduced degradation of proteins by the proteasome. Since
mutations in CYLD are associated with the development of skin tumours
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(cylindromas) it is thought that inactivation of CYLD may enhance the degradation of
ubiquitinated proteins that are important in apoptosis [149].

To summarize, the CLIP superfamily is divided in five classes and consists of
proteins which share the microtubule binding CAP-Gly motifs of CLIP-170. In
addition, a number of CLIPs have a domain which forms a coiled-coil structure. Each
class has a variety of characteristic domains, such as CCHC (class Ia), microtubule
motor {class I}, ANK (class IV), UCHZ {class V) domains. The precise function of
these domains in concert with their microtubule binding domain has to determined.

N
\ ]
/ Ay
‘binding
CLIP

polymerization

Figore 3: CLIPs treadmill on growing microtubule plus ends in a comet-like pattern.

A CLIPs bind to the microtubule plus ends either by recognizing a specific structural feature of the
growing microtubule plus ends {(GTP-cap or sheet structure} or by copolymerization with tubulin
dimers or oligomers. B CLIP-170 is freely present in the cytosol. CLIP-170 binds the polymerizing
plus end of the microtubule (white) and remains bound until it falls off (gray) behind the region of
growth. The release of CLIP-170 creates a nonuniform comet-like pattern. This comet-like pattern is
caused by the dissociation of individual CLIP-170 proteins from the microtubule. Phospherylation of
CLIP-170 is thought to be important for detachment from the microtubule plus ends.

CLIP-170 treadmills on growing microtubule plus ends

Already in the first CLIP-170 paper it was described that CLIP-170 localizes in
stretches along a subset of microtubule plus ends [110]. Visualization of GFP-CLIP-
170 in cells by time-lapse fluorescence microscopy subsequently revealed that these
stretches move with the plus end of growing microtubules, while no GFP-CLIP-170 is
found at the tips of retracting microtubules [1507}. The fluorescent stretches move in a
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comet like pattern (Fig. 3} at 0.15-0.4 um/s, which is comparable to microtubule
growth in vivo [151]. Using speckle microscopy, it is shown that CLIP-170 treadmills
on the growing microtubules, instead of being continuously transported to the growing
tip by motor proteins [150]. The scheme which is depicted in Figure 3 explains CLIP-
170 treadmilling behavior in cells.

First, CLIP-170 derived from a diffusable cytoplasmic pool, associates with the
peripheral segment of a newly synthesized tubulin polymer. CLIP-170 may recognize
a specific structure at the microtubule plus end, such as the GTP-cap, or a tubulin sheet
(see section 1.4.3) or, alternatively, CLIP-170 may associate with growing
microtubules by copolymerization with tubulin [152] (Fig. 3a). While the microtubule
tip grows further and acquires new cytoplasmic CLIP-170, the microtubule bound
CLIP-170 distal to the plus end is released (Fig. 3b). This may occur by
phosphorylation of CLIP-170, via an as yet unknown microtubule-associated kinase
[[11]. Alternatively, the departure of CLIP-170 from the microtubule could be due to
conformational changes at the microtubule plus end (e.g. GTP-hydrolysis or tube
closure) (see section 1.4.3) in concert with phosphorylation. In this way, CLIP-170
cruises on dynamic microtubules throughout the cytoplasm and continuously explores
the cytoplasmic space. The class Ic protein, CLIP-115 also localizes at growing
microtubule plus ends when expressed in fibroblasts (see chapter 4) [135]. The
treadmilling behavior of CLIPs has important implications for the role of these
proteins in regulating microtubule growth and membrane traffic.

Role of CLIPs in microtubule dynamics

There s compelling evidence that the CLIP-170 homologue from yeast, tiplp,
is involved in the regulation of microtubule dynamics. In S. pombe, microtubules
nucleate in the vicinity of the nuclear envelope in the center of the cell and grow
parallel to the long axis until they reach the cell ends. The microtubule ends are
oriented towards the cell tips at the sites where cell growth occurs [153]. The position
of cell growth is also called the growth zone. S. pombe cells have two growth zones at
both poles (chapter | Fig. 7b). It has been shown that microtubules transport the
protein tealp to the cell poles, were it acts as a marker for positioning of the growth
zone [154]. Disruption of microtubules and deletion of tealp inhibits the process by
which the growth zone is positioned. leading to bent and branched cells {155]. If a
microtubule initjates growth at an oblique angle to the longitudinal axis, the tubulin
polymer will first contact the cell cortex in the central region of the cell and change the
direction, by a combination of bending and rotation, while continuing growing
underneath the cortical membrane. Only when it has reached the cortical membrane of
the cell poles does a microtubule tend to pause and deliver components, such as tealp,
to the cell dp and subsequently undergo catastrophe. In any other region of the cell
microtubule catastrophe is almost completely suppressed. In cells were Tipl is deleted
catastrophe occurs in any cortical region of the cell and is not restricted to the cell ends
[106,131]. In addition, tealp no longer accumulates at the cell poles but is distributed
along the microtubules, which leads to bent and branched cells. This has lead to the
conclusion that Tiplp, which is localized at the distal tips of microtubules, acts as a
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suppressor of microtubule catastrophes. Tiplp delays microtubular catastrophe until
microtubules have grown into the cortical regions of the cellular poles. There are
several possibilities to explain how Tiplp affects catastrophe. The microtubule could
be kept in a sheet conformation by Tiplp, which is thought to prevent catastrophe
{section 1.4.3) or Tiplp could inhibit the binding of a catastrophe-inducing factor or
recruit a catastrophe-inhibiting factor (section 2.3). Furthermore, Tiplp can distinguish
different cortical regions of the cell. In this view, Tiplp is required for “sensing” the
position of the cortical membrane within the cell. It might be that Tiplp is scanning the
cortex for differences and regulates microtubule dynamics according to the specific
membrane regions in the cell. The high degree of similarity between Tiplp and CLIP-
170 suggests that the latter {and other CLIP-like proteins) also might function as anti-
catastrophe factors. This notion is underscored by the phenotype caused by the
deletion of the BIK1 gene in budding yeast [130]. In cells without Biklp the
cytoplasmic and spindle microtubules are absent or abnormally short. As a result of the
defects in microtubule growth, BIK] null mutant ceils exhibit defects in chromosome
segregation and nuclear migration. On the other hand, cells overexpressing Biklp have
abnormally long microtubule structures. Based on these results it has been proposed
that Biklp is required for formation or stabilization of microtubules. Other evidence
for a role of CLIP proteins in microtubule dynamics, comes from studies on CLIP-
associated proteins, CLASPs (chapter 5) [156]. It is shown that CLASP bind to both
CLIP-115 and CLIP-170 and localize at microtubule distal ends. Overexpression of
CI.ASP induces microtubule stabilization and inhibition of CLASP by antibody
injections prevents the stabilization of microtubules in motile fibroblasts. This suggests
that CLIPs and CLLASPs act together to regulate microtubule dynamics. CLASP might
even act as a anti-catastrophe factor as proposed from the tiplp study by Brunner and
Nurse (2000) [131].

To summarize, four lines of evidence suggest that CLIPs of class Ia en Ib are
involved in the regulation of microtubule dynamics. 1)} The dynamic localization of
CLIP-70, CL.IP-115 and tiplp at the tips of growing microtubules. 2) Tiplp is involved
in the suppression of microtubule catastrophe. 3) Biklp regulates the assembly or

stabilization of microtubules. 4) CLIP-associated proteins induce local stabilization of
microtubules.

Role of CLIPs in vesicle transport

Waterman-Storer et al.. (1995) [157] showed that membrancus vesicles
selectively attach to dynamic plus ends of microtubules. The unidentified molecules
that bind to the membrane region and the microtubule tip were collectively named the
tip attachment complex (TAC). Since CLIP-170 has been observed at the tip of
microtubules and has been shown to bind endosomes in vitre, it was suggested that
CLIPs are candidate proteins to be present in the TAC [126]. CLIPs may provide a
specialized binding site for membranous organelles at the tubulin distal ends. In this
scenarto, CLIP-170 may link endocytic organelles to microtubules and facilitate the
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transport of endocytotic vesicles [108]. Evidence for the role of CLIPs in organelle
movement comes from Drosophila studies on actin-based motor proteins, where CLIP-
190 has been shown to interact with the myosin VI [129]. Since myosin VI was shown
to function as a vesicle motor, it was suggested that CLIP-190 and myosin may link
microtubule plus ends to cortical actin cables and coordinate the microtubule and
actin-based transport of vesicles from or to the plasma membrane [158,159]. Further
more compelling evidence for a role of CLIPs in organelle movements has emerged
from recent studies on the minus-end-directed microtubule-based motor dynein and its
activator dynactin. Dynein itself can bind membrane lipids, but dynein is also thought
to bind cargo via dynactin (see section 2.4.2). Immunofluorescent and immunoelectron
microscopy studies in cultured cells reveal that dynactin and dynein colocalize with
CLIP-170 at microtubule distal ends [160,161]. Overexpression of CLIP-170 recruits
dynactin to CLIP-170-induced patches [162]. It has been proposed that CLIP-170
targets dynactin and dynein to microtubule plus ends to generate an early vesicle
loading site for minus end directed organelle transport [13,160,162]. In this view,
dynactin is targeted, with the help of CLIP-170, to the microtubule tip which extends
into the periphery of the cell. Vesicles, such as endosomes may be loaded on
microtubule plus end carrying CLIP-170/dynactin. While the vesicle is docked to the
microtubule, dynactin may provide a dynein binding site. When the conditions are
right for motility, dynein becomes activated and takes off to power minus end directed
transport. Subsequently, the CLIP-170 microtubule link is severed, perhaps by
phosphorylation.

2.5.2 EB1 and APC family proteins

The adenomatous polyposis coli protein (APC) and its binding protein, EB1,
have both been found at microtubule ends and represent another example of
microtubule plus end binding proteins {163-168]. The APC protein was originally
identified as a tumor suppressor and the gene was found mutated in pattents with
familial adenomatous polyposis, a syndrome characterized by multiple colonic polyps
and colorectal carcinoma [169]. APC is a 310 kDa protein which has multiple domains
and is thought to be a protein scaffold that binds numerous protein partners at distinct
sites along its length [170]. The N-terminal region contains an alpha-helical domain
and seven armadillo repeats and binds to phosphatase 2A [171]. The middle part of
APC contains amino acid repeats that interact with B-catenin, glycogen synthase
kinase 3B (GSK-3B) and axin. The C-terminal part of APC associates with
micretubules, with EB1 and with the disc large (DLG) tumour suppressor protein
{172]. The APC protein is part of the Wingless (Wnt) signa] transduction pathway and
is involved in the regulation of the stability of B-catenin [173,174]. In the absence of
Wnt signal, B-catenin is targeted for destruction by the APC/Axin/GSK-3B complex.
Mutations in the APC gene disable the destruction complex, leading to B-catenin
accurnulation and activation of Wnt target genes. The APC protein may also have
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additional cellular roles. In migrating cells, APC is localized to the leading edges, were
it is concentrated as granules at the microtubule plus ends [165,168]. Recently, it has
been shown that binding of APC to microtubules increases microtubule stability
[164,175,176]. Together these data lead to the hypothesis that APC present at the
leading edge is involved in the stabilization of microtubule plus ends and may play a
role in the stabilization of polarized cellular extensions. Since EB1 family proteins
interact with the C-terminal region of APC and are concentrated at the ends of
microtubules, it is likely that APC is targeted to the microtubule ends via EB1. In line
with this, APC mutants which lack the EB1 binding domain in the C-terminal tail still
associate with microtubules but are not targeted to plus ends [164,166,176].

EB1 was isolated from a veast-two hybrid screen using APC [177]. Although
the 30 kDa EBI protein has been found to associate with microtubules it does not
show any homology to a known microtubule binding motif. Instead, the protein
contains coiled-coil structures in the middle and C-terminal part and bears a domain
with weak similarity to a calponin motif, at its N-terminus. EB1 family members have
been found from yeast to mammals. In budding yeast the EB1 homologue is named
binding to microtubules 1 protein, Bimlp [178] and in fission yeast. mal3 [179].
Interestingly, Bim1p interacts, like the CLIP-170 homologue Alflp, with o-tubulin in
a yeast two hybrid assay, suggesting that both proteins use similar mechanisms for the
binding to tubulin [178]. C. elegans has two EB1 related genes and Dresophila three
EB1 family members. In humans the EB1 family is called MAPRE (microtubule
associated protein members) and consist of at least three members, EB1, EB2 (RP1)
and EB3 (EBF3) [180].

Perhaps best understood is the function of Bimlp. Bimlp localizes, like its
mammalian homologue EB1, to microtubule tips. Cells lacking the Biml gene show
reduced microtubule dynamics, which results in shorter microtubules. In addition, cells
without Bimlp fail to orient microtubules towards the bud in mating cells and are
defective in mitotic spindle positioning [181]. The spindle orientation process in
budding veast is unique, because it must actively line the mitotic spindle in parallel to
the mother-bud axis to segregate one nucleus to each progeny cell (see section 1.4.4)
(chapter 1 Fig. 4c¢). Bimlp is a key regulator for the interaction between the
microtubules and cell cortex in positioning the mitotic spindle [182]. By interacting
with Kar9p, which is a cortical protein present in the bud tip, Bimlp establishes a link
between the microtubule ends and the cell cortex [183,184]. These studies suggest a
mechanism for the capture of microtubules at the cortex of the bud during spindle
positioning. Bimlp increases microtubule dynamicity, which enhances the search by
microtubules for cortical binding sites. An interaction between Bimlp and KarSp
causes attachment of the microtubule to the cortex. Next, spindle movement is
mediated by microtubule plus end depolymerization, which generates a pulling force
towards the cortex. The capture complex may raintain the contact with the shortening
end. No homologue of Kar9p has been found in other species. So, it is tempting to
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speculate that a similar microtubule capture mechanism exists in flies and mammals
which relics on the APC-EB1 interaction [185].

Since EB1-GFP localizes dynamically to growing microtubule plus ends in a
manmner very similar to CLIP-170, this suggests that both proteins use the same
mechanism to preferentially interact with the microtubule plus ends [167]. However,
EB1 family proteins and CLIPs show no similarity in microtubule binding domains. In
addition to its interaction with APC and tubulin, EB1 also associates with the dynactin
complex and cytoplasmic dynein [186]. It has been proposed that EB1, like CLIP-170,
may help to load dynactin onto the microtubules[186]. How all these proteins interact
with each other and the microtubule plus ends remains unclear.
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Summary

Intracellular localization of organelles may depend in
part on specific cytoplasmic finker proteins (CLIPs)
that link membranous organelles to microtubules.
Here, we characterize rat cDNAsS encoding 2 novel,
brain-specific CLIP of 115 kDa, This protein contains
two N-terminal microtubule-binding domains and a
leng coiled-coil region; it binds to microtubules and
i homuologous te CLIP-T70, a protein rediating the
binding of endosomes to microtubules. CLIP-115 is
enriched in the dendritic lameliar body (DLB), a re-
cently discovered organelle predominantly present in
bulbous dendritic appendages of neurons Iinked by
dendrodendritic gap junctions. Lecal microtubule de-
polymerization leads to a temporary reduction of
DLBs. These results suggest that CLIP-115 operatesin
the control of brain-specific organelle translocations,

Introduction

Microtubules are components of the cytoskeleton of
eukaryotic cells that play animportant role, for example,
in the establishment of cell polarity (Wade and Hyman,
1997). Neurons are the most obvious example of a polar-
ized cell type, with a myriad of dendrites that receive
signals from the environment and their axon that can
extend long distances. This polarized cell structure,
which is not static but continuously subjected to plas-
tic changes, requires neuronal microtubules to form an
intrancurcnal framework under precise temporal and
spatial control. The adjustment of the microtubule cyto-
skeleton is partly mediated by microtubule-associated
proteins (MAPs}, which have been shown 1o determine
the rate of growth of the microtubules by stabilizing
their polymerization (Maccioni and Cambiazo, 1895). In
neurons, MAP2 and tau are the dendrite- and axon-
enriched prototypes of MAP, respectively (Craig and
Banker, 1994). This differential distribution is in line with
the different orientation patterns of the microtubules
in dendrites and axons; axons have their microtubutes

§These authors contriduted cqually to this work.
ITq whom gomrespondence should be addressed.

organized with their plus ends pointed away frem the
cell body, while dendrites have microtubules oriented
in both directions (Sharp et al.,, 1995; Schnapp, 1997).

Several lines of evidence indicate that microtubules
also provide tracks for efficient organelle translocations
and that they are essential for the general organization
of membrane structures ina cell, For exarmple, the endo-
plasmic reticulum forms a reticular network that colocal-
izes with microtubules, and the Golgi apparatus clusters
around the region of the microtubule-organizing center
(Cole and Lippincott-Schwartz, 1995). In addition, it has
been demonstrated that depolymerization of microtu-
bules, induced by application of nocodazole, can affect
not only the movements and localization of membiranous
arganelles but 21so their formation (Matteoni and Kreis,
1987; Cole et al., 1996).

The transport of organelles along microtubules is me-
diated by microtubule-based motor proteins, which
serve as the engines of the translocation (Hirokawa,
19%8; Vallee and Sheetz, 1996), Motor proteins are cate-
gorized according to the direction of the membrane
movement that they carry out with respect to the plus
and minus ends of microtubules. In general, plus end-
directad transport is catalyzed by kinesins, while minus
end~directed transport is catalyzed by cytoplasmic dyn-
ein (Hirckawa, 1996; Ogawa and Mohri, 1996). Recent
characterization of ten kinesin superfamily proteins
(KIFs} suggests that each member can, apart from some
redundancy, convey a specific organelle or cargo. For
example, KIFC2 has been reported to be a neuron-spe-
cific kinesin superfamily motor for dendritic transport of
multivesicular body-like organelles {Saito et al., 1987:
cf, Hanlon et al., 1997).

inthe process of membrane trafficking, the motor pro-
1¢ins presumably interact with accessory factors that
are required to guide each individual organelle to the
appropriate motor protein, For eéxample, kinectin has
been identified as a putative kinesin receptor on mem-
branes (Toyoshima et al., 1992; Burkhardt, 1996), and
the dynactin complex is essential for the activity of dyn-
ein (Allan, 1996}, One of the proteins of the dynactin
complexis p156™* (Swarcop et al., 1587); itis supposed
to link ¢ytoplasmic dynein 1o its membranous cargo
through interactions with a number of other compo-
nents. This protein is a member of a2 novel family of
microtubule-binding proteins, which is characterized
by an N-terminal globular region with a novel type of
microtubule-binding domain (MTE domain} and by a
large coiled-coil region for protein-protein interactions
{Vaughan and Vallee, 1995}, Another member of this
family is CLIP-170 (Pierre et al,, 1992). This protein with
an apparent M, of 170 kDa has two MTE domains similar
to the one of p150%, in addition to 2 long coiled-coil
region. It was referred to as a cytoplasmic linker protein
(CLIP) because it was shown to link endocytotic carrier
vesicles to microtubules. On the basis of these findings,
it was proposed that other CLIPs exist that could medi-
ate the interaction of specific cytoplasmic organelles
with microtubules (Rickard and Kreis, 1994).

Recently, a new membranous organelle, the dendritic
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Figure 1. Cloning Strategy of CLIP-175cDNAS
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lamellar bedy (DLB), was discovered (De Zeeuw et ai.,
1995). ltoceurs exclusively in bulbous dendritic append-
ages of neurcns in particutar brain regions such as the
inferior olive, hippocampus, pirifform cortex, and ol-
factory bulb. The function of DLBs remains to be eluci-
dated, but several cbservations suggest it is related 10
that of dendrodendritic gap junctions, which are mem-
brane specializations mediating electrotonic coupling
between neurons, For example, during development,
GLBs and dendredendritic gap junctions arise simulta-
neously, while during adulthood, DLBs are present in
all brain areas where gap junctions between dendrites
of neurons are prominent. Moreover, the densities of
beth DLBs and dendrodendritic gap junctions in the
inferior olive can be down-regulated concomitantly by
removal of the cerebellar GABAergic afferents to elec-
trotonically coupled olivary dendrites (De Zeeuw et al.,
1997). in addition, the density of DLES in olivary sub-
nuclei can be correlated to the levet of synchronous
firing of these neurons. DLBs were discovered because
they can be specifically labeled by batch #18 of antise-
rum «12B {a12B/18), which is an antiserum originally
raised against a peptide («12B} of the extracellutar loop
of gap junction protein connexin 43 {cx43) (Oe Zeeuw
et al,, 1985). Although this initially suggested the pres-
ence of cx43 in DLBs, we noted that DLB labeling is
oniy cbserved with «12B/18, not with earlier batches of
the antiserum or with other antibodies against cx43.
Also, antiserum «12B/18, preabsorbed with matrix-
linked peptide «12B, provides the same DLB immunore-
activity as nonpreabsorbed antiserum, and the affinity-
purified antibody of «12B/18, eluted from the peptide
«12B column, does not give DLB labeling, Therefore,
we concluded that an antibody population is present in
antiserurn «12B/18 that is not directed against ¢x43 but
against an unknown antigen component of DLBs [De
Zeeuw et al., 1385).

In the present study, we used antiserum «12B/18 to
isolate cONAs enceding the DLB-specific antigen by
expression screening of cDNA libraries of the brain areas
with a high density of DLEs. All cDNAs are derived from
the same mRNA and encode a novel, brain-specific pro-
tein, which is named CLIP-T15 because of its strong
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simitarity with CLIP-170 and its M, of 115 kDa. Like its
larger relative, CLIP-115 contains two MTE dormains
and a long ceiled-coil region. Newly raised antibodies
against CLIP-115 immuncreact with microtubules and
DLBs. Depolymerization of the microtubules of neurons
in the inferior olive by local application of nocodazole
dramatically reduces the density of DLEs. We conciude
that CLIP-115 is a protein constituent of DLBs, and we
hypothesize that it determines the stucture and precise
cytoplasmic location of D{Bs. CLIP-115 and CLIP-170
may define a novel subfamily of proteins designed for
the interaction: of specific membranous organelies with
microtubules.

Results

Expression Cloning of a Novel, Brain-Specific
Cytoplasmic Linker Protein, CLIP-115

Toisolate the «12B/18 antigen expressed in DLBs, AZAP
expression libraries were made of areas with high den-
sities of DLBs. A first screen of amplified hippocam-
pus and piriform cortex cONA libraries with antiserum
212B/18 resulted in the isolation of 68 positives, Sec-
ondary screening led to the positive identification of 10
clones, some of which are dupticates (Figure 1A} All
clones were subsequently shown to have overtapping
restriction enzyme maps and cross hybridizing inserts
{data not shown). Six clones were characterizedin detail,
five from the hippocampus library with insert sizes of
2.5-2.3 kb (Hi2.5-3.3) and cne clone from the piriform
cortex library with an insert of 3.9 kb (PC3.9). Sequence
analysis demonstrated that all clones come from the
same transcript, suggesting that the antigenic determi-
nant present in these clones reacts specifically with
«12B/18, Since the 5" end of the novel mRNA is not
present in any of the clones, another screen of the hippo-
campus library was performed using a 0.36 kb DNA
fragment as a probe; the fragment was subcloned from
the 5’ end of PC3.% (see Figure 1A). In this hybridization,
40 independent clones were isolated; 18 were later
shown to encode rat CLIP-170, while 22 were 5° end
extenstons of the clones isolated with «12B/18. Two of
the latter have inserts of 4,2 kb (clones Hi4.8, Figure



1B). Hi1.8 starts more upstream than the two Hi4.8 frag-
ments; the extra 50 bp sequence in the 5’ end of clone
Hi1.B is included in Figure 2. Two clones (Hi4.2) lack an
internal fragment of 378 bp, presumably because of
alternative splicing of primary transcripts, The structure
and sequence of the composite 4.85 kb mRNA and the
predicted secondary structure of the largest open read-
ing frame (ORF) within the transcript are shown in Fig-
ures TC and 2. The cDNA consists of a §' untranslated
region (5° UTR} of 288 nt, with a stop codon 42 bp
upstream of and in-frame with the ATG that forms the
translation start of a large ORF of 3141 bp. Deletion of
the internal fragment of 378 bp from this ORF results
in the removal of 126 amino acids from the predicted
C-terminal end of the protein product, but the reading
frame is maintained. A 3 UTR of 1.3 kb follows the
ORF. It contains two polyadenylation sites upstream of
a poly(A)* tract (Figure 2}, Translation of the ORF results
ina protein of 1046 aminc acids with a predicted molecu-
lar mass of 175 kDa, ts secondary structure suggests
the presence of a globular N-terminal domain, which
contains a doubly repeated motif of 69 amino acids
and has runs of serine residues, Numerous sites for
posttransiational modifications, such as casein kinase
ll-dependent phosphorylation, are scattered throughout
the N-terminal domain. The N-tefminal region also con-
tains a small hydrophobic¢ segment, which is located at
amino acids 306-333 and which might form a transmem-
brane domain (Hefmann and Stoffel, 1993}, Itis followed
by a large o-helical region of 699 amino acids, which
contains stretches of heptad repeats. This domain is
predicted to form a coiled-coil structure (Lupas, 1996).

Comparison of the amino acid sequence presented
in Figure 2 to DNA/protein databases revealed we have
cloned a novel cDMNA encoding a protein with a striking
nhomelogy te CLIP-170 (Pierre et al,, 1992). CLIP-170 is
identical to a protein called restin except for a 35 amino
acid insert (Bilbe et al., 1992). Our novel protein, which
we named CLIP-115, alse contains the exira sequence
present in restin. The overall identity and similarity be-
tween CLIP-115 and CLIP-170/restin are 45% and 67%,
respectively {Figure 3A). When only the N-terminal re-
gions are compared, these numbers rise to 58% and
77%. Immediately downstream of the repeats, CLIP-115
and CLIP-170/restin remain quite similar, but as the long
coiled-coil regions are reached, similarity drops consid-
erably. Moreover, the rod dornain of CLIP-115 is much
sharter than that of CLIP-170/restin, and the putative
metal binding structure at the C terminus of CLIP-170/
restin is not present in CLIP-115.

The doubly repeated motif in the N-terminal domain
of CLIP-115, described above, corresponds to the MTS
domains in CLIP-170/restin (Pierre et al., 1992, 1934),
These domains, which differ from the MTB domains in
MAPs (Lewis et al., 1988), can also be found in various
other proteins from differgnt organisms; these include
DP-150 (Holzbaur et al,, 1881}, p150°* {Swarcop et al,,
1987}, BIK1 (Trucheart et al,, 1987), CKAPI (Watanabe
et al., 1986}, Ssm4 {Yamashita et al,, 1997), and kinesin-
73 {Li et al., 1997). Rat DP-150 and its Drosophila
melanogaster homolog p150%* are part of the dynac-
tin complex and are involved in dynein-dependent vesi-
¢le movements along microtubules (Gill et al., 1997).

Kinesin-73 is a motor protein in Drosophila with an MTB
domain located in the C-terminal region of the protein (Li
etal., 1997). BIK1, 2 60 kDa protein from Saccharomyces
cerevisiae, is required for microtubule-related functions
during mitgsis (Berlin et al., 1990}, while Ssm4 is a pro-
tein that modifies the structure and/or function of nu-
clear microtubules in order to promote meiotic nuclear
division (Yamashita et al.,, 1997). In addition, approxi-
mately 60 mammalian expressed sequence tags (ESTs)
with this novel domain can be found in the databases.
Thus, the type of motif present twice in the N-terminal
domain of CLIP-T15 and CLIP-170 cccurs as a single
domain in numerous proteins involved in a variety of
intracellular processes and is highty conserved through-
out evolution. It is noteworthy, however, thatthe number
of proteins with such a presumptive MTB domain has
expanded particularly in mammals,

Alignment of the matifs in the N-terminal domain of
CLIP-115 to those of CLIP-170/restin and other proteins
with homologous domains (Figure 3B) allows us to ex-
tend the size of the consensus MTE domain in compari-
son 1o previous reports (e.g., Pierre et al,, 1992; Wata-
nabe et al., 1996), This extension appears valid because
glycine and valine, which are characteristic amino acid
residues in the consensus motif, are also present at
the boundaries of the extended domain. The alignment
emphasizes two other points, First, it shows that the
CLIP-115 repeats best resemble those of CLIP-170/
restin. The identity between the first MTB domain of
CLIP-115 and CLIP-170/restin is 78% (similarity 93%%),
while for the second MTB domain, this number equals
86% (similarity 97%). These data strongly suggest that
CLIP-115 indeed also binds to microtubules. Second,
CLIP-115 and CLIP-170/restin are so far the only pro-
teins with two MTB domains instéad of one, This obser-
vation emphasizes the high degree of similarity between
these proteins and suggests a specific function might
be assigned to CLIP-115 and CLIP-170,

Northern blot analysis of rat and mouse tissues, using
rat CLIP-775 cDNA fragments as probes, revealed the
presence in both organisms of transcripts of ~5 kb (Fig-
ure 4), Thus, the rat CLIP-T15cDNA sequence, depicted
in Figure 2, 15 probably full-length, and rat and mouse
mRNAs must be highly homelogous, In the adult rat,
mRNA is detected not only in areas like the hippocam-
pus, inferior olive, and piriform cortex, where DLBs are
prominent, but also in the cerebellum, where DLBs have
not been shown 1o occur (Figure 4A) (De Zeeuw et al,,
1995). Inthe adult mouse, CLIP-175 mRNA is detected
in the brain but not in testis, thymus, liver, spteen, and
heart. CLIP-TT§ is present at very low doses in kidney,
and a weakly hybridizing band of ~6-7 kb is also de-
tected in lung: CLIP-775 thus appears to bé quite spe-
cific for neurons and/or glia cells. No difference in ex-
pression level is seen between male and female adult
brain, During development, expression of CLIP-T15
oscillates (Figure 4B), Message i undetectable in em-
bryenic stem cells, butat E10.5, the first embryonic time
peint tested, transcript is readily detected. As develop-
ment proceeds, message levels appear to decling until
birth, after which CLIP-715 mRNA suddenly increases,
Subsequently, the message gradually decreases until
postnatal day 10, the day when DLBs start to occur (De
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Figure 3. CLIP~115 and Its Similarity to Other Proteins

(A} Allgnment of rat CLIP-115 with restin, which Is identlcal to human CLIP-170 axcept for an additional 35 amino acids (dashed Bne). Note
the very high degree of similarity In the N-termina! reglons of CUIP-115 and CLIP-170/restin,

{B) Alignment of the MTE domalns of CLIP«115 with those of othier fully sequenced prateins, L.e., hfuman) CLIP-170, r{at) 150k DAP, d{rosophila)
Glued, nieurospora) p150 Glued, h CKAPI, Sfagcharomyces) clerevisiac BIK1, S{accharomyces) plombe) Ssmd, and the yeast (se/sp) and C,
clegans {c} hypothetical proteins with accession numbers 273530, 246843, 269727, Z7T663, 269385, and 227081, Sequences were taken
from the SwissProt database and aligned using ClustalW and GCG software packages. Black boxes indicate that mare than 50% of the
aligned sequence contains a particular amina acid, while conserved amine acld substiwutions are represented by o gray outling, The consensus
sequence for the MTE domaln is given below the allgnment: capital letters indlcate complete conservation, while small letters indicate a

preference for a particular residuc.

Zeeuw etal,, 1995), Atthat point, the message increases
againand reaches the levels present in adult brain. Thus,
the variation in CLIP-715 mRNA levels seems to reflect
a differential need for the protein during mouse devel-
opment,

In conclusion, using antiserum «12B/18, we have
cloned cDNAs, which encode a protein with homology

te CLIP-170/restin. The similarity is most prominent in
two MTB domains, suggesting that the novel protein
CLIP-115 can bind to microtubules. The fact that all
cDNAs from the two expression libraries are derived
from a single, brain-specific message strongly suggests
that we cloned the DLB-specific antigen detected by
a12B/18. However, CLIP-775 mRNA is present in the

Flgure 2. Nucleotide and Deduced Amino Acld Sequence of CLIP-715 cDNAs

Sequence of the composite cDNA depicted In Figure 1C. Nucicotide numbering is shown above the sequence, while amine acid numbering
is indicated in the right margin, The plain boxed scquences Indicate the MTE domains; the BssHI site is indicated to show how the CLIP-
115, ss Sequence for the GFP experiments in Figure 5 was generated; dashed lings underscore the 16 ar 17 amino acld peptides (dib-2 and
dlb-1, respectively) that were used for raising antlbodies. Asterisks dencte stop codons; brackets Indlcate the region of presumed alernative

splicing; the dashed boxes indicate polyadenylation sites,
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Figurc 4. Expression of CLIF-775 mRNA

{A) Northern blots, containing ~15 pg of total RNA from different
tissues, were screened with CLIP-775-specific BNA probes.

{B) Comparable amounts of total mouse RNA, isolated from embry-
onlc or postnatal headsfbrains at the indicated time peints during
development, were screened for CLIP-775 message as I (A). Te
contral for RNA quantity, the devoiopmental blot was reprobed with
a ¢DNA encoding the glycolytic onzyme GAPDH. The variation in
CLIP-715 mMRNA lovel was normallzed to that of GAPDR with phos-
phorimage analysis.

cerebellum, while DLBs are not, and CLIP-775 mRNA
occurs during develepment before the final formation
of DLBs. Thus, we set out experiments to determine
whether CLIP-115 can indeed bind to microtubules and
to find out whether it is a protein constituent of DLEs.

Localization of CLIP-115 In Vitro

To characterize CLIP-115 at the protein level, different
antibodies were raised against peptides derived from
the urique coiled-¢oil domain of the protein (antisera
#2131 and #2133; see Figure 2) or against the MTE
domain (x-MTCLIP115). The specificity of the new anti-
sera against CLIP-115 was tested on Western blot andin
fluorescence experiments. COS1 cells were transfected
with normal, full-length CLIP-115, with a protein lacking
the akternatively spliced sequence (3CLIP-115), or with
CLIP-115 linked to green flucrescent protein (GFP-CLIP-
115). As a control, mock transfected cells were included,
Two days after transfection, cells were harvested and
total protein extracts were made, Proteins were run
alone or next to total protein homogenates from mouse
kidney, liver, and brain, Western blotted, and incubated
with antibodies against GFP and MTCLIP115 {Figure
5A) or affinity-purified #2133 antibodies (Figure 5B). The

experiments demonstrate that CLIP-115, 8CLIP-115,
and GFP-CLIP-115 are produced in the CO51 cells as
proteins of the expected size. Each protein is subjected
to partial proteclytic degradation; this is particularly evi-
dent with the «-GFP antibody. The anti-MTCLIP115 anti-
bodies recognize each CLIP variant, but in addition,
other common proteins are detected. Therefore, we
used affinity-purified anti-peptide antibodies against a
unique stretch of the coiled-coil region of CLIP-T1S to
detect the protein in vivo {Figure 5B}. This antiserum
recognizes two proteins of approximately 110-140 kDa
specifically in brain tissue, which is consistent with the
Northern blot expression results. In addition, the anti-
peptide antibodies recognize CLIP-115 In transfected
CQS51 cells. The mouse proteins comigrate with the rat-
derived CLIP-115 isoforms produced in COS1 celis, sug-
gesting that the sizes of the two isoforms of CLIP-115
produced in rmouse brain are simtlar to those of the rat
and that the antibodies are specific for CLIP-115.

In the fluorescence experiments, both transfected
COS1 cells {Figures 5C-5J) and cultured neurons from
the hippocampus (Figures 5K and SL) were investigated.
In the COS1 cells transfected with the CLIP-115 iso-
forms, a clear fluorescent labeling pattern, which ap-
pears as leng centrifugal fine wires in the cytoplasm,
can be observed with both antisera #2131 (data not
shown} and #2133 (Figure SE); no immunolabeling is
detected in nontransfected cells (Figures 5C and 5D}
The labefing pattem of CLIP-115 revealed with antise-
rum #2133 completely overlaps with that obtained with
anti-g-tubulin antibodies (Figure 5F}. From these data,
we conclude that CLIP-115, overexpressed in COS1
cells, colocalizes with the microtubule Cytoskeleton.

This associatipn was further confirmed by experi-
ments in which COST cells were transfected with GFP-
CLIP-115, GFP-SCLIP-115, or GFP linked to a truncated
N-terminal mutant $parning amino acid residues 1-468
(GFP-CLIP, o). GFP-CLIP-115 fluorescent labeling in
transfected COS1 cells is still very strong after mild
fixation with paraformaldehyde, and it is virtually identi-
cal to that obtained with antisera #2131 and #2133 in
CLIP~115-transfected cells (compare Figures SE and
5G}, This finding emphasizes the specificity of the new
antisera against CLIP-115. The labeling extends into the
long and thin outgrowths of the COS1 cells when these
are present (data not shown), When GFP-CLIP, ., IS
used, the labeling of the cytoplasmic microtubules of
the CO51 cells intensifies, and the microtubules appear
to be clustered in thick bundles (for comparison with
distribution of R-tubulin, see Figures S| and 5J). Thus,
expression of the MTB domains of CLIP-115 without the
large coiled-coil region leads to enhanced bundling of
the cytoskeletal microtubule network, This phencmenon
has been cbserved previously in experiments using
CLIP-170 or p1502t deletion constructs and could be
due to cross-linking of the microtubules (Pierre et al.,
1994; Waterman-Storer et al., 1995},

Finally, to demonstrate that CLIP-115 is also associ
ated with microtubules in neurons, we investigated the
distributions of CLIP-115 and MAPZ in a monoclayer of
differentiating cultured neurons from the hippocampus.
As shown n Figures 5K and 51, CLIP-115 colocalizes
with MAPZ in all {i.e., both proximal and distal) dendritic
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Figure 5. CLIP-115 Expression in Tissue Extracts, C0S51 Cells, and
Cultured Nourons

(A and B) CLIP-115 expresslen analyzed on Western blot. In {A),
protein extracts from mock transfected COST cells or from cls

cormpenents of these neurons. Taken together, these
experiments suggest that (1) CLIP-115 indeed binds to
microtubules; {2) the microtubule-binding property of
CLIP-115 is mediated by the two MTB domains in its
N-terminal region; and (3} the peptide antisera against
CLIP-115 are specific and can be further employed on
tissue sections.

Localization of CLIP~115 in Vive

To determine whether CLIP-115 is located in DLBs, the
newly raised antisera #2131 and #2133 were used for
immunccytochemistry on adult rat brain sections. Both
light microscopic and electron microscopic analyses
were carried out (Figures 6 and 7}, In general, both anti-
sera revealed the same labeling pattern in the three
areas of the brain with the highest density of DLBs,
i@, the inferior olive, hippocampus, and piriform cortex.
Since these antisera are raised against different regions
of CLIP-115, this suggests that the labeling seen is spe-
cific for CLIP-115. In the light micrescopic analysis, we
observed that in the inferior olive, the most prominent
labeling is, apart from some weak cytoplasmic dendritic
staining, an overall punctate labeling ubiquitously dis-
tributed in the neuropil of all its subnuclei (Figures 6A
and 6C; for comparison with labeling obtained with anti-
serum o 12B/18, see Figure 8B); this [abeling is abolished
by preincubation of the antisera with bacterially pro-
duced GST-CLIP115 (Figure 6B), strongly suggesting
the antibodies specifically recognize CLIP-115, In the
hippocampus and piriform cortex, the most prominent
staining is found in the dendrites of the pyramidal cells
(Figure 6D), while modest punctate labeling can be seen
inthe neuropil. Inthe cerebellum, we observed a specific
labeling of the fiber extensions of all Bergmann glia cells
in the molecular layer of the cerebellar cortex (Figures
6E and 6F). The proximal parts of the cytoplasm of the

transfected with CLIP-115, 8CLIP«115, and GFP-CLIP-115 wero run
an gel, bletted, and incubated with o-GFP or a-MTCLIP115 antbod-
fes. CLIP-115, 5CLIP-115, and GFP-CLIP-115 proteins of the comroct
size are produced. The arrow Indicates full-length CLIP-115 in the
GFP-CLIP115 lancincubated with «-MTCLIP115 antibodics: proteo-
Iytle processing leads to the appearance of this protein, as itis not
recogrized by «-GFP. In (B), protein extracts from mouse braln,
liver, and kidney as well as COS1 cells were tested for the presence
of CLIP-115 with the use of affinity-purified #2132, The armow points
at the position of presumptive CLIP-115 generated by proteolytic
pracessing in the GFA-CLIP115 1ane,

(C-J) Fluorescence study of CLIP-115 expression in COS1 cells. In
(C) and (E), the pottern of CLIP-115 as detected with antiscrum
#2132 consists of a centrifugal fing wire notwerk in the cytoplasm,
I {C}, onc wansfected coll (asterisk) is surrounded by non-
transfected cells that arg identifled by DAPI staining of thelr nuclel
in {B). (F) The CLIP labeling pattern colocalizes with the microtubule
netwark 35 revealed by 8-tubulin isbeling, CLIP-115 expressionwas
aisoinvestigated in COST cofls transfocted with constructs expross-
ing GFP, linked to SCLIP-115 {G) and CLIPw,, (). Note thot the
labeling pattern obtained in (G) Is virtually identical to thatin (E). ()
Expression of mutant GFP-CLIP, ., causes thickening of the micro-
tubule bundies, GFP signals colecalize with anti-B-tubulin staining
pattern in both {M) and {J).

{K and 1) CLIP-115 expression in cultured neurons. CLIP-115 (K) is
expressed in all the dendritic components of differentiating hippo~
campal neurons that contain the microtubule-asseciated protein
MAPZ (L).
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Bergmann fibers are more prominently labeled than the
peripheral parts. The cell bodies of the Bergmann glia
cells are not labeled. ldentical results were obtained
with affinity-purified #2133 antiserum both on rat and
mouse brain sections (data not shown), again sug-
gesting that the labeling with the peptide antisera on
brain sections is specific for CLIP-115.

I the electron microscopic analysis, we found that
the punctate labeling in the inferior olive corresponds
to DLBs (Figure 7); the morphology of the DLBs, as
revealed with the new antisera against CLIP-115, is the
same as that of the DEBs labeled with antiserum
«12B/18 {compare Figures 78 and 7D). The preimmune
sera of #2131 and #2133 as well a$ antisera against
CLIP-170 (Pierre et al,, 1992, 1594) do not labet DLBs.
Within DLEBs, the most abundant labeling occurs in the
electron dense depositis in between the lamellar stacks,

&4

Flgure 6, Distributien of CLIP-115 in the Rat
Brain

Labeling patterns of CLIP-715 obtained with
antiserum #2131 ang #2133,

{A) Labeling Inthe ventral medulla oblongata.
Note the ublguitous immunolabeling in il
subnueiel of the inforior olive,

{E) Labeling of the same structure with antise-
rum #2133 preabsorbed with bacterially pro-
duced CLIP-1T5,

(C} High magnification of the rostral medial
accessory ofive, the ollvary subnucleus with
the highest density of Immunsreactive puncta.
(D) Labeled dendrites of pyramidal cells in the
CAT area of the hippocampus. This micro-
graph was taken from a scctlon counter~
stained with cresyl violel

(E) Labeled Bergmann glia fibers in the mo-
lecular layer of the cerobellar cortex,

(F} Same fibers 2t higher magnification: note
that the celi bogles of the Bergmann glia cells
are not labeled, whereas the proximal parts
of the:fibers are densely stained. The labded
fibers extend into the extreme outer part of
the molecular layer,

which are approximately 60 nm apart from one another,
Most of the cytoplasmic labeling in dendrites of ofivary
neurens, on the cther hand, corresponds to clusters
of microtubules (for fabeling with artiserum #2133, see
Figures 7C and 7E; with antiserum #2131, see Figure
7F). Apparently, antisera #2131 and #2133 do not only
detect microtubules in vitro, as described above for
COS1 cells and cultured hippocampal neurons, but also
i viva. The dendrites containing labeled microtubules
belong to alt possible categories, i.¢., proximal, interme-
diate, and distal dendrites. Interestingfy, the microtu-
bules labeled with antisera#2131 or#2133 are frequently
located in the vicinity of labeted vesicles, while the non-
labeled microtubules within the same dendritic profile
are not associated with vesicles {e.g.. Figure 7C}. There-
fore, it appears possible that CLIP-115 establishes a
link between microtubules and membranous vesicles.



Figure 7. CLIP-1%5 Is Localized in BLBs and Microtubules

Detalled analysis of the punctate labeling in the inferior olive as
presented in Flgures 6A and B demonstrates thoat the dots and
eytoplasmic dendritle [abeling correspond to DLBs and clusters of
microtubules, respectively.

{A) Shows the characteristic marphology of a DLB following stan-
dard cloctron migroscopy. Note that the lamella are surrounding a
mitgchondrion {astorisk) located In the conter of the organelle.

{8} Shows a DLE labeled with antlscrum «12B/18 ([A] and [B] are
modHiied from De Zeeuw ot al,, 1995},

{C} Shows a cluster of laboled microtubules in o distal dendrite
followlng immunocyiochemistry with antiserum #2133 against
CLIP-115. Note that the labeled microtubules Indicated by the arrow
surround a labeled vesicle.

{D) Shows a DLB labeled with antiscrum #2133; this DLB is highly
similar te the DLB labeled by antiserurm «128/18 in {B),

{E and F) Show Intermediate dendrites with clusters of microtubules
labeled with the use of antisera #2133 and #2131, respectively. Scale
bars In (A}, (), (C), (D), (E). and (F) Indicate 26 pm, 26 pm, 0.25 pm,
0.27 pm, 21 pm, and 30 pm, respectively.

These vesicles in turr, then, might be specifically in-
veolved in the formation or turnover of the DLBs.

The Effect of Microtubule Depolymerization

on the Density of DLBs

Above, it is shown that CLIP-115 ¢an bind to microtu-
bules and that DLBs are detected with antisera against
CLIP-115. Te find out whether and to what extent micro-
tubules are necessary for the localization of DLBs in
vivo, we investigated the effects of depolymerization
of microtubules on the distribution of OLBs by local
application of nocodazole and taxol (Kolodney and El-
scn, 1985). Eight and sixteen hours after unilateral extra-
cellular application of nocodazole to the ratinferior olive
(for electrophysiological identification, see Figure 84),
the density of olivary DLBs was reduced to 14%% and
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Figure 8. Micratsbule Depolymerization in Vive Affects the Deasity
of DLEs
The density of DLEs in the Inferior olive of the rat brainstem was
investigated after several periods af survival time following local
Injoction of nocodazole.
{A) Shows the clectrophysiological identification of a neuren in the
rat inferior cllve. Olivary neurons can be recognized by their low
firing frequency of 0.5-1 Hz (top) and by the charagteristic wave
shape of thelr setion petential {bettom).
(B) Shows the effect of nogodazele on the density of DLES in the
rostral medial accessory ofive of the rat 8 hrs after the infection.
Nete the reduction inimmunoreactive puncta (revealed with antise-
rum a32B/18).
{C) Shows the densitics of DLBs in the olive at diffarant survival
times fellowing local application of nocodazale, taxol, or both drugs,
Fallowing nocodazole akang, the density of DLBs was reduced to
14%, 24%, 46%, and 94% of the normal density after 8, 16, 24, and
48 hrs of survival, respectivety, Although taxal itself evaked a mild
regucing effect on the density of DLBS, It practically abolished the
reducing cffect of nocodazele; when the inferior olive was injected
with taxol 2 hrs prior to the nocadazole application, the density of
DLEs & hrs after the nocodazole injection was roduced to 73%
Instead of 14%, This diffzronce was sigrificant (p < 0.0001; Wil-
coxon rank-sum test).

24% of normal values (Figures 8B and 8C) {for an over-
view of absolute densities of DLBs in different olivary
subnudlet, see De Zeeuw &t al., 1995). The number of
Nissl-stained neurons in the inferior olive, quantified as
4 control, remained the same. Twenty-four and forty-
eight hours after intraolivary injection of nocodazole,
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the DILBs reappeared (46% and 94% of normal values,
respectively). Injection of the carrier alone, ie. 25%
DMSOQ, did not result in reduction of DLBs. When the
inferior olive was injected with the microtubule stabiliz-
ing drug taxol 2 hrs prior to nocodazele application, the
density of DLBs 8 hrs after the nocedazole injections
was reduced to 73% instead of 1434 (Figure 8C). This
difference strongly suggests that the DLB reducing ef-
fect of nocodazole is caused by depolymerization of
the microtubules. These experiments indicate that the
formation of DLBs, as detected by «12B/18, is depen-
dent en the presence of normal polymerized microtu-
bules, and they suggest there is a continuous and rapid
turnover of DLBs in olivary neurcns.,

Piscussion

Recently, we discovered a new neuronal organelie, the
dendritic lamellar body (DLB), which is exclusively lo-
cated in the bulbous appendages of dendrites of neu-
rons with dendrodendritic gap junctions {De Zeeuw et
al., 1995). This organelle can be specifically labeled with
antiserum «32B/18, which was raised against one of
the extraceliular loops of the gap junction protein cx43.
However, until now, it was not ciear what epitope is
detected by this antiserum. Here, we determined the
identity of the epitope by producing cDNA lfibraries of
brain zreas with kigh densities of DLBs and screening
these with «12B/18. We characterized ten clones from
wo different cDNA libraries, yet we showed that all
clones are derived from the same mRNA. These data
strongly suggest that the isolation of these clones is
due to the presence of a specific antibody poputation
in «12B/18 directed against the protein product en-
coded by the different cDNAs, This protein is brain-
specific and is referred te as CLIP-T15 because of its
homology with CLIP-170. Newly raised antisera against
CLIP-115 were found 1o label DLBs. Thus, we conclu-
sively demonstrated that we have isolated the antigen
in the «128/18 antiserum that is specific for DLBs,
and thereby we identified a novel protein component
of this intriguing neuronal organelie. By using (parts of}
CLIP-115 in yeast two-hybrid screens, other protein
constituents of DLBs can now be isolated.

Previously, we showed that «12B/18 antibodies de-
tect proteins in rat brain of 110-140 kDa on Western
blots, which are present only in those areas of the brain
that contain DLBs {De Zeeuw et al., 1995). The sizes
calculated from those SDS-PAGE experiments correlate
well with the predicted molecular mass of CLIP-115,
and the fact that twe proteins were detected on Western
blets can be explained by assuming that specific post-
translational modifications take place on CLIP-115S
and/or that different brain areas express either one of
the two alternative splice products of CLIP-115. Interest-
ingly, two isoforms of CLIP-115 are also specifically
detected in mouse brain, using anti-peptide antibodies
against rat CLIP-115. The finding that CLIP-115 is de-
tected in the cerebellum, in both rat and mouse and at
both mRNA and proteirnt level, whereas the DLB-specific
antigen in «12B/18is not, is probably due to the stringent
conditions under which incubatons with «12B/18 were
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done, The same conditions were used for screening the
cDNA libraries with «12B/18 and yielded only one type
of clone. Thus, it is presumably the high local concen-
tration of CLIP-115 in DLBs and recombinant CLIP in
phage lysates that permits its clean detection by o12B/
18 under stringent conditions, both in tissue sections
and on nitrocellulose filters.

Within DLBs, most of the CLIP-115 labeling occurs
in the electron-dense depositis between the lamellar
stacks. This cbservation raises the possibility that CLIP-
115 is not only necessary for the localization of DLBs
in dendrites but also for the appropriate distance be-
tween the membrancous stacks within a DLB; this dis-
tanice is approximately 60 nm and could correspond to
the length of the coiled-coil domain in CLIP-115 {Moore
and Endow, 1996), CLIP-115 would therefore have a
role as a structural determinant of DLE morphelogy in
addition to its mere general functich as a membrane—
microtubule tinking molecule. Because of the morpho-
logical resemblance between DLBs and calciosomes
(Villa et al., 1991), we have tested whether CLIP-115 is
expressed incalciosomes but found no evidence for the
presence of the protein there. Interestingly, calciosomes
have more closely packed membranous stacks than
DLBs, a feature that may be due to the lack of CLIP-115
{or the presence of a shorter unknown CLIP). We have
also attempted to label DLBs with markers for IP2 and
ryanodine receptors, which are found on calciosomes
(Takei et al, 1992), but none of these receptors was
found to colocalize with DLBs (data not shown). In spite
of these findings, DLBs might still operate as a special
type of intracellular caicium storage site. This possibility
is supported hotonly by their morphologic resemblance
with calciosomes but alse by the fact that dendritic
calcium spikes have been identified tn most, if not alE,
of the brain areas with DLBs {e.g., Llinas and Yarom,
1981; Andreasen and Nedergaard, 1996).

DLBs have been associated with dendrodendritic gap
junctions because of their overlapping distribution in
the brain and their simultaneous occurrence during de-
velopment (De Zeeuw et al.,, 1995), In addition, DLBs and
dendrodendritic gap junctions can be down-regulated
concomitantly, and the level of electrotonic coupling of
neurcns can be correlated to the density of DLEs (De
Zeeuw et al., 1997}. Based upon these cbservations, we
have proposed that DLBs are necessary for the turnover
and/cr assembly of dendrodendritic gap junction chan-
nels, which are usually being replaced in onky a few
hours (Laird et al., 1991). Since CLIP-115 is a structural
component of DLBs in dendritic varicosities, and the
turnover of DLBs following application of nocodazole is
as rapid as that of gap junctions, it i$ possible that
CLIP-115 is also involvad in the maintenance of dendro-
dendritic gap junctions. In this respect, it is interesting
10 nate that Bergmann glia cells, which do not contain
DL8s bet prominently express CLIP-115, are coupled
by extremely extensive gap junction plagues (Palay and
Chan-Palay, 1974). Mareover, CLIP-170 has alse been
associated with membrane specializations, i.e., desmao-
somal plagues (Wacker et al., 1992). Thus, both these
observations are compatible with a proposed role of
CLIP-115 in the formation and/or turnover of gap junc-
tions.



The definition of cytoplasmic linker proteins implies
their involvement in the translocation of cytoplasmic
organelles as well as their proper intraceliular localiza-
tion. Similar to the hypothesis that each member of the
kinesin superfamily of motor proteins conveys a specific
vrganelle (Hirokawa, 1996; Saito etal., 1997), it has been
proposed that for each type of membrane, a different
CLIP might exist (Rickard and Kreis, 1996}, However,
whereas ten different members of the kinesin super-
family have already been identified {Hirokawa, 1996),
CLIP-179, which links endocytotic vesicles 1o microtu-
bules, is so far the only protein that has been identified
as a cytoplasmic binding factor in vivo (Pierre et al,,
1992). In the present study, we demonstrate that its
close relative CLIP-115 is associated with the mem-
branes of DLBs, that CLIP-115 contains MTE domains
that function as such both in vitro and in vivo, and that
depolymerization of microtubutes by nocodazole appli-
cation in vivo influences the (trans)location of DLBs.
Thus, CLIP-115 indeed appears to mediate the interac-
ticn between microtubules and a highly specific neu-
ronal arganelle with a particular localization. It is note-
worthy that of the large family of proteins with the novel
MTE domain described to date, only CLIP-115and ~170
have a tandem motif and also are the only proteins that
have been shown to associate directly with particular
membranes and microtubules. Therefore, a repeated
MTE domain might be charactertstic for proteins directly
interacting with membranous organelles and microtu-
bules, By cloning CLIP-115 and determining its distribu-
tion, we Jend support to the theory that multiple CLIPs
exist and that they are invoived in the localizatton of
organclies (Rickard and Kreis, 1996), but it remains to
be shown whether cach type of membrancus organelle
has its own CLIP and to what extent each CLIP binds
1o specific organelles.

Experimental Procodures

cDNA Libraries

Brainregions highly enriched for hippacampus, pirlfarmcartex, info-
rior ollve, frontal cortex, cerebellum, and olfactory bulb were col.
tected from 20 adult male Wistar rats, and total cellular RNA was
extracted (Auffray and Rougean, 1980). Five micrograms of poly(A}*
mRNA was isolated frem the threo brain sreos with the highest
density of DLBs {..c., hippocampus, plriform cortex, and inferior
olive) with the use of magretle ollge{d T, Dynabeads (Dynal, Oslo,
Norway}, Double-stranded cDNAs were made, and fragments longer
than 300 bp were force cloned Into lambds ZAP Express (Sta-
tagene). Librorics were packaged with Gigapack 1L Gold (Stra-
tagenc).

Cloning and Sequencing of CLIP-175 cDNAs

The hippocampus and pirlform cortex librarles {complexity of 1.1 X
18" and 0,7 X 10" independent clones, respectively) were plated and
sereened using antiserum «12B/18 (1:1000) according to stendard
procedures (Sambrook et al., 1988). Positive clones wera plague
purified, and inserts were excised using the Rapld Excislon kit (Stro-
tagena). To obtain full-length cDNAS, the hippocampus Hbrary was
replated and screened with a DNA probe, which was a labeled 0.36
kb EcoRI-Eagl lragment lrom the 5° end of clone PC3.2 (Figure 1A)
{Feinberg and Vogelstein, 1983). The CLIP-115 nucleatide sequence
was determined on both strands with *S-dATP and Scguenase
{Amersham).

Northern Blot Analysis
Total RNA from mouse and rat tlssues was isolated as described
above, RNA samples wore clectrophoresed on a 0.8% agarose gel

containing 0.66 M formaldehyde (Fourney et al, 1988), blotted onto
Hybond N* nylon membranes (Amersham), ond hybridized ac-
cording to standard procedures {Sambrook et al., 1589) with differ-
ent CLIP-115 DNA probes, labeled as above, Filtors wore exposed to
Phosphorimager sereens and images acquired through Imageguant
{Molecular Dynamics).

Generation of Antisera

Fuil-length CLIP-115 and the N-terminal region including the MTB
domalins (MTCLIP115)were fused to glutathione S-transferase (GST)
using pGEX2T (Pharmacla). Bath GST fusion proteins were induced
in bacteria and purified (Smith atal,, 1988). In addltion, two poptides
of 17 {dib-1} or 16 (dib-2) amina acids were synthesized, and 0.5
mg of cach peptide was conjugated to 2 mg of thyroglobulin (Sigma)
using 0.15% ghutoraldchyde in phosphate buffer, Purified GST-
MTCLIP-115 and the conjugated dialyzed peptidos were injected
inta New Zeatand White rabbits in a suspension of Freund'’s Incom-
plete adjuvans, Serum from rabbit #2131 s against peptide dib-1,
and serum from #2133 is 2galnst peptide dib-2 (sec Figure 2). Serum
#2133 was affinity purifled on fllter strips containing GST-CLIP-115.
The unbound or depleted antibody population wos used in the ex-
periments shown In Figure 6B. The bound antiody pool was eluted
from the fiker using 0.1 M glycine (pH 2.3) and 1 M NaCL After
clution, the pH was quickly restored with unbuffered Tris. Affinity-
puwrifled sntibedics were concentrated on centricon-30 membranes
{Amicon) and stered In the prosence of 0.1 mg/mi BSA

Western Blot Analysis.

Total protein extracts from COS1 cells were obtained 2 days after
transfection, After sonication, coll lysates were bolled in SDS sample
buffer in the presence of DTT. Mouse bealn, liver, and Xidnoy were
homogenized in P8BS In the presence of protease inhibitors (Boche
ringer Mannheim) and further treated as above. Equal smounts of
protein homogenates were analyzed on 7% SDS-polyacrylamide
gels and by Western biots (Sambrook ot al, 1989), Blots were
blocked for 1 hrin 10 mM Tris (pH 7.6}, 100 mk NaCl, 0.05% Tween
(TNT) containing 3 me/mi BSA snd Incubated with «-GFP (Clontech;
1:4000), a-MTCLIP115 (1:1000), or affinity-purified #2133 (1:50) for
2 hrs ot room temperature. After washing in TNT butfer, goat-antl
rabbit antiboedy coupled o alkaline phesphatase (Sigma, 1:2000)
was added to the blots in TNT/BSA buffor for 2 hrs. Enzymatic
dotection of antigen-antibody interactions was carried out using
the Sigma Fast BCIP/NBT system.

Transfection Swidies In Vite

For the immunocytochemical detection of CLIP-115 In COST colls,
fuli-length CLIP-T15 (HI4.8) and 8CLIP-T15 (H14.2) cDNAs werc ox-
cised from AZAP and transfected Into COS1 colls. Two days after
transfection, the cells were fixed In 100% methanol/1 mM EGTA,
blocked in 0.5% BSA/0.02% glycine in PBS, and Immunoreacted
with antiserum #2137 or #2133 (1;100) and anti-B-wbulin (1:200:
Sigma)., After washing, scctlons were incubated with FITC-labeled
secondary antlbodles {Nordie Laboratories, The Netherlands; 1:80)
10 detect 3CLIP-115 and with riodamine-labeled sheop anti-mouse
{1:20; Boehringer Mannhcim) to dotoct B-tubulin, For direct de-
tection of CLIP-1185, three proteins were fused te GFP {Chalfic ¢t
al, 1994k these included SCLIP-115, fulllength CLIP-115, and
CLIP-1154_4s 3 GONSITUCT that contains a large part of the N-torminal
domaln with the two MTB domains {(upstream of the BssHIl sie
indicated in Flgure 2). All constructs were transfected inte COS1
cells, and after two days, cells were fixed in 2% paralormalde-
hyde/PBS and prozcessed for GFP/R-tubulin codeteetion, To detect
CLIP-115 in differertiating newronal cultures In vitre, hippocampi
were dissected from newborn mouse brains, and cells wore resus-
pended and grown on coated glass slides In ncurchasal medium
{Life Technologies). After 5 days In culture, cells were fixed andg
processed for immunocytochemistry with #2133 (1:100) and «-MAPZ
{1:200; Bochringor Mannhoim), Cells were analyzed on an Olympus
inverted microscope cquipped with GFP/TXR fiter blecks, and im-
ages were captured with the use of o Seny 3CCD camera (model
DXP-950).
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Immunocytochemistry In Vivo: Light Microscopy

For analysis of CLIP-115 expression in adult rat brain, Sprague-
Dawley rats were anesthetized with sodium pentobatbital (75 mg/kg,
intraperitoncally}, and perfused with 0.5% zinc salicylate and 4%
paraformaldenyde in 0.9% NaC! (pH 5.0), The brains were cryopro-
tected tn saline containing 30% sucrose and cut into 20 wm thick
transverse sections on 3 freezing microtome, All sections were ¢ol-
lected in 0.5 M Tris buffer (pH 7.6} with 0,25% Triton-X, blocked In
5% nonfatdry milk in the same buffer for 4 hrs, and Incubated for
48 hrs at 4°C with antisera #2137 or #2133 {1:500) or with the affinity-
purified antibody (1:20) in 1% nonfat dry milk in 8.5 W Tris buffer
with 0.25% Triton. After the primary incubations, sections were
sinsed and processed with the use of the avidin-biotin complex
method {ABC Elite kit, Voctor Laboratories). Finally, the sections
were Incubated in 0.05% 3,3-diaminobenzidine (DAB} and 0.01%
Hz0: in 0.05 M Tris buffer, mounted, and coverslipped.

Immunocytochemistry in Vivo: Electron Microscopy

For electron microscopy, adult Sprague-Dawley rats were sacrificed
as doseribed above and processed according to published proto-
cols (Do Zecuw ot al. 1998). in short, the animals were perfused
transcarghally, and the brains were sectioned on a Vibratome. These
sectlens were processed for preembedding mmunocytochemistry
as described ahove with the use of antisera #2731, #2133, or preim-
mune sord. Some sectlons were processed with an antiserum
against CLIP-170 (kindly provided by Dr. J. Rickard: for details, see
Pigrre ctai, 1992, 1994; Wackor ot al., 1992), Subsequently, soctions
were asmicated, stalned inuranyl acetate, dehydrated in dimethoxy-
propanc, and embedded in Araldite. Guided by semlthin sections,
we propared pyramids of the hippocampys and Inferlor olive, From
these tissue blogks, uitrathin sections were cut, counterstained, and
examined i 3 Phillps €M 100 electron microscopt,

Nocodazole and Taxal Treatment of Otivary Neurons.

The effect of micretubule depolymerization on the presence of DLBs
was Investigated by injecting nocedazole and/for taxel unilaterally
into the inferior olive of ketamine anesthetized rats, Prior to the
Infectlens, the inferior olive was identified clectrophysiclogleally by
the characteristic low firing frequency and waveshape of the action
potentlals of its newrons (Llinas and Yarom, 1981}, Eight adult male
Wistar rats recelved a pressure Injection of § pg of nocodazale in
20 ulof 25% DMSC through glass micrapipeties, two rats recelved
an injectionof 1 pg of taxel In 1 1l of DMSO, four rats received both
2 taxo! and nocodazofe injection, while four litermates recelved
the drug vehicle only. In the group of cight rats that received only
mocodazele, two rats were sacriflced 8 hrs after the Injection, two
rats after 16 hrs, two rats after 24 hrs, and two rats 48 hrs after the
injection, The taxol-treated animals were sacrificed € hrs after drug
application, while the rats troated with both drugs recoived taxol 2
hrs prior 10 nocodozole and were saerificed 8 hrs later. In all animals,
the donsity of DLBs was investigated immunscytechemically with
the usc of antiserum «12B/18. Scctions were gountorstained for
crosyl vioket, and the neurans were counted and compared to the
number of neurgns in control animals.
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SUMMARY

Cytoplasmic linker proteins (CLIPs) bind to microtubules
and are proposcd to link this cytoskeletal network to other
intracellular structures, We are interested in CLIP-115,
since this protein is enriched in neuronal dendrites and
may operate in the control of brain-specific organelle
translocations, Each CLIP monomer is characterized by
two microtubule-binding (MTB) motifs, surrounded by
basic, serine-rich regions. This head domain is connected
to the C-terminal tail through a long coiled-coil structure.
The MTE domazins are conserved as a single doemain in
other proteins involved in microtubule based transport and
dynamics. such as p150€d, Here we provide evidence that
efficient binding of CLIP-115 to microtubules is sensitive
to phosphorylation and is not mediated by the conserved
MTEB domains alene, but requires the presence of the basic,
serine rich regions in addition to the MTB motifs. In
transfected COS-1 cells, CLIP-115 initially accumulates at

the distal ends of microtubules and coincides with CLIP-
170, indicating that both proteins mark growing
microtubule ends, However, when expressed at higher
Ievels, CLIP-115 and -170 affect the microtubale network
differcntly. This might be partly due to the divergent C-
termini of the two proteins, We demonstrate that, similar
to CLEP-170, CLIP-115 forms homodimers, which, at least
in vitro, are linked by disulfide bridges. Cysteine®™! of
CLIP-115, however, is specific in that it controls the
microtubule bundiing capacity of certain mutant CLIP-115
molecules. Therefore, both similar and specific mechanisms
appear to regulate the conformation of CLIPs as well as
their binding to microtubules,

Key words: Cytoplasmic linker protein, Disulfide bridge.
Phosphorylation. Microtubule plus end, Microtubule binding protein

INTRODUCTION

Numerous types of membranous otganelles depend on an intact,
polarized network of Interphase microtubules and 2 complex
protein machinery for their proper intraceilular transport and
detivery. Microtubules provide a directional track for organelle
movement, whereas microtubule-based motors of the kinesin
and dynein families provide the motive force, Molecular stwdies
have revealed the structures and many characterstics of
these motors, and mechanistic aspects of microtubule-motor
interactions are beginning to emerge (Hirokawa, 1998). In
contrast. the mechanisms that coordinate the subcellular
distribution and temporal and spatial activity of individuad
motors remain largely unknown (Vallee and Sheetz. 1996),

Accessory proteins with a potential role in targeting the
moter proteing o the appropriate organcllar sites have been
identified for dynein and Kinesin family members. For
example, cytoplasmic dynein has been shown to interact with
a macromelecular complex, termed the dynactin complex,
through the polypeptide, pl50Sed (vaughan and Vallee,
1993}, This prowin binds to microwbules as well, whereas
another component of dynactin, an actin-related protein termed
centractin or Arpl, is postelated to mediate the membrane
association required for vesicle motility (Waterman-Storer ct
al.. 19935).

Cytoplasmic linker proteins (CLIPs) are another type of
accessory proteins, that were originally defined in a functional
manner and proposed to link specific organclle membranes o
microtubules (Pierre et al., 1992; Rickard and Kreis, 1996).
The prototype member of the small CLIP family is CLIP-170,
a protein that may be involved in the binding of endocytotic
vesicles to microtubules (Pierre et al., 1992), However, recently
CLIP-170 has also been found to asseciate with kinetochores
of prometaphase chromosomes, suggesting it may be a linker
for carge in mitosis (Dujardin et al, 1998). In addition,
cnrichment of CLIP-170 at the plus cnds of microtubules has
been described (Diamantopoulos et al,, 1999, Rickard and
Kreis, 1990 and, using a GFP-tagged version of the protein,
it was shown that CLIP-170 highlights the growing
microtubule tip and may have a function in the dynamics of
this network {Perez ct al.. 1999). Recenily, the CLIP-170
horaologuc in Dresophila melanogaster was cloned and named
D-CLIP-190 (Lantz and Miller, 1998). This protein was found
to coimmuncprecipitate with a class VI unconventional
myoesin, Together these data suggest that CLIPs may be
invalved in linking microtubules te multiple types of
intracellular cargo and in the regulation of the dynamics of the
growing microtubule.

We have cloned a rat cDNA enceding CLIP-115, a protein
that is mainly expressed in the brzin (De Zeeuw et al., 1997).
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With the exception of Bergmann glia cells of the cerebellum,
CLIP-115 is primarily present in the dendritic compartment of
many different types of neurons. In dendrites, CLIP-115 is
found associated to microtubules and vesicles as well as a very
specialized membrane structure, that is called the dendritic
lamellar body (DLB} and which resembles a stack of Geolgi
membranes (De Zeeuw et al., 1995). DLBs are detected
in the dendrites of thosc neurons that are connmected by
dendrodendritic gap junctions. Although the cxact function of
DLBs remains to be clucidated, they may be involved in the
formation andfor trnover of gap junction channels. The
localization and structure of CLIP-115 suggest that this protein
operates in the control of DLB formation and/or translocation.
However, since CLIP-115 is more widely distributed than
DLBs and appears carlier in embryonie development, it is
Tikely to be involved in additional processes.

The gene encoding CLIP-115 is named CYLN2
{eytoplasmic linker protein gene 2): it was mapped in mice 10
the telomeric end of chromesome 5 and in man to the Williams
Syndrome Critical Region (WSCR) reglon on chromoseme
7g11.23 (Hoogenraad ct al, 1998). Williams Syndrome
(WS) is a contiguous genc deletion disorder caused by
hapioinsufficiency of genes at 7q11.23 and characterized by
supravalvelar aortic stenosis. infomtile hypercalcemia and
unique cognitive and behavioral features (Bellugi et al., 1990).
The most common deletien involves a region of 1.5 Mb on
chromosome 7¢11,23 (Meng et al., 1998} and we have shown
that one allele of the CYLN2 gene is absent in the 8 WS
patients that we tested (Hoogenraad et 2l., 1998), This
observation has lead to the hypothesis that haploinsufficiency
of CLIP-115 may contribute to some of the neurological
features observed in WS patients,

The structure predicted for CLIP-115 is quite similar to that
of CLIP-170 and D-CLIP-190. The latter two proteins are
characterized by three domains: a basic N-terminal domain,
containing two microtubule binding (MTB) motifs, surrounded
by basic, serine-rich stretches: a long alpha-helical region with
the disposition to form coiled-coils: and a C-terminal domain,
which could bind metal ions. For CLIP-170¢ the C-terminal
domain has been proposed to be responsible for targeting the
protein to endocytic membranes and kinetochores (Dujardin et
al.. 1998: Perez ct al., 1999; Pierre ¢t al., 1992), Recently, the
structure of human CLIP-170 was investigated by electron
microscopy, which showed that native CLIP-170 is a thin
molecule of approximately 135 nm, with two kinks in its
central rod domain (Scheel et al.,, 1999). Thus, the N-terminal
(MTB) and C-terminal {carge interaction} domains are at
opposite ends of a highly clongated dimeric coiled-coil.
Interestingly, the C-terminal tail of CLIP-113 is quite short and
the potential metal binding residues which are present in the
tails of the two other CLIPs are absent from CLIP-115.

The most conserved regions among the various CLIPs are
the two, aforementioned microtubule-binding (MTB} motifs.
For example, the similarity between MTB domain 1 and 2 of
CLIP-115 and -170 is 93% and 97%, respectively (De Zecuw
et al,, 1997), The MTB domain (or CAP-GLY motif) has a
length of approximately 69 amine acids and is found as a single
motif in various other proteins from different organisms, for
example p130Shed wibulin-folding factor, BIK1, Ssm4 and
kinesin-73 (Feierbach et al,, 1999; Li et al., 1997; Pierre et al.,
1992). The domain is rich in glycine and valine residucs and
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contains a core sequence of PXGKND. Mutation analysis of
MTE domains ! and 2 of CLIP-170 confirmed the importance
of both motifs in microtubule binding (Pierre et al., 1992,
1994). However, ne studics have yet addressed the issuc of
whether other regions are important for the interaction of
CLIPs with microtubules.

In order to analyze the function and intracellular distribution
of CLIP-115, we generated a number of deletion and/or point
mutation constructs and coupled these to green fluorescent
protein (GFP). Intact and mutant forms of CLIP-115 were
tested for their conformation and microtubule binding capacity
in transfected eclls and in in vitro assays. The data indicate that
the MTB domaing in CLIP-115 are not sufficient to bind
microtubules, but that the adjacent basic. serine rich regions
are also required for cfficient binding. Furthermore, we show
that overexpressed CLIP-115 forms homodimers, which might
uilize intermolecular disulfide bridges to stabilize different
protein conformations. Thesce findings suggest common and
specific mechanisms by which CLIP functions are regulated.

MATERIALS AND METHODS

GST-CLIP115 constructs and antibodies

Full-length CLIP-115. the N-terminal region of the protein {amino
acid resicues 1«333) and the Crterminal region of a putative splice
variant of CLIP-115 {residues 755-889/1026-1046), were fuged 1o
glutathione S-transferase (GST) using pGEX-2T and pGEX-3X
(Phormacia). GST fusion proteins were induced in BL21 Escherichic
coli cells as described (Smith and Johnson, 1988) and purified on
glutathione-Sepharose 4B beads (Pharmacia) according 1o the
instruetions of the manufacturer. For antibody production, bacterially
expressed N- and C-terminal proteins were purified by preparative
SDS-PAGE using a Bio-Rad Prep Cell. Pooled fractions of GST
fusion proteing were dialyzed, concentrated using Centricon-30
(Amicon) and injected into New Zealand White rabbits in a
suspension of Ribi Adjuvant {RIBI Immunochem Research). Sera
from rabbits #2220 and #2221 are apninst the N terminus of CLIP-
115, and sera from rabbits #2238 and #2239 are against its C terminus.
Monoclonal anti-HA antibodies were purchased from BAYCO (Ca,
USA), polyclonal anti-GFP antibodies were purchased from Clontech
{Ca, USA).

Western blot analysis and immunoprecipitations

Brains and livers were obtained from adult mice and used for protein
extract preparation immediately. Total protein extracts were prepared
by homogenization in PBS/19e Triton X-100, in the presence of
protease inhibitors (Boehringer Mannheim), followed by sonication
and boiling in SDS sample buffer (Sambrock et al.. 1989) in the
presence or absence of DTT. Equal amounts of protein homogenate
were analyzed on SDS-polyacrylamide gels (Sambrook et al.. 1989).
Western blots were blocked for 2 hours in PBS/2% BSAM.05%
Tween-20 ond incubated with anti-GFP (1;2500) or anti-CLIP-115
#2220, #2221, #2238 and #2239, all vsed at 1:1000) overnight at
room temperature. After washing, the blots were incubated with
secondary peat anti-rabbit antibedies, coupled to alkaline phesphatase
(Sigma, 1:2000) and enzyme detection was carried out using the
Sigma Fast BCIP/NBT system.

Immunoprecipitations were carried out on total profein extracts,
prepared from transfected COS-1 celis. Cells were lysed in buffer
contaning 30 mM HEPES (pH 74). 100 mM K, 1% NP40,
supplemented with protease inhibitors (Bochringer} and incubated at
4°C for 30 minutes, t depolymerize microtubules. All subsequent
steps were also carried our at 4°C, Cell lysates were centrifuged at
13,000 rpm for 10 minutes, and the supernatant was precleared with



Protein A-agarose beads for 30 minutes, after which beads were
removed by low speed centrifugation. Precleared supematants were
incubated with the anti-HA or -GFP antibodies for 2 hours, in the
presence of Protein A-agarose beads, Immunoprecipitated material
was collected on the beads, washed extensively and purified proteins
were eluted in SDS-PAGE sample buffer. Precipitated proteins were
analyzed on western blot as desenbed above.

Transtections and immunacytochemistry

The fusion of full length CLIP-115 and that of runcated CLIP-
115108 (o preen fluorescent protein (GFP) has previously been
described (De Zecuw et al., 1997), The same mammalian expression
vectors (pEGFP-C1. pEGFP-C2 and pEGFP-C3; Clontech), were
used to construct al other truncated forms of GFP-CLIPI 1S, For the
immunoprecipitation experiments. described below, we linked the HA
epitope tag in-frame 2t the N terminus of CLIP-113. The integrity of
the coding sequences was confirmed by nucleotide sequencing and
waestern blot analysis of the transfected constructs. Transfections with
CLIP-170 were carried out with human GFP-CLIP170 (a kind gift
from Dr Griparic), or with & novel, brain-specific form of rat
CLIP-170, linked in-frame to the HA epitope tag, or to EGFP
(C. C. Hoogenrand, A. Akhmanova, F Grosveld and N, Galjart.
unpublished), COS-1 gells were transfected by the DEAR-dextran
method {Sambrook ct al., 1989). For western blotting, cultures were
maintained for 40 hours after transfection, harvested and protein
extracts prepared s described above, For immunofluoreseence
experiments, transfected cells were grown in Lab-Tek chamber slides
{Nunc) for [8 or 40 hours ofter transfection. In the microtubule
depolymerization experiment, 10 UM of nocodazole (Sigma) was
added ro the cells for 30 minutes prior to fixation. Cells were either
fixed in 10092 methanol/l mM EGTA for 10 minuses at =20°C, or in
2% paraformaidehyde (20 minutes at room temperatute, or at 37°C)
followed by 5 minutes in 0.1% Triton X-100/PBS. Slides were
blocked in 0.5% BSA/0.026 glycine/PBS and then labeled with anti
B-tubulin antiserum (1:200, Sigma) for | hour. After washing in
0.05% Tween-20/PBS sections were incubated with rhodamine-
Izbeled sheep anti-mouse {1:20, Bochringer). Slides were mounted
using Vectashield mounting medium (Vector loborateries) and 4°,6-
diamidino-2-phenylindole (DAPI; Sigma).

All signals were captared with a Leica DMRBE fluorescence
micrescope, equipped with & Hamamatsu C4880 DCC camera, To
quantify the GFP fuorescence. cells were imaged using fixed data
collection times: 100 milliseconds for highly expressing cells, 600
milliseconds for moderately expressing cells and 1200 milliseconds
for cells expressing low levels of GFP {fusion protein.

In vitro transcription-translation and in vitro microtubule
binding assays
Constructs of GFP-CLIP! (S for in vitro transeription and tranzlation
woere generited using PCR {Saiki et al., 1988). The sense primer
contained o T7 polymerase recognition sequence and 21 nucleotides
complementary to GFP, inclyding a transiation initiation codon, The
antisense  primer contained translatonal stop sequences. PCR
products were transeribed and transiated in viwo using the TnT
coupled transcription«translation system (Promega}, Following a 1,2
dilution in PEM buffer {00 mM PIPES-KOH, 2 mM EGTA, [ mM
MgClz. pH 6.8), translation products were centrifuged at 25,000 g for
30 minutes at 4°C, The supernatant was split in two and incubated at
room temperature for 30 minutes with or without 20 g of purified,
taxel stabilized bovine brain microtubules (Molecular Probes). The
samples were layered over [00 {1 of 30% sucrose in PEM and
centrifuged at 25.000 g for 30 minutes at 20°C, Supernatant and
pellets (washed once with PEM buffer) were analyzed by SDS-PAGE
angt western blotting, [n some experiments, 2 mM ATP and/or § UM
okadale acid (Sigma) was added for 1 hour at 37°C, pror to the
addition of the microtubules, 1o phosporylate GFP-CLIP! 15 proteins.
The ability of CLIP-115 from brain extracts o cosediment with

microfubules was tested as deseribed above, Brain extracts were made
in PEM buffer and spun in o microcentrifuge for 30 minutes at 4°C
and subsequently at 25,000 g for 30 minutes at 4°C. To induce
microtubule polymerization 20 M taxol (Sigma} and 0.5 mM GTP
and/or 20 pg taxol-stabilized microtubules were added to 50 ul of the
supernatant and incubated for 30 minutes at 37°C,

Physical characterization of CLIP-115

CO8-1 cells, transfected with CLIP-115, were harvested in PES,
pelleted and resuspended in PBS/0.2% Triton-X100, containing
proteasc inhibitors. After 30 minutes at 4°C the lysate was centrifuped
at 13000 rpm for 10 minutes and the supernatant wag recovered. The
sedimentation coefficient, Szow. Of overexpressed CLIP-115 was
mensured by suerose gradient centrifugation of the COS-1 ccll
supernatants. Sampies of 50 Wl were loaded onte a 4-ml sucrose
gradient (5-20% in PBS) and spun at 33000 rpm for 16 hours at 4°C,
in 2 $W60 rotor {(Beckman). Standard proteins and their sedimentation
coefficients (210" 5} were: albumin (4.4), catalase (11.3) and
thyroglobulin (19.0). Fractions of 0.3 ml were collected from the top
of the gradient, They were analysed for standard protein content by
the BCA protein assay {(Smith et al., 1985) and by SDS-PAGE and
western bloming for CLIP-115. The diffusion coefficient, Dagw, was
measured by gel filtration chromatography (SMART system,
Pharmacia) using a superose 6 column (PC3.2/3.0 Pharmacia),
equilibrated with PBS. A sample of 30 ! was loaded and 50 pl
{ractions were collected, They were analyzed by OD measurements
at 280 nm for standard proeins and by SDS-PAGE and westem
bloting for CLIP-115. Stwndard proteins and their diffusion
cocfficlents (%107 em®/second) were thyroglobulin (2.50), catalose
{4.10) and albumin (6.90). The void volume (Vo) was measured with
blue dextran, The native molecular mass of CLIP-115 was caleulated
as previously published (Bloom et al., [988).

RESULTS

Comparison of CLIP-115 and -170 binding to
microtubules

Human GFP-CLIP170 was recently shown to preferentinily
associate with the growing (plus) ends of microtubules in
cultured cells, when expressed at low levels (Perez et al., 1999),
To determine whether CLIP-115 behaves similarly, we
transfected GFP-CLIPILS (De Zecuw ¢t al., 1997) and GFP-
CLIP17C in COS-1 cells and compared the staining patterns of
these proteins (Fig. 1). Cells were fixed at various time points
after transfection, to analyze different levels of overexpression,
We divided the cclls into low, moderate and highly
overexpressing cells, based on the intensity of the GFP signal
(see Materials and Methods for the exposure times used), As
shown in Fig. 1, both GFP-CLIPI15 and GFP-CLIP170
accumulate at the distal ends of the microtubule network in cells
cxpressing low amounts of fusion protein {Fig, 1A.B, compare
to tubulin staining in IC.D). In cells expressing moderate to
high levels of GFP-CLIP115 (Fig. IE.G, respectively), the
fusion protein is detected over all microtubules and this even
distribution of CLIP-115 eventually causes the bundling of the
microtubule network into fibers, which are often circular, In
contrast, in cells expressing medium levels of GFP-CLIPL70, a
number of aggregates of fusion protein appear at the ceil
periphery, which capture the distal ends of most microtubules
and might be responsible for the lengitudinal extension of the
cel! cytoplasm (Fig, 1F). In cells expressing high levels of GFP-
CLIP170, the same, lengthwise extended cell morphology is
seen, but the peripheral patches of GFP-CLIPI70 are not
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prominent, singe microtubules are labeled along their entire
length with the fluorescent fusion protein and circular bundles

are also observed (Fig. 1H). The staining patterns
deseribed here for CLIP-170 arc in agreement with
previous data (Perez et al., 1999: Pierre et al., 1994),
‘When we scored 100 cells with high levels of CLIP-
115 for the presence of more prominent circular
bundles versus peripheral microtubule aggregates,
this revealed that 99 preferentially contained
cireular aggregates of microtubules and only onc
cell showed a microtubule agpregate at the
periphery. while for 100 cells expressing high levels
of CLIP-170 these numbers were 3 (mainly
circular} and 95 (mainly peripheral), respectively.
These results demonsirate that both CLIP-115 and
CLIP-I70 initially accumulate at the plus ends of
micretubules, suggesting that this behavior is not a
property unique to CLIP-170. However, when
oxpressed at higher levels, CLIP-113 affects the
microtubule network differently from full length
CLIP-170.

To analyze whether CLIP-115 and -170 associate
with the same distal ends of microtubules, COS-1
cells were cotransfected  with GFP-CLIP1IS
and HA-tugged CLIP-170. Immunofiuorescence
analysis of fixed cells, expressing low amounts of
beth  fusion proteins, reveals o striking
coloculization of CLIP-115 and -170 within the
microtubuie arrays (Fig, 2), although at higher
magnification it is clear that CLIP-115 and -170
staining s wvariable in intensity along single
microtubule ends (Fig, 2D-F). Since CLIP-170 has
been shown to mark the growing microtubule ends
specifically (Perex et al.. 1999), owr results indicate
that CLIP-115 has similar properties,

Microtubule binding properties of
CLIP-115 in cultured cells
Having cstablished that the microwbule-binding
propertics of CLIP-115 resemble those of CLIP-
170, we next tested which domains directly
regulate  the  interacton of CLIP-115  with
microtubules. Therefore, a scries of truncated
forms of CLIP-115, in fusion with GFP, was
generated and transiently overexpressed in CGOS-1
cells. Bach muotant was scored for its microtubule
binding capacity by direct (GFP) and indirect (anti-
twbulin antiserum) immunofluorescence analysis,
For these studics COS-1 cells were analyzed 18 and
40 hours after transfection to obtain low, medium
and high levels of expression. In Fig, 3 the set of
mutants 18 fisted, together with a summary of their
behavior in transfected cclls. Sclected examples of
GFP-CLIP-microtubule interactions are shown in
Fig. 4. Western blot analysis with a GFP antiserum
showed that oll fusion proteins are made in
comparable quantities and that these proteins
migrate according to their predicted molecular size,
under reducing conditions (dat not shown).
These mutagenesis and transfeetion studies show
that the N-terminal demain of CLIP-115 is
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essential for microtubule binding, since the mutant lacking this
head domain (GFP-CLIP11535-1046) has a diffuse cytoplasmic

T GFP-CLIP-115 ||

GFP-CLIP-170 i

Fig. 1. Expression of GFP-CLIP 15 and GFP-CLIPI70 in transfected COS-]
cells, ©OS-1 cells were transfected with GFP-CLIPI 15 (ACEG) or GFP-
CLIP170 (B,DFH). Cells were processed 18 (A-D) or 40 hours (E-H) after
transfection. After fixation and permeabilization, cells were incubated with anti-
B-tubulin antiboties, followed by secondary, rhodamine-conjugated antibodies, In
A and B, examples of transfected cells are shown with low levels of CLIP-115
and -170. respectively {the Auorescence signals were enhanced in order to
visualize CLIP accumulation at distal ends). The tubulin staining pattern of the
cells in A and B, is shown in C and D. Note the accumulation of both CLIPs at
the plus ends of microtabules. For each protein one example of such an
accumulation (indicated by the arrowheads) on the microtubule filament
(indicated by arrows) is kighlighted. In the other examples, medium (E,F) and
high (G,H) levels of expression of CLIP-115 (E,G) and -170 (FH) are shaown,
Exposure time for E-Fi: 100 milliseconds. The microtubule staining in E-H is not
shown, since the distribution is identical to the GFP signal, Bar, 10 um,



HA-CLIP-170 ||

| GFP-CLIP-115
Fig. 2. Colocalization of CLIP- <
{15 and ~ 170 at microtubule
distal ends, COS-1 cells were
cotransfected with GFP-
CLIPI1S5 and HA-CLIP17¢ and
cells expressing low levels of
both proteing were processed
for immunofiuorescence, using
a mono<lonal anti-HA antibody,
followed by rhodamine-
conjugated anti-mouse IgG
seeondary antibodies, In

(AD} GFP-CLIPI1S is
detected, while in (B.E) HA-
CLIP[70 is visualized (the
fuorescence signals were
enhanced 1n order to visualize
CLIF accumulation ar distal
ends). In {D-F) enlargements of
A-C pre shown, [n (CF) the
green and red signals are
merged 10 demonstrate that the
CLIPs colocalize at the distal
ends of microtubules, but that
within 2 given micretubule tip
shere may be local differences
in the level of each protein, Bar
10 .

staining, while the GFP-CLIP115'3% mutant. containing
the complete N-terminal domain but lacking the coiled-
coil, decorates microtubules (Fig. 4A). Interestingly, the
microtubule binding capacity of CLIP-115 appears to be
greatly enhanced by the basic, serine-rich regions surrounding
the MTB motifs, e,g. GFP-CLIP1157%15%18-292 which has
two MTB metifs but no surrounding sequences, only labels
microtubules weakly and only in cells expressing high levels
of the truncated protein, while GFP-CLIP115752%2, which has
the two MTB metifs and the basic region in between these
domains, binds microtubules quite well (Fig. 4B).

CLIP-115 mutants with only a single MTB motif, have
completely lost the capacity to bind to microtubules (e.g. GFP-
CLIPIISY®22 Fig 4Q); they arc cytosolic and weakly
nuciear, like GFP. However, mutants containing an MTB motif
with serine-rich domain 2 andfor 3, bind microtubules (¢.g.
GFP-CLIP115%7-32 and GFP-CLIP115%19-35%, Fig. 3). These
data indicate that the MTB motifs bind microtubules efficiently
only in the presence of setine-rich domains 2 and/or 3. This
conclusion is supported by the observation that GFP-
CLIP1157%22L which contains serine-rich domain 2 coupled
to MTB domain 1. binds microtubules. although only in
highly expressing cells, while GFP-CLIP1151-1%2, 1 mutant
containing serine rich-domain [ and MTB motf 1. does not
label the microtubules at all (Fig, 3).

The result that the basic regions surrounding the MTB
motifs are required for cfficient microtubule binding by CLIP-
113, 15 novel. but it is likely to apply to CLIP-170 as well, since
the N terminus of this protein is highly similar to that of CLIP-
115, In addition, we find that, in the presence of the same basic
serinc-rich stretch, MTB domain 2 binds microtubules better

than domain 1 {Fig. 3, compare GFP-CLIP~115"7-292 with
11575221y, indicating that the MTB motifs | and 2 cach have
a slightly different affinity for microtubules, A similar result
has been documented for CLIP-170 (Pieree et al,, 1992}, Taken
together these results suggest that CLIP-115 and -170 have
comparable microtubule binding properties and that similar
mechanisms regulate the targeting of these proteins to the distal
ends of the microtubule network,

As shown in Fig. 1, microtubule bundles are formed, when
full length GFP-CLIPL1S is overexpressed in COS-1 cells,
Microtubule bundling is also induced when the truncared
proteins GFP.CLIP1151-8%1026-1046 5nd GFP-CLIP115!-468
(De Zecuw ot al, 1997) arc transfected, or when GFP-
CLIPIIS! M3 s overcxpressed (see summary in Fig. 3)
Coupling MTE domain 1 or 2 to serine rich domain 3 and a
small coiled-coil region in GFP-CLIP11573-152286-470 qng
GFP-CLIP115219468 " rogpectively, gives risc to  sirong
microtvbule binding proteins and to bundling of the
microtubule filaments, The same constructs without serine
rich domain 3, ie. GFP-CLIP11575-152360470 and GFP-
CLIP1 1519292360470 yre cytosolic and do not affect the
microtubule network, Taken together, these studies suggest that
microtubule bundling in transiently transfected COS-1 ¢ells is
induced when a high affinity microtubule binding site and the
first part of the coiled-coil region of CLIP-115 arc present
within the GFP-CLIP1 15 mutant protein,

In vitre characterization of the micretubule binding
doemains of CLIP-115

An in vitro cosedimentation assay was employed to analyze
the microtubule binding properties of selected GFP-CLIPILS
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Fig, 3, GFP-CLIPE 15 deletion
mutants and their microtubule
binding capacity, COS-1 cells
were transfected with the GFP-
CLIP! 15 mutants, whose
strugture is depicted to the left
(black bars: MTB domains,
hatched bars: coiled-coil
regions, $1-831 basic. serire-
rich regions). The numbering
indicates which CLIP-115
amino acids are present in the
GFP fusion proteins. =8
represents the point mutation,
which changes cys™ to serine.
Cells were fixed at vartous fime
points after transfection o
determine CLIP-115 binding to
microtubules at different Ievels
of expression. Staining with
anti-B-ubulin antiserum,
followed by rhodamine-
conjupated sccondary
antibodies, was used to jocalize
the microtubules. Microtubule
binding and bundhing activity in
transfected cells with low,
medium and high expression
levels, ag determined by GFP
fuorescence (see Materials and
Methods} are indicated (+
indicates good. + indicates
moderate und — means Ao
binding or bundling). At low
levets of expression
accumulation of various mutant
proteins to the microtubule
distal ends was detected
{indicated by <), while for other
mutants tested, this was not

MT Ginding  MT bundling
GFP-CLIP-115 constructs Arnine Cxprondion
Acids fow magum  high

(@mr\ SR SS SRR 1088 w o +
SRR SEERSSEEE 1 1ape /102048 4 4+ 4 +
ST - EE EONN A Y 1743 + o+ +
3 168" + 4+ 4+ +'
" I N B A S -
1080 o+ -
R w208 ND 4+ + -
75-162 (210292 - % -
75152 286070 + o+ +'
5152/ 360-470 - = -
GFEETIR 1-152 - = -
GRREE] 75221 - -
G 75152 - - -
Ry RN N SR RN NN N 2191086 ND o+ 4 +
SrPEERTR 219-48 + 4 &
G NN 2192024 BE0-470 - % -
147202 “+ + -
g0 216350 ND 4+ + -
CFEIRR 210207 - - -
7 N NN NN YN 521046 - - -

detectable (ND). This is either due to an intrinsic incapacity (o accumulate at the dista! ends, or 1o a high eytoplasmic fluerescenc, generated by
the cytoplasmic pool of matant proteins, Bundling of microtubules, as observed in Fig. 8A. *These mutants are shown in Fig. 4. *These GFP-
fusion proteins were made previously (de Zeeuw et al., 1997).

Fig. 4. Transien: transfection
of CLIP-I 1§ mutant proteins
in CO8-1 cells, CCS-] cells,
transfecked with the GFP-
CLIPI 1S mutants depicted in
Fig. 3, were fixed 18 or 40
hours after transfuction and
stutned with anti-B-tobulin
antibodies (I3-F). Shown here
are the transfections with
GFP-CLIP] 5033 (4 ),
GFP-CLIP1 5732 (B,5)
and GFP-CLIP} | 5219242
(C.F). Note that the larer
fusion protein. although it
contains an MTEB motif, fails
to attach to microtubules, as
Judged by the whuln
staining. Bar, [0 pm.
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Fig. 5. In vitro microtubule binding of CLIP-115, (A) Soluble CLIP-
113 from brain extracts wis cosedimented with endopenous
micrombules, either alone (Janes 1, 2). in the presence of nocodazole
{lanes 3, 4), with GTP and taxol (lanes 5, 6), or with GTP and taxel-
stabilized microtubules (+MT; lanes 7, 8). Microtubule binding s
demonstrated by the appearance of CLIP-115 in the pellet (P), while
lack of association results in the protein remaining in the supernatant
{8}, CLIP-115 was detected on western blet with and-CLIP-115
antiserum (#2221, see Fig, 6). (B) Microtbule binding of in vitre
translated GFP-CLIP 115 constructs. The constructs used are
indicated to the left. Western blots of the GFP-CLIP115 proteins,
incubatred with (+) or without (-} microtbules (MT), are shown to
the right, Cosedimentation with microtubules is demonstated by the
appearance of the GFP protein in the peliet (P). Coommassie staining
of the gel was dene to confirm pelleting of ¢~ and P-tubulin {data not
shown). (C,D) Microtubule binding of in vitro translated GFP-
CLIP) §51-48S39D (0 ond GFP-CLIP1 15F3% (D). Assays were
performed with or without 2 mM ATP and/or 5 WM okadaic acid.
Notice the different relative molecular mass of the proteins bound 1o
MTs, versus those that are not bound.

mutants, in order to validate the GFP-microtubule experiments
in COS-1 cells. We first looked whether brain-derived CLIP-
115 could be cosedimented with microtubules. When brain
microtubules arc incubated with or without the microtubule
depolymerizing agent nocodazole, hardly any condogenous

CLIP-115 is pelleted (Fig. 5A, lanes 1-4). When brain
microtubules are allowed to polymerize by adding GTP and
taxol, a small fraction of endogenous CLIP-115 is pelleted
along with the microtubules (Fig. 5A, lanes 5, 6). Further
addition of purified, taxol-stabilized microtubules to the brain
cxtracts results in more CLIP-115 cosedimentation with
microtubules {Fig. 5A, lanes 7. 8). These data suggest that
brain-derived CLIP-115 binds microtubules in vitro. We
subsequently tested whether different in vitro translated GFP-
CLIP]15 constructs (Fig. SB) cosediment with taxol-stabilized
microtubules, However, GFP-CLIP1151468 js alrcady pelleted
without addition of micrombules {data not shown), indicatin,
it forms protein aggregates in vitro. GFP-CLIP115!1-468(5391)
and GFP-CLIP]15:-* on the other hand, remain soluble and
cosediment efficiently with microtubules, while fragments
with only the first or second MTB domain hardly come down
(Fig. 5B). These results correlate well with the transfeetion
data, and suggest agaia that the MTB motifs of CLIP-115 alone
do not have the ability to bind to microtubules with high
affinity.

It has been shown that binding of CLIP-170 to microtubules
in vitro is inhibited by phosphorylation (Rickard and Kreis,
1991). To investigate whether this applies to CLIP-115, we
used the constructs GFP-CLIP1151-633%) (Fig, 5C) and
GFP-CLIP1151+359 (Fig, 5D)) for in vitre microtubule binding,
in the presence of 2 mM ATP and/or 5 UM of the scrine
phosphatase inhibitor okadaic acid, a concentration sufficient
to inhibit both type I and 2A phosphatases (Cohen et al., 1989).
Under these conditions none of the GFP-CLIP1151-35% (Fig.
5D, lanes 3, 4) and ~50% of the GFP-CLIP115146865391) (Fig,
5C, lanes 3, 4) proteing bind microtubules. The effect of
okadaic acid alone is similar to that of ATP and okadaic acid
(Fig. 5C and I, compare lanes 3, 4 with lanes 7, 8). Addition
of ATP alone has no cffect on cosedimentation with
microtubules (Fig. 5C and D, lanes 1. 2 and 5 and 6).
Strikingly, the protwins detected in the supematant, ie, the
non-bound fraction, have an increased molecular mass
compared to microtubule-sedimented proteins, suggesting they
are phosphorylated forms of CLIP-1{3, These results arc
consistent with the hypethesis that phosphorylation of CLIP-
115 negatively influences the capacity of the protein to bind 10
microtubuics. Dephosphorylation via an okadaic acid-sensitive
phosphatase appears to allow the binding of CLIP-115 to
microtubules,

Dimerization and immunological detection of
CLIP-115

CLIP-170 has recently been shown to form parallel
homodimers, in which the N-terminal head is separated from
the C-terminal tail by an clongated coiled-coil domain, which
containg only two kinks (Scheel et al., 1999). Like CLIP-170,
CLIP-115 contains stretches of residucs that arc predicted to
form o-helical coiled-coils; they run from amino acid 360
towards its C terminus (Fig, 6A). Based on its type of coiled-
coil {Lupas, 1996) and on its similanty to CLIP-170, we have
proposed that CLIP-115 also forms parallel homodimers {De
Zeeww ct al., 1997). To validate this hypothesis we determined
the state of oligomerization of COS-1-cell transfected CLIP-
115, by calculating the native molecular mass of the protein,
based on measurements of diffusion (Dz2g.w) and sedimentation
{820 coefficients, The sedimentation coefficicnt of
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transfected CLIP-115. determined by sucrose gradient
centrifugation, is 6.45 § (range: 5.70-7.20) and the diffusion
coefficient, measured by gel filtration, is 2.59%107 cm¥fs
(range: 2.54-2.62). Calculation of the native molecular mass of
CLIP-115 from these values, according to the Svedberg
cquation (Bloom ¢t al., 1988), gives a value of 220 kDa (range:
190-2507). This corresponds well 10 a homodimerized form of
CLIP-115. As a second test for CLIP-115 dimerization, we
ransfected CO8-1 cells with HA-CLIP115, with GFP-tagged
CLIP-115, or with a combination of these twe proteins and
determined whether in the latter transfection heterodimers
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could be detected by co-immunoprecipitation with anti-EA. or
anti-GFP, antisera. As shown in Fig. 6B, in the double
transfected cells, HA-CLIPILS is coprecipitated with GFP-
CLIP115, using the anti~GFP antiserum and GFP-CLIP115 is
coprecipitated with HA-tagged CLIP-115, using the anti-HA
antibodies. Taken together. these data suggest that native CLIP-
115 is a homedimer and that HA-CLIP115 and GFP-CLIP113
form heterodimers. most likely via an interactien in their
common coiled-coil regions.

Analysis of the coiled-coil region of CLIP-115 reveals it to
be morc often interrupted by non-helical regions than the same
domain of CLIP-17C (data not shown). suggesting that the rod
domain of CLIP-115 may be more flexible than the one of
CLIP-170. Of the 7 cysteine residues within the CLIP-115 rod
{see Fig. GA), cysteines at positions 391, 725, 801 and 860 are
within presumptive coiled-coil siretches and could potentally
be used to establish intermolecular disulfide bridges between
CLIP-115 monomers, to stabilize coiled-coils. To test this
hypothesis, three GST-fusion proteins were constructed and
expressed in bacteria (Fig. 6C) and analyzed by SDS-PAGE,
both under nmonredacing and under reducing conclitions
(Fig. 6D). These results show that GST-CLIP115 and GST-
CLIP115755-899/1026-1046 miorate at a position approximately
twice the size of the respective proteins, measured under
reducing conditions. suggesting that both fusion proteins exist

Fig, 6, Structare and immunological detection of CLIP-115.

(A) Structure of CLIP-115, Depicted is a CLIP-115 monomer. which
is characterized by an N-terminal domain (ellipse), with two MTS
motifs (black bars), surrounded by basic serine-rich regions (81, 82,
$3). The shert C terminus (white bar) is connected to the N-terminal
domain by a long rod, in which several coiled-coil stratches are
present (hatched bars), which are interrupted by small regions with a
low probability to form 2 coiled-coil (white areas between hatched
bars). The rod domain of CLIP-170 contains less of these latter
regions (not shown). The positions of all cysteines within CLIP-115
are indicated: cysteines pointing upward are conserved in CLIP-115
forms from different organisms and they are in a presumptive coiled-
coil streteh, Cysieines pointng downward are either not conserved
(725 and 9946; see (Hoogenrand ¢t al.. 1998). or they are notin &
cotled-coil (MTB-residues and cysteines 526 and 1017),

(B) Immunoprecipitation of tagged, transfected CLIP-115. COS-1
cells were mansfected with a ¢DNA encoding either GFP-CLIP113 or
HA-CLIP115, or with both cDNAs and protein homegenates were
immunoprecipitated (IP) with monoclonzal anti-GFP (GFP) or anti-
HA (oH A} antibodies. The precipitared proteins were resolved by
SDS-PAGE. blotied and immunoprecipitated material was detected
with the polyclonal anti-CLIP1 15 antiserum (#2221} described
below. (C) Structure of bacteriaily expressed GST-CLIP115 proteins,
The amino acid portions of CLIP-115, that were cloned in-frame
with GST, are indicated to the left, Cysteine residues, MTB motifs
{black boxes} and coiled-coil region (hatched box) are indicated. The
presumptive adternatively spliced rat sequence (De Zesuw et al,,
1997} is indicated by a line, (1)) SDS-polyacrylamide gel
electrophoresis of full length and truncated GST-CLIP115 constructs.
Bacterial extraets of construct | (GST-CLIP115: lanes 2 and 5), 2
(GST-CLIP115"%3: lanes 1 and 4) and 3 (GST-CLIP] | 57551045,
lanes 3 and 6} were run with (+) or without (=) DTT. After
clectrophoresis, gels were fixed and stoined with Coomassie brilliant
blue, Dimers are indicated by an asterisk. Molecular mass markers
are on the left, (E) Western blot analysis of brain and liver extracts,
incubated with antibodies against GST-CLIPI 151332 (#2221) or
GST-CLIP11575-104 (#2238). Dimers of CLIP-115 are marked by
an asterisk. Molecular mass markers are on the left,



as disulfide linked dimers and that cysteines 801 and/or 860,
which are present in GST-CLIP115755-89%1026-1046 are ghie to
form intermolecular disulfide bonds,

To investigate whether CLIP-115 undergoes disulfide~
mediated linkage in tissue extracts, western blots of mouse
brain and liver homegenates, run under non-reducing and
reducing conditions, were incubated with novel anti-CLIP-115
antibodies, raised against GST-CLIP115%-3% (#2220 and
#2221) and GST-CLIP115753-899M1026-1046 #2238 and #2239).
Under recucing conditions, all antisera react most strongly
with 2 protwein of approximately 115 kDa (Fig. GE, lancs 1, §
and data not shown), that is present in the brain extract and
which represents CLIP-115. In the absence of DTT, only
protein complexes larger than 200 kDa are detected (#2221;
Fig. 6E, lanc 3 and #2238; Fig. 6E lanc 7}, indicating that
CLIP-115 may form intermolecular disulfide bradges,
However, whether these bridges are formed in vivo, or after
homogenization of the tissue, and whether they occur between
CLIP-115 monomers, or between CLIP-115 and other proteins,
can not be determined from this anadysis,

The novel antisera against CLIP-115 also react with
proteins, different in size compared to CLIP-115, Proteins of
approximately 100 kDa and 80 kDa, recognized both by #2238
(Fig. 6E. lane 5) and #2239 (data not shown), may be C-
terminal proteolytic cleavage forms or alternative wanslation
initintion products of CLIP-115. Interestingly, C-terminal
fragments of similar size are also recognized in a rat brain
lysate by affinity-purificd anti-peptide antibodics (De Zecuw
et al. 1997), as well as by a commercially available
monocional antibody, raised against the C terminus of
CLIP-115 (Transducticn Laboramories, USA), The protein of
~160 kDa, recognized by #2220 (data not shown) and #2221
(Fig. GE. lanc 1) antisera, represents 2 brain-specific isoform
of rat CLIP-170 (C. C. Hoogenraad, A. Akhmanova, F.
Grosveld and N. Galjart, unpublished). The cross reaction,
which is due to the fact that the antibodies were raised against
the region of CLIP-115 that includes the highly conserved
MTB-domains, was confirmed by performing western blot and
immunoprecipitation analyses of COS-1 cells, transiently
wansfected with rat brain CLIP-170 {data not shown). In the
same experiments it was shown that CLIP-170, which has 2
cysteines within its coiled-coil domain (Pierre et al. 1992),
forms intermolecular disulfide bridges, as does CLIP-115. This
cxplains the western blot results of Fig. 6E. lane 3, where,
under non-reducing conditions, brain CLIP-170 is not detected
as a MONomer.

Cysteine®?? controls microtubule bundling induced
by CLIP-115 deletion mutants

The results presented bere indicate that CLIP-115 and -170
monomers might be linked by intermolecular disulfide bridges.
The bacterial fusion proteins suggest that in the case of CLIP-
1135 C-terminal cysteines could be involved in this process. We
therefore analyzed whether N-terminal ¢ysteine residues could
alse contribute to disulfide linkage of CLIP-115 monomers, A
serics of GFP-deletion mutants (Fig. 7A), harvested from
transfected COS-1 cells, was eleetrophoresed under reducing
and non-reducing conditions, blotted and probed with a GFP
antiserum, As shown in Fig, 7B, under non-reducing
conditions the molecular mass of CLIP-115 mutants with the
complete coiled-coil domain is approximately twice that of the

same mutants, run under reducing conditions (Fig. 7B, lanes
3-8). Because in cach transfection only a protein of twice the
size is detected in the non-reduced samples, these data argue
against the formation of nen-specific disulfide links between
GFP-CLIP115 and other proteins in the extract. Instead the
data indicate that CLIP-115 homodimers are formed, which are
then stabilized by intermolecular disulfide bridges.

When CLIP-115 mutants, in which residue cys?®! is the only
coiled-coil cysteine present. are transfected to COS-1 cclls, the
mutant proteins arc in part linked by disulfide bridges (Fig. 7B,
lanes 9, 10, 17, 18). Replacement of cys*¥! residue with serine,
gives rise to a protein (GFP-CLIP1151-458(5391}) that migrates
as a monomer under non-reducing conditions (Fig. 7B, lanes
11, 12), In addition, proteins with the complete N-terminal
domain of CLIP-115, but without coiled-coils {GFP-
CLIP11513%) or with only the MTB-domains (GFP-
CLIP1157152, GEP-CLIP115219292 and GFP.CLIP11521%-35%)
migrate as menomers gnd do not form intermolecular
disulfide bridges, Taken together, these data show that cys??!
may be involved in intermolecular disulfide bridge formation,
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Fig, 7, Disulfide bridges in CLIP-115 mutants from transfected
COS-1 cells. {A) Structures of GFP-CLIP115 constructs, The
scheme i3 set up as in Fig, 3, (B) Western blot of COS-1 cell extracts
transfected with GFP-CLIP1 15 constructs, $ix (upper) and ten
(tower) percent SDS-polyacrylamide gels were run with (+) or
without (-} DTT. The GFP constructs were detected using anti-GFP
antibodies. Dimers of CLIP-115 are indicated by an asterisk.
Molecular mass markers are on the left, Note the aberrant migration
of “dimeric’ CLIP-115352-46K iy lane 18,
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Fig, 8. influence of cys™! on microtubule bundling by CLIP-115 mutants in transfected COS-! cells. (A-H) COS-! cells were transfected with
GFP-CLIP115344 (A B.E.F), or GFP-CLIP] 15M46HEMD (213G, H) and processed for GFP (AE,C.G) or f-tubulin (B.FD.H) staining.

(E-H}) Cells were treated with 10 uM nocodazole for 30 minutes prior to fixation, Data collection time for capturs of the GFP fluorescence is
identical in 21l pictures, Note thar GRP-CLIPE [514085391) binds microtubules efficiently, but fails % cause bundling of the netivork, in sharp
contrast to GFP-CLIP| 1514 which causes bundling ar low expression levels. Bar, 10 pm, (LJ) Microwbule bundling and nocodazole
resistance effects, documented in A-H, were quantified by counting 100 transfected cells for each construct, with and without nocodazole.

whereas the 3 ¢ysteine residues within the MTB domains are
not.

The mutant protein  GFP-CLIPLIS!4  cayses 2
profound  bundling of the microtubule network in
transfected cells (De Zeeuw et al., 1997). This cffect is
already scen at low expression lovels (Fig. 8A,B). Surprisingly,
GFP-CLIP] 1511685391 \which can not form intermoleeular
disulfide bonds, binds microtubules well but does not cause
bundling of the network (Fig. 3C,D). Nocodazole treatment of
cells, scparately transfected with each construct, demonstrates
that cells expressing GRP-CLIP115'% resist microtubule
depolymerization better than cells transfected with GFP-
CLiP115#-4688390) rpie 8E.F and G.HK, respectively). Both the
bundling of microtubules and their resistance to nocodazole
were quantified in cells expressing the twe mutants (Fig. 8LI),
which demonstrates the differential effect of these two fusion
proteins on the micretubule network., Taken tegether, these
data indicate that the bundling and nocodazole resistance of
microtubules, induced by the GFP-CLIP1 15468 mutant, are
mediated by cys*®f, One possible explaration for the specific
bundling of the microtubule network in cells expressing GFP-
CLIP113!-4% is thar intermolecular disulfide-bridges stabilize

CLIP-115 homodimers and/or multimers, which in tern create
ahigh affinity microtubule binding fattice,

DISCUSSION

CLIP-115 is a member of a small, emerging family of
migrotubule binding proteins with two MTB motifs and a long
coiled-coil region, w which CLIP-170 and D-CLIP-190 also
belong. CLIP-115 is interesting because of its restricted
cxpression  pattern, 1ts  assoeiation in the brain  with
microtubules and a highly specialized membranous organelle,
the DLB, and because the gene encoding CLIP-115 is
hemizygously deleted in patients with WS, In addition, CLIP-
115 lacks o prominent, cysteine-rich tail domain, which
distinguishes CLIP-I70 and -190. To correlate CLIP-115
function and structure, we investigated what mechanisms
regulate its interaction with microtubules in cultured cells and
what features distinguish it from CLIP-170.

The N-terminal domain of CLIP-115 15 charactenized by two
MTB tnotifs and three basic, serine-rich regions. We show that
efficient microtubule binding activity requires the presence of



at least one MTB motif together with basic, serine-rich domain
2 or 3. This indicates that the in vivo interaction of CLIP-115
with microtubules is mediated by the combined action of
relatively weak MTB motifs and elements in the sequence
surrounding these motifs. This is comparable to the mode of
microtu bule binding by tau proteins, which have three {or four)
31-residue MTB repeats, that bind microwbules tightly only in
conjunction with regions flanking the repeats (Gustke et al,,
1994). Like in tau, the basic residues in the serine-rich domains
of CLIP-115 could function as positively charged amino acid
stretches, which engage in eleetrostatic interactions with the
acidic tubulin molecule(s), thereby acting as ‘jaws” for the
MTB motifs and allowing 2 tight binding of CLIP-115 to
microtubules,

The capacity of CLIP-115 {0 interact with microtubules is
contrelled by phosphorylation. This 15 analogous to the
situation for CLIP~i70 (Rickard and Kreis, 1991), pl50@hed
(Farshori and Holzbaur, 1997) and tau (Drewes et al., 1998},
which are also  released from microtubules  upon
phosphorylation, The negatively charged phosphate groups in
the serine rich regions might simply mask the basic stretches
and prevent an efficient interaction with microtubules,
However, for tau the effect of phosphorylation on microtubule
binding at sites fanking the MTB repeats is weak, while
phosphorylation by MARK at the single ser®®! within the
repeat. completely abolishes tau binding to microtubules
(Drewes et al,, 1998), A MARK consensus phosphorylation
site s not present in CLIP-115, but it remaing possible that
phosphorylation within the MTB motif is the critical event for
microtubule release. Site-specific phosphorylation of the
CLIPs might underlic their differential distribution over the
microtubule network.

As shown here, at Jow expression levels, CLIP-115 and -170
colocalize at the distal ends of microtubules, indicating that
CLIP-113, like CLIP-170, has a preference for microtubule
plus ends, Since these proteins do not associate with cach other
{data not shown), CLIP-115 is targeted to the growing ends by
a CLIP-176-independent mechanism. In fact, the minimal
rruncated CIIP-1135 construct that could e detected at these
ends contains 2 MTE domains and the surrounding basie,
serinc-rich regions. Thus, a monomeric CLIP-115 mutant is
capable of plus-cnd accumulation. similar to what has been
reported for CLIP-170 (Perez ct al,, 1999), High levels of
overexpression of full length CLIP-113 and -170, however,
result in differently organized microtubule cytoskeletons,
Interestingly, a CLIP-170 mutant lacking the C-terminal metal
binding motif distributes evenly over microtubules, when
overexpressed (Pierre ot al., 1994) and appears to have a
similar distribution and effect on microtubule organization
in overexpressing cells when compared to GFP-CLIPL1S.
Therefore, the differential organization of the microtubule
network in cells, transfected with CLIP-113 or 1740, could be
in part related 1o the lack of a cysteine-rich, C-terminal domain
in the first,

The amino acid residues within a single heptad repeat unit
in an e-helix are designated a through g, with 2 and 4 being
generally hydrophobic and forming the coiled-coil interface
(i.e. facing inward), while b, ¢, ¢, f and g are often hydrophilic
and form the solvent-exposed part of the coiled-coil (.. facing
outward). In a parallel coiled-coil, a cysteine at position a or
d, L.e. inside the o-helix of the coiled-coil domain. could form

a disulfide bond with a eysteine in the neighbouring molecule.
In vitro, these disulfide bridges between coiled-coils have been
shown to ogeur, for example in vimentn, where they stabilize
coiled-coil interactions (Rogers et al., 1996). Of the 7 cysteine
residues present in the coiled-coil region of CLIP-115, residues
391, 801 and/or 860 were shown to be involved in disulfide
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Fig. 9. Model for CLIP-1 15 strucrure, (A} Amino acid comparison of
the initial segment of the coiled-coil domain of CLIP-115 and -170
proteins from different organisme, demonstrates that this region is
highly conserved, except for cys™1, The position of heptad repeat
residues {A-G) is indicated above the compatison. The position of
cys?1 in CLIP-115, which is replaced by glycine in CLIP-170, is
indicated by an arrow. M = mouse; r = rat; h = human; ch = chicken,
(B) Helical wheel representation of the putative heptad repeat region
surrounding cys?®!. Note that this residue points outward,

(C) Hypothetical model of the mode of binding of CLIP-115 to
microtubules, The &~ and B-tubulin subunits within partof a
microtubule polymer are indicated. In CLIP-115, each MTB motif
with surrounding basic. serine rich region, is indicated by an ellipse
and the rod domain points away from the microtubuie, towards the
reader. The free SH-groups from cys®! are indicated. It needs to be
emphasized that other modes of microtubule binding are possible and
that no specificity of CLIP-115 for ¢ither o- or B-tubulin has been
drawn, However, binding of 2 CLIP-115 homedimer is likely to be
directional, i.e. the complete N-terminal dotmain will point in one
direction, With four MTB domains, CLIP-115 is predicted to have a
strong preference for (sheets of) protofilaments and not for free
tabulin,
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bond formation in vitro. Interestingly. the cysteines at positions
801 and 860 have an inward facing position and could therefore
stabilize homodimers of CLIP-115, Whether these disulfide
bridges are formed in vive remaing to be demonstrated. since
it is generally believed that the cytoplasmic environment
inhibits crosslinks of this type. However kerating of the
suprabasal layer of the csophageal cpithelium form an
exception to this rule, since these intermediate filament
proteins have been shown to undergo oxtensive disulfide
crasslinking in vivo, in their coiled-coil region (Pang et al.,
1993). Thus. although we can not exclude the possibility that
the disulfide crosslinks on CLIP dimers, observed in our
cxperiments, may have ariser when exposing CLIP molecules
to the oxidizing envirenment of the test tube, these crosslinks
might actually serve 10 stabilize CLIP dimers in vive.

Cys®?!, which is located within the initial segment of
the ¢-helical cotled-coil region of CLIP-115, endows the
CLIP-115"4%% mutant protein with a profound microtubule
bundling capacity, Comparison of the initial o-helical coiled-
coil scgments of ali CLIP-115 and CLIP-170 proteins cloned
to date, shows that this portion is quitc well conserved, cxcept
for cys*?! itself, which is replaced by glycine in CLIP-170 (Fig,
9A). Thus. cys*?! confers a property, which is unique to CLIP-
115, In contrast to the cysteines at positions 301 and 860,
cys™! i3 in position 'b’ of the heptad repeat unit and would
face the outside of the predicted coiled-coil dimer (Fig. 9B).
Cysteines in the intermediate filament protein vimentin, which
ocegepy the same position, were shown to crosslink coiled-coil
dimers into multimers in vitro (Rogers et al., 1996). Thus,
two oytward facing cys*! residues in o GFP-CLIP1151-468
homodimer might generate CLIP-115#%% multimers, by
forming disulfide bridges with the free cys®?! of neighboring
dimer melecules. Such an amrangement would explain the
profound bundling of microtubules, observed in GFP-
CLIP1 15" expressing cells and the lack of bundling in cells
cxpressing mutants without cys??!, Hewever. as mentioned
above, disulfide bridges do not normally form in the cytoplasm.
Because of this reason and because we have only tested the
influcnce of cys™* in the CLIP-115"-488 mytant, it remains to
be shown that cys™®! is eritical for multimerization of CLIP-
115 in vive,

Microtubules are cytoskeletal filaments, composed of
heteredimers of a- and P-tubulin, Assembly of the tubulin
dimer reguires a specific chaperenin supercomplex. which also
contains a set of tubulin folding cofactors (Tian et al., 1996).
Alfip is the yeast ortholog of mammalian cofactor b: it
assoctates wilh c-tubulin through a single MTB meotif that is
similar to the MTBs present in the CLIPs (Feierbach et al.,
1999). These results raise the possibility that the MTB-motifs
found in CLIP-115 and -170 also have an intrinsic preference
for the o-tubulin subunit, within the context of the microtubule
polymer. This hypothesis is supported by the fact that cach
dimeric head domain of CLIP-170 (with four MTB regions)
binds 10 microtubules in vitro with a stoichiometry of one
dimeric head to four twbulin hererodimers. while one
monomeric head domain binds two tubulin heterodimers
{Scheel et al., 1999). If the MTE motifs in CLIP-170 had egual
preference for cither o- or P-tubulin, cach monomeric
molecule would be cxpected to bind one  o/f-tubulin
heterodimer, leading to ratios of 1:2 and 1:1, respectively.

A simple, hypothetical model for the mode of intcraction
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of CLIP-115 with microtubules, is presented in Fig, 9C, The
model predicts that if ali four MTB motifs and surrounding
‘jaws’ arc to be accomodated on a microtubule, binding can
only occur on microtubule oligomers and/or assembied
flaments. At the same time, the binding of all four MTB
regions of a CLIP-115 dimer 1o microtubules provides
stabilization to {wbulin protofilaments and, Jaterally. to
tebulin sheets. We hypothesize that the specificity of the
binding of CLIP-115 to microtubules originates in the MTB
motifs, while the affinity for microtubules is enhanced by the
serine-rich regions, Binding might be cooperative. t.c. once
the first MTB motif (perhaps motf 2, which has a higher
affinity than motif 1)} recognizes its specific target on the
microtubule, the second MTB motif and the *jJaws” enhance
a further and tighter binding. Local clustering of CLIP-113
on particular sites of dendritic microtubules (De Zeeuw et al.,
1907} may then lead to the association of CLIP-115 dimers
with other proteins,
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Summary

CLIP-170 and CLIP-115 are cytoplasmic linker proteins
that associate specifically with the ends of growing
microtubules and may act as anti-catastrophe factors.
Here, we have isclated two CLIP-associated proteins
{CLASPs), which are homelogous to the Drosophifa
Orbit/Mast microtubule-associated protein. CLASPs
bind CLIPs and microtubules, colocalize with the
CLIPs at microtubule distal ends, and have microtu-
bule-stabilizing offects in transfected cells, After se-
rum induction, CLASPs relocalize to distal segments
of microtubules at the leading edge of motile fibro-
blasts, We provide ovidence that this asymmetric
CLASP distribution is mediated by PI3-kinase and
GSK-3E. Antibody injections suggest that CLASP2 1s
required for the orientation of stabilized microtubules
toward the leading edge. We propose that CLASPs are
involved in the local regulation of microtubule dynam-
ics in response to positional cues.

Introduction

Microtubules (MTs) constitute an important part of the
cellular cytoskeleton. They are essential for chromo-
some segregation in mitosis and for erganelle move-
ment and positioning in interphase cells. MTs are inher-
ently polarized structures, with a fast-growing end [the
plus end) and a slew growing end (the minus end). In
fibroblasts, the majority of MTs is attached with the
minus end to the MT organizing center (MTOC), while
the plus ends are directed to the cell periphery. Both in
vitro and in vivo, the MT plus ends alternate between
phases of elongation and shrinkage. This phenomenon

$To whom corraspondgnco should bo addrossed {o-mall: galjart@
chl.fgg.eur.nil.

I Those athors contributed equally to the results describad In this
papar.

is called dynamic instability (reviewed by Desai and
Mitchison, 1997).

MT dynamics in living cells is regulated by a variety of
protein facters. These include MT destabilizing proteins,
such as stathmin/Op18 and XKGM1, as well as factors
that promote MT elongation, such as XMAP215/TOG1
{for review, see Wittmann et al., 2001). Some of the
proteins involved in regulating MT growth, depolymer-
ization, and/or MT interaction with the cellular cortex are
localized specifically at the MT plus end. For example,
the yeast protein BIM1p, which increases MT dynam-
icity, [ocalizes to dots at the distal ends of cytoplasmic
MTs (Timauer et al., 1899), as does its mammalian homo-
log EB1 (Mimeri-Kiyosue et al., 2000). Another protein
demonstrated to be present atthe plus ends is mamma-
lian GLIP-170, Using a fusion of CLIP-170 to the green
fluorescent protein (GFP), it was shown that CLIP-170
moves together with the tips of growing MTs in living
cells (Perez et al., 1999). However, CLIP-170 was pre-~
viously also implicated in the attachment of endosomes
to MTs (Pierre et al., 1992) and, in addition, it was found
at the kinetochores of the prometaphase chromosomes
{Dujardin et al., 1998). In fibroblasts, CLIP-170 colocal-
izes with cytoplasmi¢ dynein and dynactin at the distal
ends of MTs (Valetti et al., 1999; Vaughan et al., 1999).
It was suggested, therefore, that these regions represent
the cargo-loading sites for the minus end directed or-
ganelie movement by dynein, and that CLIP-170 might
be involved in this process. However, no association of
CLIP-170 with dynein and dynactin has been demon-
strated, To resolve CLIP-170 function at MT plus ends,
it is essential to define with what proteins it interacts
directly.

The closest homolog of CLIP-170 in mammals is CLIP-
115 (De Zeeuw et al.,, 1997). Both CLIP-170 and GLIP-
115 contain two MT binding (MTB) domains at their N
termini, surrounded by positively charged, serine rich
regions. One such MTB motif, together with one serine
rich region, is sufficient for MT binding (Hoogenraad et
al., 2000). The middle part of both proteins contains a
long region of heptad repeats, which form a coiled-coil
and mediate homodimerization of these proteins (Scheel
et al., 199%; Hoogenraad et al.,, 2000), While CLIP-170
is expressed in many different cell lines and tissues,
CLIP-115 appears to be predominartly present in neu-
rons, where it is localized in dendrites (De Zeeuw et al.,
1997). When expressed in fibroblasts at low levels, CLIP-
115 localizes at the MT plus ends, similar to CLIP-170
(Hoogenraad et al., 2000). This suggests that in neurons,
the function of CLIP-T15 might be refated to some as-
pect of MT dynamics,

Given the common properties of the two CLIPs, we
hypothesized that they might have overlapping func-
tions and, therefore, common protein partners. We
searched for such partners (CLIP-associating proteins,
or CLASPs) with the aid of a yeast two-hybrid system,
using a conserved part of the soited-coil region of CLIP-
115 as bait. We identified two mammalian proteins,
CLASPT and CLASP2Z, with similarity to regulators of MT
dynamics. CLASPs bind both to CLIPs and to MTs and
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Flgure 1. CLASP Isolation and Structure

(&} The roglen spanning amino aclds 287-591 of CLIP-115 was used In a yoast two-hybrid sereon of an £14.5 gay mouse cDNA library. Mouse
CLASP? cDNA, Isolatod In this sereen, was noxt tosted In yeast two-nybrid assays with protoin fragmoents from CLIP«115, CLIP-170, and
p150%=, The domain structuro of these throe protoins, with MT binding motifs (black bars} and colled-coll regions {gmy bars}, s reprasonted.
The amino aclds covered by oach fragmoent are indicated; thelr intoraction with mCLASP Is shown to tho right (+: positivo intoractlon, —
no Interaction}.

{3) Schomatic represontation of CLASP structurg and the CLASP-encading cDNAs. Protoin-ceding reglans arg ropresonted by bars and
untransiated reglons by lines. Tho top bor roprosents the largest CLASP ORF, encoded by CLASP1/20 ¢DNAs. Above the CLASP2B and -y
cDNAs, tha sequence of the akemnatively spliced, N-terminal domaln is shown, A verticat Hino with a filled cirele on top Indicates a stop codon
upstream and in-frame with the tronslational stant codon, suggesting the presence of a full-longth ORF. The stippled ling In the mouso EST
clone WIB0hC4 Indicates the position of 4 deletion, which iz probably an artifact, because |t could not be confirmed by Northom blotting or
RT-PCR.

(C}) CLASP oxprossion profile. Northorn blots with total RNA from different mouse tissues (~20 pg por lano) were hybrdized with probos,
oncompassing the CLIP binding domaln of CLASPT and -2 {“common” probos), or with 5° probes, spoclfic for particular CLASP varlants.
Approximate sizes of the different CLASE transcripts and positions of the 18$ and 285 rRNAs are inglicated.

(D} Comparison of the N torminus of CLASP28 with known palmitoylation motifs, Fatty acylated cystelne residuss are In hold. Aminoe acld
substitutions arg indicated,

{E and F} Intracetiular distribution of GFP, fusod either te the first 40 amino aclds of wilg-typo CLASP2B (Cys-GFF) or to the sequenco with
two serino substitutions {Ser-GFP). Trapsfocted COS-1 colls were Tixed and stalned with antibodies te the cis-Golgl marker &GM130, GFP
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have a MT stabilizing effect in transfected cells. Using
metile fibroblasts as a model system, we find that
CLASPs specifically mark the distal ends of MTs at the
leading edge of the cell and are involved in organizing
stabilized MTs. Thus, CLASPs may play a role in local
MT stabilization in response to positional cues.

Results

Characterization of CLIP-Associating

Proteins {CLASPS)

Within the coiled-coil region of CLIP-115 and =170, the
N-terminal portion is best conserved. This part of CLIP-
115 {amino acids 287-5971; Figure 1A) was therefore used
as bait in a yeast two-hybrid screen to identity common
CLIP-associating proteins (CLASKs). We found one
clone, which interacted both with CLIP-115 and with
the corresponding region of CLIP-170 and which was
therefore named CLASP1. This clone did not interact
with vector alone, with other portions of CLIP-115, or
with the coifed-coil domains of p150°#, 5 dynactin sub-
unit that structurally resembles CLIP-170 (Pierre et al,,
1992). Deletion analysis demonstrated that the whole
coiled-coil part of the CLIP-115 bait construct is neces-
sary and sufficient for binding to CLASP1 {Figure 1A).

Mouse CLASPT cDNA {mCLASPT) contains a 5° trun-
cated open reading frame (ORF) with very kigh similarity
1o the C termini of the preteins encoded by the incom-
plete human brain cDNAs KIAADE22 (98% identity,
hCLASP) and KIAADE27 (75% identity, hCLASP2). We
searched for complete ORFs of GLASPT and -2 by cDNA,
library screening, RAGE-PCR, and EST database analy-
sis, This yielded several cDNAs, named CLASP1/Z2a,
-2(, and -2v, which encode different protein isoforms
(Figure 1B}. Northem blot analysis with probes to the
cormmmon G-terminal domains of CLASPT and -2 shows
that differently sized CLASP mRNAs are present in vari-
ous tissues [Figure 1C), indicating that CLASP tran-
seripts undergo altemative splicing. CLASPT shows
highest expression in brain, heart, and testis, while
CLASP2 mRNAs are enriched in the brain, Interestingly,
the CLASPZp transcript appears to be brain specific
{Figure 1C}), Using probes, specific for CLASPTa (Figure
1C) or CLASP2u (datanot shown), we only detect hybrid-
ization to the longest transecript of each CLASP (~8 kb
for CLASP1x and ~7 kb for CLASP2q, respectively).
The presence of 5 and 7 kis CLASPT transcripts indicates
that there are additional N-terminal variants of CLASP1,
simiiar to CLASP2.

The ditferent CLASPT and -2 ¢cDNAs encode proteins
with a predicted molecular mass of ~170 kDa {a iso-
forms) and ~140Q KDa {B/y isoforms). A database search
revealed a striking similarity of the CLASPs to a pretein
called either Orbit or Mast, which is an essential MT-
associated protein (MAP) from D, melanogaster, in-
volved in the regulation of MT behavior during mitosis
{Incue et al., 2000; Lemos et al., 2000). Three putative

CLASPs are also present in C. efegans (ZC84.3, R107.6,
and CO7hB.3). The domains of CLASP thatare conserved
in invertebrates are schematically indicated in Figure
1B. Interestingly, our 5 RACE analysis demonstrates
that an N-terminal ~200 amino acid domain in Mast,
which is similar to a repeated motif in the dis1/TQG
family of vertebrate MT stabilizing proteins (Lemos et
al., 2000), is also present in CLASP1x and -2a. These
observations indicate that CLASPs might kind MTs.

CLASP2p 1= represented by the rat hippocampus
cDNA clone 1313 {Figure 1B). Instead of the dis1/TOG-
homologous doemain, this iscform contains a short N-ter-
minal motif, which is conserved in humans (Figure 1B).
Itis characterized by two cysteines, surrounded by posi-
tively charged and hydrophobic residues (Figures 1B
and 1D). Similar motifs in other proteins were shown to
cause membrane anchoring, due to palmitoylation of
the cysteine residues (Resh, 1999). Fusion of the N ter-
minus of CLASP2R to GFP gives rise to a protein that
accumulates in the region of the Golgi complex in trans-
fected COS-1 eells (Figure 1E1, compare to the Golgi
marker GM130 in Figure 1E2). Substitution of cysteine
residues for serines (Figure 1F) or alanines (not shown)
abolishes targeting to the Golgi, suppetting the idea that
fatty acylation of the cysteines within the N-terminal
peptide stretch of CLASP2B causes membrane tar-
geting. Triton-X114 paritioning experiments (Hancock
et al., 1989}, in which the cysteine-containing, but not
the serine~-containing, GFP fusion is partially retained in
the detergent enriched (i.e., the membranous) phase
{Figure 1G, compare lanes 1=3 and 4-6, respectively),
further support this noticn. Subsequent shortening of
the CLASP28 N terminus within the fusion construct
demonstrated that the first 14 amino acids of this CLASP
isoform are sufficient for membrane association (data
not shown).

In contrast to the «- and B-isoforms, CLASPZy, repre-
sented by KIAAOB27 cDNA, contains an inconspicuous
peptide (MAMGDD) atits N terminus (Figure 1B). In con-
clusion, CLASPs appear 1o be the mammalian counter-
parts of the D, melanogaster protein OrbitYMast. Thoy
exist as a family of widely distributed isoforms, each
with a CLIP interaction domain but with variable N ter-
mini, and are likely to have MT binding properties.

CLASPs Colocalize with CLIPs at MT Distal Ends

We raised antibodies against the conserved C-terminal
demain of hCLASPZ (antiserum #2358) in order to inves-
tigate the intracellular distribution of different CLASE
isoforms. These studies were carried out both in COS-1
cells and in 3T3 fibroblasts, 1o compare results in dif-
ferent systems and to take advantage of the fact that
COS-1 cells are ¢asily transfected, whereas in 3T3 cells
MT dynamics have been extensively studied. Interest-
ingly, COS-1 ¢ells expross only CLEP-170, while in 3T3
fibroblasts, both CLIP-115 and CLIP-170 are present at
MT distal ends. The specificity of antiserum #2358 was

fluoresconco is shown In (E1) and (F1), and tho antibody labeling of the samo colls in (E2) ard (F2), Bar, 10 wm.

(G} COS-1 colls, transfactad with Cys-GFP or Ser-GFP, wore lysed using Triton X-114. Aftor palleting of tho Insoluble froction (Janes marked
“p"), the lysato was partitioned inte an aqueous phase {*a™) and a detorgent-enrichod phase {"d”). The volymes of the three fractions wera
agualized bofora Ioading on gel and protolns wers analyzod by Wastern blotting with anti-GFP sorum.
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Flgure 2. Localization of CLASPs In Cultured Colls

(A} Specificity of #2358 antibodios. Protsln extracts from COS-T colls, translently transfected with the indleated CLASP exprossion constructs
{lanos 1-T} or mock transfected (lane 8}, and from 3T3 cells {lane 9) or mouse brain (lane 10) were analyzet by Wastern blotting, using
antibodies agalnst GFP lanes1-3, a-GFP} or with tho #2358 antiserum (lanes 4-10, a-CLASPZ). Notice that GFP-CLASPT fusions aro more

abundantly exprossod than GFP-CLASPZ {fancs 1=3), but loss well recognized by #2358 antibodios {Janes 4-8),

{2 and C) Untransfoctod COS-1 colls, Immunestained with #2358 antisorum and antl-GM130 {B) or ant-B~tubulin [C}. In {G3) and (C4), signals
of {C1} (groon} and (CZ2) {rod) are morged. {C4) ks an onlargemant of the indicated area in (C3) to demonstrate the MT plus ond laboling of

CLASP2 {indlcated by an arrow}. Bar, 10 pm.

{D-G) COS-1 celly, transfected with differant cDNA constructs, fixed 24 hr after transfection and Immunostalned using spocific antisora. Bar,

10 um.



first analyzed by Westem biotting in transfected COS-1
cells using different GFP-CLASP1 and -2 fusion proteins
or untagged CLASP2y (Figure 2A). In these cells, the
#2358 antibodies react strongly with GFP-CLASP2 and
with untagged CLASP2y (Figure 2A, lanes 6 and 7, re-
spectively). Weak cross-reactivity with GFP-CLASF1
proteins is also observed (Figure 2A, lanes 4 and 5).
In agreement with these Western blot data, immunc-
fluorescence experiments in transfected COS-1 cells
with #2358 antibodies show very strong reaction with
GFP-CLASP2 proteins and a weak reaction with GFP-
CLASP1 fusions {data not shown). Based on these
observations, we conclude that antiserum #2358 recog-
nizes GLASPs specifically, but that use of these antibod-
ies predominantly reflects the distribution of CLASP2
isoforms. Thus, the #2358 antiserum is also named anti-
CLASP2 antiserum,

In mack transfected COS-1 cells, #2358 antibodies
detect proteins of ~170 and ~140 kDa (Figure 24, lane
8), which are the expected lengths for GLASP2x and
-B/vy, respectively. Surprisingly, Western blot analysis of
3T3 cell lysates with antiserum #2358 reveals only a
protein of ~170 kDa (Figure 2A, lane 9), whereas in
mouse brain, the tissue with highest expression of
CLASP2, proteins of ~140 and ~170 kDa are detected
(Figure 2A, lane 10). These Western blots results with
antiserurn #2358 were verified by Northern blot analysis
[data not shown). Together, the data demonstrate that
CLASP2p and -v are not highly expressed in 3T3 cells,
whereas in brain they are more abundant than CLASP2a.

CLASP2 distribution was next examined using immu-
nofluorsscence microscopy. In COS-1 celis, prominent
labeling is detected in the perinuclear region, corre-
sponding to the Golgi apparatus (Figure 2B}. In addition,

anti-CLASP2 antibodies stain MT plus ends (Figure 2C).

in a pattern similar to that described previously for CLIP-
170 {Pierre et al., 1992; Perez ot al., 1999). Both types
of CLASP staining are completely inhibited by preincu-
bation of the antibodies with the antigen used for their
generation, while affinity-purified antibodies produce
the same signal as the crude serum (data not shown).
Thus, CLASP2 distribution in COS-1 cells overlaps with
that of CLIP-170 at the distad ends of MTs.

Using GFP-CLASP1 (containing the 5 truncated ORF
from KIAAQE22), GFP-CLASP1q, and GFP-CLASP2 (de-
rived from KIAAQB2T), we nextinvestigated the distribiu-
tion of individual, overexpressed CLASP1 and -2 iso-
forms and the effect of cooxpression with the CLIPs,
At low expression levels, all three GFP-CLASP fusions
colocalize with CLIP-170 or CLIP-115 at MT plus ends
{Figure 2D and data net shown), When GFP-CLASPs are
highly everexpressed, they accumulate along the whole
length of MTs, causing MT rearrangement and bundling
and CLIP-170 relocalization to these MT bundles {Figure

2E). At low expression levels in live transfected cells,
GFP-CLASP2 behaves very similar to GFP-CLIP-170
(see Supplemental Infformationforlive GFP-CLASP2 and
GFP-CLIP-170 behavicr in COS-1 cells at hitp//www,
cell.com/egi/content/full/104/6/923/DC1), which was
shown to move with the growing ends of MTs (Perez ot
al., 1999). Taken together, these data verify the distribu-
tion of endogenous CLASP2, as detected with #2358
antibodies and establish CLASPs as a novel family of
proteins that bind 1o the distal ends of interphase MTs.

A GFP fusion protein, containing the CLASP-inter-
acting region of CLIP-115 (GFP-CLIP-115ANAG, includ-
ing amino acids 353-756 of CLIP-113}, is unable to bind
MTs, since it lacks the MTE domains. Instead, it forms
cytoplasmic aggregates, which contain no significant
amount of tubulin (Figures 2G1 and 2G3). Strikingly, in
cells overexpressing this mutant protein, endogenous
CLASP is titrated away from the Golgi complex as well
asfrom MT distal ends and is detected in the aggregates
(Figure 2G2). In contrast, both CLIP-170 {Figure 2F) and
EB1 {data not shown) remain bound to MT distal ends.
These results validate the yeast two-hybrid interaction
between CLIPs and CLASPs. In addition, they indicate
that CLIP-170 and EB1 are able to associate with MT
distal ends in the absence of CLASP,

I 3T3 cells, CLASP2 distribution is similar to that in
CO3-1 cells. However, we noted that in cells with a
shape characteristic of motile fibroblasts, intense label-
ing of MT distal segments is detected at the leading
edge, but notin the cell body (Figures 2HT and 2H3). This
asymmetric distribution is particularly apparent when
CLASP2 localization is compared to that of EB1, which
marks MT tips throughout 3T3 cells (Figures 2H2 and
2H3). When a distal segment of an MT appears positive
for both CLASPZ and EE1, the highest concentration of
EBE1 is often cbserved at the tip, while a more proximal
portion of the MT is strongly stained with anti-CLASPZ2
antibodies (see insets in Figure 2H3), Thus, the MT label-
ing by CLASP2 at the periphery of subconfiuent 373
cells is often nonuniform.

CLASPs Bind to CLIPs and MTs

To verify the CLIP=CLASP interactions, we tested their
association in vitro. Radioactively labeled hCLASP1 and
hCLASP2, generated by in vitro transcription-transia-
tion, bind to bacterially produced GST fusions of full-
length GLIP-T15 and the yeast two-hybrid fragment
{GLIP-115-TH), but nct to control GST fusion proteins
(Figure 3C). Alternatively, in vitro translated CLIP-115
specifically binds to the GST fusion of the mCLASF1 C
terminus (GST-CLASP1-C; Figure 3D), A GST pulldown
assay with mouse brain extracts shows that both CLIP-
115 and CLIP-170 are retained by GST-CLASP1-C, but
not by GST alone (Figure 3E). Since all GST fusion pro-

D) Cotranstection of GFP-CLASP] (low lovel of exprossion) and HA-tngged CLIP-170, stalning with antibody against the HA tag. (D4) Is an

cnlargemant of the Indicated ared in (D3).

{E} Transfoction with GFP-CLASFIa, staining with antibedios against CLIP-170. The MTOC is indicated by an amow.
{F and G} Transfections with GFP-CLIP-115ANAC, staining with antibodlos against CLASP2 (G2) and tubulin {G3}, or with antlbodies against

CLIP-170 (F2).

{H} Intracollular distribution of CLASPZ In Swiss 3T3 {ibroblasts. Cells wore stained with ant-CLASPZ (H1) and antl-EB1 (H2) antisera. The
ovorlay Is shown in (H3) (CLASPZ iz graoh, EB1 rod). The arrow in {M3) Indicates an oxample of MT distal ends with a high concentration of
EB1 ot the tip and CLASPZ at a more proximal seament. Arrowhoads Indlcate the leading edge.
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Figure 3. Analysis of CLIP-CLASP Intoractions

{A) Schamatic ropresentation of bacteral GST fusion proteing of CLIP-115 and mCLASP,

{B) SDS$-PAGE analysis of purifiod GST fuslons. All protelns are solublo and have the expected size. Mofocular welght markers are indicated
on the {oft.

{C) tn vitro binding of *S-methienino-inbelod CLASPT and CLASP2 {soa lonoes, markod “input”) to tho GST fuslon protoins, dopicted in (A} and
(8). Radioactive protains wore visualized by X-ray fllm exposure of driad gels.

(D} In vitro binding of ¥*S-mothionine-laboled CLIP-115 to GST fuslen protains, Tho exporimoent was parfermad as In (C).

(E) GST pulidown assay using mouse braln extract. Proteins, rotalned by glutathione-sepharose beads alono, boads docorated with GST, or

with GST-mCLASP1-G, ware analyzod by Wastem blotting, using antibody #2221, which recognizes both CLIP-115 and CLIP-170, or antibody
#2238, which Is speciflec for CUP-115.

{F} immunoprocipitations (P) from COS-1 cells, transiantly expressing rat brain GLIP-170, together with GFP-CLASP2, or C-torminai deletlon

mutarts of CLASP2 {soco scheme above the Westom). Precipitatod protelns wore analyzed by Wostem blotting with antibodies ngainst GFP
or CLIP-170,

(G} Immunoprecipitations (IP) fram COS-1 colls, translontly expressing GFP-CLASP1, CLIP-115, or both proteins. Precipitated proteins wero
analyzed by Wostern blotting with antibodtos against GFP or CLIP-115,

teins (Figure 3A} are soluble and produced in compara-
ble quantities (Figure 3B), these data suggest that the
retention of CLASP1 and -2 by GST-CLIP-115 and GST-
CLIP-115-TH and that of CLIP-115 and -170 by GST-
CLASP1-C is specific.

We next immunoprecipitated different transfected
GFP-CLASP fusion proteins from COS-1 cells, cotrans-

present in similar quantities as full-length GFP-CLASP2
(Figure 3F). Since these mutants stilt bind MTs (see be-
low} but fail te bind CLIPs, these data strongly suggest
that the CLIP-CLASP interaction is not mediated via
tubulin, but oceurs directly through the C-terminal CLIP-
interacting domain cof the CLASPs.

A sedimentation assay, whereby in vitro translated

fosted with the CLIPs. Both full-length GFP-CLASP1
and -2 coprecipitate with CLIP-115 and 170 (Figures 3F
and 3G and data not shown). These immunaprecipitates
of CLIPs and CLASPs contain neither tubuiin nor EBT or
dynactin {data not shown), indicating that these proteins
do not mediate the CLIPCLASP interaction, In addition,
truncated GFP-CLASP2 proteins, where the C-terminal
GLIP binding demain (GFP-CLASE2AXha} or the whole
C-terminal half of the protein (GFP-CLASP2ASal) is de-
leted (Figure 3F}, do not coprecipitate with CLIP-170
{Figure 3F) or CLIP-115 (data not shewn) while being
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CLASPs were tested for their ability to cosediment with
purified, taxal-stabilized MTs, reveals that only a small
propoertion of the CLASPs comes down with MTs (Figure
44, left panels). This could be partially due to phosphory-
fation of CLASPs in the transiation mix since this has
been shown to inhibit MT binding of CLIP-115 and GLIP-
170 (Pierre et al., 1992; Hoogenraad et al., 2000). To
reduce the extent of phosphorylation of the CLASPs,
after translation the system was depleted of ATP with
apyrase. This caused a considerable increase in the
proportion of CLASPs pelieted with MTs (Figure 4A,
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Figuro 4. CLASPs 2ind MTs Directly and Independently of CLIPs
(A} In witro binding of CLASP: to MTs, ¥S-methioning-labeled
CLASP1 and -2 were pellotod In the absence or in the presence of
MTs, and the supomatants {lanes matked "S"} and pollets {lancs
markod “P) worg analyzed by SDS-PAGE ang gutoradiography. In
s0ma casos, translation products were incubated with apyrase prior
to tho addltlon of MTs.

(B} MT blot ovoriay. CLIP-170, Immunaprocipiated with antibodies
#2221 from Hebla colls (500 ng), CLASPZ, Immunoprecipltated with
antlbodles #2358 from 3T3 colls (100 ng), and GFP-BICDZ, Immuno-
procipitated from transfoctod COS-1 colis with GFP-spacific anti-
bedies (500 ng) wore analyzed by SDS-PAGE or transforrod to a
Westom blot, which was Incubatod with taxel-stablllzod MTs (50
mg/ml}. MTs, rotainad on the blot, were detectod with anti-tubulin
antlbodios,

{C) COS-1 colls, transfocted with GFP-CLASP2ASAl (GFP signal
shewn In [C1]) wars stained with antl-tubulin antibodies {G2). In {C3)
and {C4}, signals of {C1) {green} ang {C2) (red) are merged. In 4],
an onlargemont of tho area Indicated in (C3) s shown to domonstrate
MT plus ondg faboling, Bar, 10 um.

right panels). In MT blct overlays, immunoprecipitated
CLASP2 and CLIP-170 bind MTs, whereas a Golgi-asso-
ciated GFP fusion protein of similar size and quantity
{GFP-BICD?Z; C. Hoogenraad et al,, submitted) does not
(Figure 4B). Thus, these results suggest that CLASPs
bind MTs directly and this binding may be influenced
by phosphorylation,

The GFP-CLASP2ASal mutant binds neither CLIP-115
nor CLIP-170 (Figure 3F) due to the absence of the C-ter-
minal CLIP interaction domain. However, this protein
does contain a presumptive MT binding domain (Inoue
etal., 2000; Lemos et a.,, 2000). At low expression levels
in transfected cells, this fusion protein localizes to the
distal ends of MTs (Figure 4C) and colocalizes with

CLIP-170 and EB1, while at high expression levels,
GFP-CLASP2ASal is detected along the MTs (data not
shown). These results suggest that CLASPS can accu-
mulate on distal ends of MTs independently of their
binding ta GLIPs.

CLASP2 Localization in 3T3 Fibroblasts Correlates
with the Orientation of Stabilized MTs

Since we observed that CLASP2 distribution in 3T3 cells
with a representative motite shape is asymmetric, we
investigated CLASPZ function further using the in vitro
wound healing model {Liao et al., 1999), Swiss 3T3 fibro-
blasts were grown to confluence and a stripe of cells
was scraped off, creating a “wound” in the menofayer.
Cells at the edge of the wound polarize in such a way
that their leading edges face the cell-free area. A subset
of MTs, oriented in the direction of the wound along the
polarization axis, becomes stabilized (Liao et al., 1999)
and accumulates postiransiationally modified forms of
tubulin, such as detyrosinated (Glu) tubulin and acet-
ylated (Ac} tubulin, which can be visualized using spe-
cific antibodies (Bulinski and Gundersen, 1991).

Selective stabilization of MTs, oriented toward the
leading edge, dees not occur in serum-starved 3T3 cells,
but can be quickly induced by the addition of serum
{Cook et al., 1998). In agreement with these data, we
find that after 24-48 hr of serum starvation, fibroblasts
contain very few detyrosinated and acetylated MTs,
which are concentrated in the region occupied by the
Golgi complex (Figure 5A). Under thes¢ cenditions,
CLASPZ is mainly detected in the region of the Golgi
complex, although woak staining with anti-CLASP2 anti-
bodies is ohserved at the MT tips, which are also positive
for EB1 (Figure 5B). Addition of serum induces formation
of detyrosinated and acetytated MTs directed toward
the edge of the wound (Figure 5C), The distribution of
the two different posttranslationally modified forms of
tubulin shows a strong correlation {but not a complete
colocalization). MT tips at the leading edge and in the
cell body are still stained with anti-EB1 antiserum as
well as with anti-CLIP antibodies, which produce a
highly similar staining pattern (Figure 5D).

In contrast to the MT distribution of EB1 and CLIP,
anti-CLASP2 antibodies mainly stain the distal seg-
ments of MTs at the leading edge of the cell (Figure 5E).
Very little MT bound CLASP2 is observed in the cell
body and at the lateral edges of the cells, in areas of
intercellular contacts {compare Figure SES to 5E4).
When CLASP2 localization is compared to that of acet-
ylated tubulin, it becomes clear that many stabilized,
acetylated MT bundles display a high accumulation of
CLASP2 at their distal ends (Figure 5F},

MT stabilization at the leading edge of fibroblasts is
induced rapidly (~5 min} in response to serum factors,
although it takes about 30 min before posttransiationally
modified tubulin isoforms have accumulated (Cook et
al., 1998). Redistribution of CLASPZ in résponse to Se-
rum addition can be observed already after &5 min (data
neot shown), atthough afl cells at the edge of the mono-
layer acquire a highly polarized CLASP2 staining pattern
only after 15-20 min. Taken together, these data suggest
that serum addition to wounded monclayers of 3T3
cells cayses the rapid and asymmoetric redistribation of
CLASP2 te a subset of MT distal ends.
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serum.starved

serum-stimulated

Flgure 5. Locallzation of CLASPZ at the Leading Edge of Sorum-Stimulatod 373 Cells

313 cells wore grown to 95% confluence in serum-gontaining modium and thon incubatod with serum-froo medium for 30 hr, Narow stripos
of tells were romoved by scrapling, and aftor Incubating for 2 mere hr without serum, colls waro feg elther sorum-ree {A and B) or sarum-
cortalning modium (C~F) for an acditional 30 min. Colis were fixed and costaingd with antibodles agalnst Glu tubulln and acotylated tubulin
{A and C), CLASPZ and EB1 {8 and E), CLUP-115/CLIP-170 (#2221} and EB? (D), and CLASP2 and acetylated tubutin {F). Images (A3)-{F3)
reprosont overlays of Images (Al)~{F1} (green) with Images {A2)~(F2) (red), Panels on the right show an onlargement of part of the ovarlays
{indlcated by whito ractanglos). MT tips from the tralling part of the coll are shown in {D4) and (E4), MT tips from the leading edge In {D5) and
(E5). The poshtion of the wound is indicated (amewhonds: [n [F, the leading edge also extends towards the tep). Bar, 19 pm.

CLASPs Stabilize MTs

The similarity of CLASPs to Orbit/Mast and their asym-
metri¢ distribution in motile fibroblasts suggests that
these proteins might be invelved in the regulation of
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MT dynamics. We examined the MT-stabilizing effect of
CLASPs first in COS-1 cells, which normally have few
stabilized MTs, as determined by Glu tubulin antibody
staining (Figure 6B). Overexpression of GFP-CLASP fu-
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sions induces highly increased levels of detyrosinated
MTs (Figures 6A and 6C). Inthe GFR-CLASP transfected
cells, almost ali cells contain many stabilized MTs out-
side the Golgi region, while int a control transfection,
GFP alone does not have this effect. Importantly, MT
stabilization occurs already at moderate levels of CLASP
overexpression, when the distal segments of MTs are
decorated by CLASPs {Figure 6C).

In the MT stabilizing assay, GFP-CLASP1a and GFP-
CLASP2fusions show comparable induction of detyrosi-
nated MTs (Figure 6A), indicating that both CLASP1
and -2 have MT-stabilizing properties. In cells displaying
an increased number of detyrosinated MTs, also the
level of acetylated MTs is increased (data not shown),
Such accumulation of two independent posttransia«
tionally modified forms of tubulin argues in faver of an
effect of GFP-CLASP overexpression on MT longevity
rather than on the tubulin medification machinery itself.
Ir: agreement with a stabilizing function of CLASPs, the
whole MT cytoskeleton becomes much more dense and
cntangled in GFP-GLASP-expressing cells (compare
Figure 6B1 to Figure 6C2).

In a second experiment, we examined the effect of
injected anti-CLASP2 antibodies on the orientation of
stabilized MTs at the leading edge. A very high propor-

Figuro 6. CLASPs Have an MT-Stabllizing
Effoct

{A) COS-1 eells were transfocted with con-
structs, exprossing GFP, GFP-CLASP1a, or
GFP-CLASP2, and stainod with Glu tubulin
antibadios ta dotect stabilizod MTs. The par-
contage of transfected colls, displaylng a sig-
niflcant amgunt of Glu tubulln at the coll pa-
riphery, is shown In (&) {throe exporimonts
parformad per construct, 100 cells counted
por axperiment, standard deviation Indlcated).
Colls with very low GFP levols (not visibly
at data collaction times below 80 ms, sec
Exporimental Procedures} or high exprossion
lovols [visible at data collestion timos of 150
ms) wore excluded from the analysls.

{8 and C) Examples of tubulln {B-twb) and
Glu tubulin (Glu tub) stalning in untransfoctod
COS-1 colis (B), orin cells axpressing modor-
ato lovels of GFP-CLASP2 (C). The data col-
lection timg was 600 ms in (C1). Bar, 10 pm,
{D-F} Sorumestarvad 3T3 fibroblasts woro In-
Jactod with anti-CLASP2 ar contrel antibod-
las, Induced with serum for 2 hr, and staknod
for rabbit [gG {E1 and F1) and acetylatod tu-
bulln {E2 and F2). Posltion of the wound is
indlcated (arrowheads).

{D) The percentage of injocted colls, dis-
playing fow or disorganized acetylated MTs,
was dotermined for colls Injectod with cantrel
(#2356 protmmune and anti-ERCC1} antibod-
ies or with anti-CLASP2 ant/bodies.

{E) 3T3 fibroblast Injected with control anti-
bodlos.

{F) 3T3 fibroblast Injoctod with ant-CLASP2
antibodies. Bar, 10 um.

tion of cells, injected with purified anti-CLASP2 antibod-
ies, show reduced and disorganized stabilized MTs (Fig-
ures 6D and 6F) as compared to cells injected with
tontrol antibodies {Figures 6D and 6E). The fact that not
ali cells are affected by anti-CLASP2 injection might be
due to variations in the amount of antibody injected, to
variations in the state of polarization of motile fibroblasts
that were injected, and/or to differences in the expres-
sion levels of CLASP1 and -2 within individual cells,
Taken together, both the overexpression and antibody
inhibition analyses point to a crucial role for CLASPs
in the regulation of MT dynamics, in particular in the
stabilization of MTs in polarized fibroblasts.

Regulation of CLASP-MT Association

by Phosphorylation

The relocalization of CLASPZ upon serum stimulation
suggests that CLASPs associate with MTs in a spatially
regulated manner. Recently, it was documented that
spatial sensing in fibroblasts is mediated by 3’ phospho-
inositides (Haugh et al., 2000), implying the involvement
of phosphoinositide (P}-3 kinase at the leading edge.
We therefore tested whether inhibition of P1-3 kinase
activity affects polarized localization of CLASPZ. Serum
stimulation in the presence of the PI-3 kinase inhibitors
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Figure 7. Rogulation of Asymmotric CLASP2 Distribution

(A-D} A waundod monclayer of 3T3 cells {soo Figure 5) was serum
stimylatoed (A, B, and D) or kopt on serum-frea medium (C). To inhibit
PI-3 kinsise or GSK3B, oithor wertmannin (B and D) or LICH {C and
D} wore addod, respectivaly. Cells waro flxed and costalned with
antlbedles agalnst CLASP2 and acotylated tubulin, White arrow-
honds mark the posttion of tha wound in tho monelayer.

{Eand F} COS-1 calls, transfoctod with constitutivoly astive, HA-tagged
GSK3P-89A, wore fixed ond costained with ant-HA antibodios
{E1 and F1) and antibodios agalnst CLASP2 {E2) or CLIP-170 (F2).
Bar, 16 um.

wortmannin ¢ LY294002 indeed reduces the normal
serum-induced accumulation of CLASP2 at the leading
edge (compare Figure 7B to Figure 7A, or 5E). Absence
of CLASP accumulation correlates with lack of polarized
arrays of acetylated MTs (Figure 7B2). We next tested
if glycogen synthase kinase (GSK}-3B, one of the down-
stream targets of PI-3 kinase, plays a role in regulating
CLASP-MT distal end association. Treatment of serum-
starved 3T3 celis (which normally do not contain much
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MT bound CLASP, Figure 5B) with lithium chloride, a
direct inhibitor of GSK-3p, results in a significant in-
crease in CLASP2 signal at distal MT ends (Figure 7C1)
and in the appearance of extended acetylated MTs (Fig-
ure 7C2), which, like CLASPZ, are localized throughout
the cell. A similar result is observed in lithium-treated
cells, which are serum stimulated in the presence of
wartmannin {Figure 7D}, indicating that GSK-33 inhibi-
tion is ¢ritical in regulating CLASP~-MT interactions. This
idea is supported by the observation that overexpres-
sion of a constutively active form {GSK-38-598, where
serine 9 is replaced by alanine) significantly inhibits
CLASPZ localization to MT plus ends in transfected COS-1
cells (Figure 7E), but not that of GLIP-170 {Figure 7F).

Discussion

GLASPs Induce Local Stabilization of MTs

The MT network is a highly dynamic structure that is
capable of quick rearrangements in response to environ-
mental cues {Kirschner and Mitchison, 1986). Proteins,
which bind to MT tips are of particular interest, since
they are likely te be involved in regulation of MT dynam-
ics and/or the interaction of MTs with the cellular cortex.
CLIP-170 and CLIP-115 are such plus end binding pro-
teins (Perez et al., 1999; Hoogenraad et al,, 2000). Re-
cently, a CLIP-170-like protetn from fission yeast, tiptp.
was shown to function as an anti-catastrophe factor
(Brunner and Nurse, 2000), indicating that CLIP-115
and -170 might have a similar role in mammals. In this
study, we identified CLASP1 and «2 a5 commen protein
partners of GLIP-115 and <170, which, similar to CLIPs,
localize to MT tips. CLASPs are homologous along their
entire length to the Drosophila MAP Orbit/Mast. (Inoue
etal,, 2000; Lemos et al,, 2000). Like Orbit/Mast, CLASPs
directly bind MTs. Overexpression of CLASPs in COS-1
cells induces MT stabilization, while inhibition of CLASP2
function by antibody injections prevents the formation
of aligned and stabilized MTs n motile fibrobtasts.
CLASP2 is predominantly bound te MTs at the leading
cdge of 3T3 cells, where they tend to grow or become
stabilized, and notinthe celt body, where MTs are unsta-
ble and often depolymerize. Taken together, this evi-
dence strongly suggests that CLASPs are MAPs that
regulate MT dynamics in polarized cells.

Potential Role of CLASP Isoform Variability

GLASPs exist as a family of isoforms, distinguished by
their N-terminal sequences. The domain present in the
long CLASF1 /20 isoforms (and in OrbitMast) is similar
to protein sequences in the MT stabilizing proteins of
the dis1/TCG family. Although this suggests a function
for the dis1/TOG domain of CLASPa in MT stabilization,
deletion of the demain dig not make a ditference in
the MT stabilization assay in transfected COS-1 cells.
Interestingly, the dis1/TOG members ZYG-9 and Mini
Spindles associated with spindle poles and centro-
somes (Matthews et al., 1998; Cullen et al,, 1999) and
transfected GFP-CLASP1a preferentially accumulated
in centrosomally originating MT bundles, while the other
isoforms did not. it is therefore possible that the N-ter-
minal domain of CLASPw plays a role in centrosomal -
MT nucleation.



The N terminus of CLASP2B is a membrane-targeting
dormain, simikar to the dual palmitoylation module identj-
fied in several other proteins (Resh, 1998), Palmitoyla-
tion plays an essertial role in protein sorting; for exam-
ple, &t is required to target the membrane-associated
guanylate kinase PSD-95 to the postsynaptic density
(El-Husseini et al., 2000). The existence of a brain-spe-
cific CLASP isoform with 2 metmnbrane-targeting signal,
together with mere widely expressed isoforms lacking
such a signal, is reminiscent of a situation described for
the stathmin protein family. Stathmin is a small cytosolic
phosphoprotein, which destabilizes MTs and which is
the prototype member of a family, that includes the
nervous system proteins SCG10, SCLIP, and RB3 (Gavet
et al, 1998). These proteins can associate with mem-
branes through their dually palmitoylated N termini and
at least one of them, SCGT0, is specifically localized
to neuronal growth cones (Di Paolo et al,, 1997}, The
existence of both stabilizing (CLASP) and destabilizing
{stathmin} factors with similar targeting properties could
provide a mechanism for the fine regulation of MT dy-
namics in particular neuronal compartments.

Regulation of CLASP-MT Interactions

at Distal Ends

Different from other MT-stabilizing factors, such as
XMAP215, which bind aleng the whole length of MTs,
CLASPs can induce MT stabilization when present only
atthe distal ends of MTs. Both in CLASP-overexpressing
COS-1 cells and at the leading edge of 3T3 fibroblasts,
this stabilization is associated with the presence of a
“coat” of CLASP at distal segments. Qur findings indi-
cate that PI-3 kinase signaling through GSK38 is an
important mediator of the asymmetric CLASP2-MT in-
teractions in 3T3 fibroblasts. These results are consis-
tent with the observation that PI-3 kinase plays an es-
sential role in the polarization of fibroblasts (Haugh et
al., 2000) and that one of the biological responses of
PI-3 kinase activation is the inactivation of GSK3p
{van Weeren et al,, 1998). The latter actually fulfills all
the requirements for being a negative regulator of
CLASP2-MT interactions. First, our in vitro studies sug-
gestthat MT binding by CLASPs is negatively influenced
by phosphorylation. Second, unlike many other kinases,
GSK3B is constitutively active in resting cells (such as
serum-starved cells) and is inhibited when cells are stim-
uiated by a number of growth factors. These results are
in fine with the fact that CLASP binding to distal ends
is reduced in serum-starved cefls (or in cells overex-
pressing a constitutively active form of GSK2g) and stim-
ulated by serum (or by inactivation of GSK3g with lithium
chioride). Thus, the pelarized accurmulation of CLASPs
is subject to regulation by positional cues and by serum,
which distinguishes CLASPs from other MT plus end
kinding proteins, such as CLIPs and EB1.

Functional Significance of the

CLIP-CLASP Interaction

We have shown that the C-terminal domain of CLASPs
specifically binds to a portion of the ceiled-coil domain
of CLIP-115 and -170. In vivo, this GLIP-~GLASP interac-
tion might be transient since the distribution of CLIPs
and CLASPs shows only partial overlap in interphase

fibroblasts. There is a substantial Golgi-associated pool
of CLASPs, while CLIP-170 and CLIP-115 do not accu-
mulate significantly in the Golgi. Also, in serum-stimu-
lated 3T3 cells, only a subset of EB1/CLIP-positive MT
tips are labeled strongly with anti-CLASP2 antibodies.
In serum-grown 3T3 cells, CLIPs and EB1 are most con-
centrated at the very tip of an MT, while longer and more
proximal MT segments are stained by anti-CLASP2
antibedies, A transient CLIP-CLASP interaction would
account for previous failures to copurity CLASPs {or
any other protein) with CLIP-170 (Scheel et al,, 1999).
Also, in our hands, no significant amounts of CLIP-170
could be coprecipitated with CLASP from untransfected
COS-1 cells,

The affinity of CLASPs for MT tips is not solely depen-
dent on interaction with CLIPs since a CLASP2 mutant,
lacking the CLIP binding domain, is still targeted to MT
plus ends. In spite of this fact and the putative transient
nature of the CLIP-CLASP interaction, these proteins
are highly likely to influence the affinity of each other
for MTs and thereby affect the fate of MTs. For example,
CLIPs could stimulate the loading of (membrane bound)
CLASPs onto the MT plus ends. Conversely, accumula-
tion of CLASPs on distal segments of a subset of MTs
might serve to attract CLIP-170 (or CLIP-115) to the tips
of MTs, even under conditions of MT shrinkage and/or
pausing, conditions that normally eause dissociation of
CLIP-170 from the distal ends {Perez et al,, 1899), At-
traction of the CLIPs by a CLASP-positive segment may
rescue pausing/retracting MTs and revert them to a
state of growth and may be one of the mechanisms by
which CLASPs stabilize MTs. This model is both in line
with the proposed anti-catastrophe role of tip1p (Brun-
nerand Nurse, 2000) and with the observation that CLIP-
170 treadmills on the growing ends of MTs by copaoly-
merizatien with tubutin and could thus be an inherent
part of the MT polymerization machinery (Diaman-
topoulos et ak, 1999; Perez et al., 1999). It also would
explain the increased longevity of a subset of MTs at
the leading edge (Cook et al., 1998} and why these MTs
still have their tips decorated with EB1/CLIP. In conclu-
sion, we propose that CLIP-CLASP interactions consti-
tute part of a regulatory device on the distal ends of
MTs that is needed to target or modulate MT dynamics
in polarized cells, The partnership between CLIPs and
CLASPs bears a striking resemblance to that of APC
and EBT, two proteins which bind to each other, accu-
mulate at MT plus ends, and regulate MT dynamics in
polarized cells (for review, see Timauer and Bierer,
2000). It will be interesting to investigate to what extent
CUIP-CLASP and APC-EB1 pathways interact.

Experimental Precedures

Yeast Two-Hybrid Scroen

A mousa E14.5 day embryenlc cDNA Ilbrary {Chovray and Nathans,
1992} was screenad by the yoast twe-hybrid assay (Wolthuls et al.,
1996} Fragments of rat CLIP-115, rat brain CLIP-170, ang chicken
P150% wora claned Into the pPC7 yoast two-hybrid voctor (seo
Figure 1A}. Production of yeost proteins was vorified by Wostern
blotting using monocional antibedios agalnst GALS DNA binding
and activation domalns {Clontoch). Mause CLASPH ¢DNA, dorivad
from tha yeast two-hybrid seroen, corrasponds te tho 3 pertion of
KIAARE22, starting from position 3010 (see Figure 1B). Intemction
of mCLASP1 with CLIP-115 was variflod by axchanging tho Insorts
of bait and fish vactors.
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cDNA Isolatlon and Northem Blotting

The GLIP-170 clona used here Is a rat braln cDNA enceding a CLIP-
170 Isoform with o 115 amine acid doletion In the C-terminal portien
of the called~coil region {accesslon number AJ237670). Human
KIAAQE22 (CLASP1) and KIAADG2T {CLASPZ) ¢cONAS (Ishikawa ot
al., 1998} wore obtalned from the Kazuza DNA Research Institute.
To complete the 5' ands of those cDNAs, wo used RACE-FCR with
human adult brain poly{A)” RNA (Clontech) or mouso braln ANA as
atemplato. Mouse EST vi60he4 {truncated CLASPZq) Is an IMAGE
clona, Rat cDNA clone r313 (CLASP2p) was isalated by screening of
a rat hippecampus cONA Ebrary (De Zeouw et ak, 1997). Accesslen
numbers aro: AJ288057 {human brain 5° end CLASP1a), AJ285058,
and AJ288059 (human brain 5 ond CLASP2y and -£, respectively);
AJ2BB0E0 (clono r313); AJ2BB06T (mouse yeast two-hybrid CLASPY,
AJ276967 (ul60n04), and AJ276962 (mouse brain 5' ong CLASPT4).
Northorm blots wero propared and hybridized using standard proto-
cols {Sambrock ot al., 1989).

GST Fuslon Constructs and Generatlen of CLASP Antisera
Glutathione S-transferaso (GST) fusions wore gonerated using plas-
mids pGEX-2T and pGEX-3X (Phamaciz), GST-mCLASP1-G con-
tains the whole coding part of the mouse yeast two-hybrid CLASP1
CDNA. GST-hCLASPZ contains the corrosponding C terminus of
hurman CLASPZ (nucicotldo pasitions 3074-3376 of the KIAADEZ7
cDNA}. The GST-CLIP fusion protelns are expinined in Figure 3A.
Purification of GST fusion proteins and immunlzation of mbblts wore
performod as described (Hocganraad ot al., 2000}, Antiserum #2358
ts against GST-hCLASPZ.

Western Blot Analysis and Immunoprecipitations

Proteln extract preparation, Western blotting, and CLIF antisom
hava beon describad (Hoogenraad et al., 2000), Proteins wora de-
tactad using rabbit polyclonal anti-GFP {1:2500; Glantoch) or anti-
GLIP and CLASP antibedios (all used at 1:2500). Tho Triton-X114
partitioning assay was porformed as published (Hancock ot al.,
1989).

Inthe Immuneprocipitation oxporiments, transfocted COS-1 colls
were lysed In butfer contalning 30 mM HEPES (pH 7.4), 100 mM
KGCH 1% NP-40, supplomented with protease Inhlbitors (Beohringor
Mannheirn), and Incubated at 4°C for 3¢ min to dapolymerize MTs,
All subsequent stops wero carried out as deseribed {(Hoogenrmad
ot al., 2000,

GST Pulldown and MT Binding Assays

KIAADE22, KIAADGZY, and CLIP-115 ¢cDNAs wero transeribed and
translated in vitro using the TnT-coupled transcription-transintion
system {Promega} and ™S-methlenine {Trans35S label, ICN}. All-
Guets of radiolabeled proteins wore Incubatod with difforont GST
{usion proteins in NETT buffor (100 mM NaCl, 50 mM Tris {pH 7.5),
5 mM EDTA, 0.5% Triten X-100} for 2 hr at rsom tomperature, Aftor-
wards, samples werg washed five times In NETT buffor. Proteins
wore eluted by toiling in sample buffor and analyzed by SDS-PAGE.
Dred gels wore axpesed to fllm,

Mouse brains were homogenized in NETT buffar containing proto-
ase Inhibitors, After romoving Insoluble material by centrifugation
for 10 min at 10,000 X g, protein extrast was used for tho GST
pulldown assay, as describoed above. Bound proteins ware detoctod
by Western blatting.

For tho MT binding assays (Moogenraad et al., 2000}, CLASP1a
and r313 plasmids were transerbod and transiated. Somoe sampkes
ware treated for 15 min at 30°C with apyrase {1 U, Sigma) Immedi-
atoly after translation. The MT blat overlay was porformed as do-
seribed (Rrunmar and Nurse, 2000).

Expression Constructs

GFP-CLASPY contalns the whele open reading frame of KIAADEZ2,
subcloned inframe into pEGFP-Ct (Clontoch). CLASPta was con-
structod from KIAAQE22 and an gverapplng human brain RACE
produst, oncoding tho XMAPZ15-bomologous domaln, by using a
uniquo Avrll site at positior 580 in KIAAGS22. Fusing the CLASP1a
Insart into pEGFP-G1 produced GFP-CLASF . Untaggod CLASP2y
consists o1 tho whole Insort of KIAAD6Z7, clenod Inte pCl-neo Pro-
mogal. GFP-CLASPZ was mada by insorting KIAAGG27 cDNA fram

tho BspEl slte at position 184 Imo pEGFP-C1; It thorotore lacks tho
first 29 amino aclds encodod by KIAADEZT. In the GFP-CLASPZ
C-tarminal deletion constructs, the CLASPR coding sequance was
abrogated at nuglectide positions 1830 (GFP-CLASP2ASal) and
3138 (GFP-CLASP2AXNG) of the KIAADEZT sequence. Tho GSK-3B
(S%A) construet has boon described (van Weeren ot al., 1998).

Cell Culture Manidpulations and Irr luor

COS-1 cells wera cuttured and transfoctod a5 describod {Hoogen-
raad et al,, 2000}, Swiss 3T3 flbroklasts wore cultured in DMEM
modium with 8% fotal calf sorum. Serum starvation and menclayer
wounding were as reported (Gundersen ot al., 1994), For PI3-kinase
Inhibitlon, 100 nM wortmannin or 300 uM LY294002 (Sigma) was
usod. ForGSK-2g Inhibitlon, 10-20 mM LIC! was addod tatho culture
medium, Antibedy Injoctions Into fibroblasts ¢a the edge of the
stripes wore performed as published proviausly fvan Vuuren et al.,
1954}, Injoctions were done 2 hr priorto sorum induction using IgG-
purified antibedios at § mg/ml. Injectod cells were detoctod using
fluorescently fabeled rabblt secondary antibodies. The percontage
of cells with reduced or diserganized stablliized MTs was dotermined
by stalning with antlbocles against acetylated tubulin. Stakillzed
MTswore scorod as disorganized if tholramount was highly reduced
{seo example In Figure 6F) and/or if thoy displayed random orienta~
tion with raspect to the loading edgo. Percontages wore detemnined
by counting 79 cells injectod with control #2358 preimmune 16
(16% disorganized), 86 cells injocted with control anti-ERCCA anti-
bedios (van Vuuren ot al,, 1994; 14% disorganized), and 233 colls
Injected with antl-CLASP2 antibadlos {rosuits from the twe indopons
dont exporiments withthe ditferant control antiboglos; 76% disorga-
nized),

Immunofluorescence experiments (Hoogenraad et ak., 2000) wore
porformed using rabbit anti-CLASP2 antlserum, antiserum #2221,
which recognizes beth GLUIP-115 and CUP-170 and antisorum
#2238, which I5 spocific for CLIP-115 {Heogenraad et at., 2000), in
a dilution of 1:300. Rabbit antlbodies agalnst Glu tubulin {a gift
from Dr. J. C. Bulinski} ware diluted at 1:500. Mouse monoclonal
antibodles against the HA tag (BALCO), B-tubulln, acotylated tubuiln
and vinculln (Sigma), EB1, and GM130 (Transduction Laboratories)
ware dliuted 1:100. Socondary antibedles used were rhoclamine-
cenjugatod shoap antl-mouso {1:25, Boehringer Mannhelm), Afoxa
594~conjugated goat anti-rabbit (1:500, Molocular Probes), FITC-
conjugated goat anti-rabbit {1:100, Nordic Laboratorios), and Alexa
350-conjugated sheep antl-meuse {1:250, Molocular Probos).

Slgnals were captured with a Leica DMRBE fluorescenso micros
scope equipped with & Hamamatsu C4880 DCC camern. To quantify
the GFP fluoroscence, colls wore imaged using fixod data coliection
times: 150 ms for highly exprossing colis, 600 ms for modorately
exprassing colls, and 1200 ms for colls exprassing low lovels of GFP
fusion pretain,
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Summary

CLIP-115 and CLIP-170 are two structurally similar mammalian proteins,
which localize to the ends of growing microtubules. Here we describe a novel splicing
variant of CLIP-170, CLIP-170-br, which represents the predominant brain isoform of
this protein. In vivo localization of CLIP-170-br and CLIP-115 in mouse brain reveals
distinct but overlapping expression patterns. Coexpression experiments show that both
CLIPs can compete with each other for the binding to microtubule tips. CLIP-115 and
CLIP-170-br can interact with CLASP1 and 2, while some muscle-enriched splicing
isoforms of CLIP-170 show reduced affinity for these proteins, suggesting that CLIP-
CLASP interactions might be more important in the brain than in the muscle. We also
analyzed a potential interaction between both CLIPs and myosin VI, because their
Drosophila homologues, D-CLIP-190 and myosin 95F were shown to associate with
each other, but found no evidence to support such an interaction in mammals. Finally,
we show that CLIP-170, but not CLIP-115, is able to enhance the accumulation of
dynactin and LIS1 at the microtubule tips. Our results suggest that CLIP-170 may act
as a scaffold to mediate the recruitment of both LIS1 and dynactin to the microtubule
tips. CLIP-115 might partially inhibit this function by reducing CLIP-170
concentration at these sites.

Introduction

The formation of a highly specific patiern of connections in the nervous system
proceeds by the extension of long processes from the neuronal cell bodies. Neurites
must elongate, find the appropriate pathway, branch and finally establish connections
[1]. Changes in the organization of microtubules in axons and dendrites are strongly
implicated in the mechanism of neuronal growth and maintenance [2-4]. In addition,
microtubules also play a central role in intracellular membrane transport and cell
polarity [5]. Microtubules are themselves polarized tubular structures, with a plus and
minus end. and are formed by the polymerization of tubulin. Microtubule plus ends
undergo phases of growing and shortening, referred to as dynamic instability [6].
Microtubule polymerization or depolymerization as well as switching between theses
phases are regulated by multiple cellular factors.

It is likely that microtubule plus end dynamics depends on regulatory factors
which specifically bind to the microtubule tip. CLIP-170 and CLIP-115 are
microtubule binding proteins present at the plus ends of growing microtubules [7,8].
The two CLIPs are structurally similar: their N-terminal part consists of two conserved
microtubule binding domains (MTB) surrounded by basic serine-rich regions, while a
iong coiled-coil segment in the middie of each protein allows dimerization [8,9]. The
C-terminal domain of CLIP-170 contains two metal binding motifs, which are not
present in CLIP-115.

In fission yeast, the CLIP-170 homologue, tiplp, has been shown to suppress
microtubule catastrophes specifically when the microtubules contact the cell cortex in
certain cel]l areas [10]. In addition, we recently showed that CILIP-115 and -170
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associated proteins, CLASP1 and -2, localize at microtubule distal ends at the leading
edge of the motile fibroblasts and participate in local stabilization of microtubules in
these polarized cells [11}. These studies suggest that CLIPs, most likely in concert
with associating proteins, are involved in the local regulation of microtubule dynamics.

The specific localization of CLIPs at the growing microtubule plus ends may
also promote the interactions of microtubules with the cellular cortex or cargoes,
destined for transport, such as membrane organelles. In favor of this latter view, CLIP-
170 was initially described as linking microtubules to endosomes in vitro [12]. In
addition. Drosophila CLIP-170, D-CLIP-190, is found to be associated with a class VI
unconventional myosin [13]. The association of a myosin and a microtubule binding
protein suggests that these two proteins may link microtubule plus ends to cortical
actin cables and coordinate the microtubule and actin-based tramsport of vesicles
[14.15]. However, it needs to be determined whether this interaction is conserved in
vertebrates. Farther more compelling evidence for the role of CLIP-170 in organelle
transport has emerged from recent studies on the minus end directed motor protein
dynein and its activator dynactin. CLIP-170 has been colocalized with both complexes
at the microtubule plus ends [16]. Overexpression of CLIP-170 relocalizes the
components of the dynactin complex, which is dependent on the C-terrminus of CLIP-
170 [17]. It was proposed that CLIP-170 first targets dynactin to the microtubule tip
and subsequently dynein is loaded to this site and becomes activated to perform minus
end directed transport [16-18].

Another potential participant in dynein-mediated transport is an evolutionary
conserved protein LIS1. It was originally identified as the mutated gene responsible for
the brain abnormalities in type 1 lissencephaly [19]. Genetic analyses in flies and fungi
implicated LIS1 and dynein-mediated processes, such as nuclear migration [20-23].
Mammalian LIS1 co-immunoprecipitates with both cytoplasmic dynein and dynactin
[24-26]. LIS-1 and its homologue in Aspergillus, NudF, localize to microtubule tips
[27,28] and overexpression of LIS1 abolishes the localization of dynactin to the
microtubule plus ends [25], suggesting that LIS1 has a function in the dynein-dynactin
pathway at the microtubule tips. The role of CLIPs in the LIS1/dynein/dynactin
pathway is not yet clear.

In the present study we 1solated an isoform of CLIP-170, named CLIP-170-br,
which is predominately expressed in the brain. We analyzed the distribution of CLIP-
170 and CLIP-1135 in the brain and, since CLIP-170 and CLIP-115 are coexpressed in
many neuronal types, we tested the competition of CLIP-115 and -170 at the
microtubule plus ends. Furthermore, we compared the interaction between CLIP-170
isoforms and CLIP-115 with some of their potential brain protein partners, such as
CLASP. myosin VI, dynactin, LIS and LISI-associating proteins NudE, NudEL and
NudC. The functional implications of our findings will be discussed.



Results
Isolarion and characterization of an alternatively spliced CLIP-170 isoform, which is
predominately expressed in the brain

We have screened a rat hippocampus cDNA library vsing as a probe a CLIP-
115 ¢cDNA fragment, encoding the MTBs [29]. In addition to CLIP-115 cDNAs, we
have isolated overlapping ¢DNA clones encoding the rat homologue of CLIP-
170/restin. Three longest clones contained an open reading frame (ORF) of 3963 bp,
preceded by an in-frame stop codon, suggesting that these cDNAs cover the complete
coding region (Fig la).
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mRNA in all lanes, in the right panel GAPDH probe was used as a loading control.
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Rat brain CLIP-170 sequence is very similar (83 % identity) to human restin
and includes the restin-specific 35 amino acid insertion (see below). However, in
contrast to both human CLIP-170 and restim, it contains a 345 bp long in-frame
deletion in the middle part of the ORF (Fig. la,c). We named this splicing isoform
CLIP-170-br. Comparison of the CLIP-170-br cDNA with the sequence of the human
CLIP-170 gene [30] indicates that this splicing isoform results from an alternative 5°
splice site usage and exon skipping (Fig. 1¢).

To determine the expression profile of CLIP-17(-br, we performed RT-PCR
and northern blot analyses on multiple tissues. RT-PCR analysis with primers flanking
the 345 bp deletion yields 458 bp product for CLIP-170/restin and 113 bp product for
CLIP-170-br (Fig. 1b). This analysis reveals that CLIP-170-br is predominantly
present in the brain.

Northern blots with total rat and human RNA, a CLIP-170 transcript of
approximately 6 kb is present in ail tissues examined (Fig. 1d). CLIP-170 is highly
expressed in skeletal mscle, heart, brain and testis. The CLIP-170 transcript detected
in human and rat brain is slightly smaller compared to the other tissues and is likely to
correspond to the CLIP-170-br isoform. CLIP-170 is transcribed in different regions of
the adult brain, displaying highest levels in the cerebellum (Fig 1d).

#2360 . o
CLP- 170t BT = Figure 2. Characterization of the CLIP-

170-specific antibodies
(a) Structure of CLIP-115 and CLIP-170-
br proteins (depicted in the same way as in
Fig.la) and the position of the antigens
B C $ed to gg?eratefantil—CLIP antibodies.{(b)
COS-! & o & & & o estern blots of cell extracts, prepared
-+ FEE ”"&éc'o “f”‘y@q from untransfected COS-1 cells, or cells,
200— 200~ _ transfected with CLIP-170-br. Blots are
TR e e M m o probed with the anti-CLIP-170 antibody
97— v - - (#2360). (€) Western blots of heart, brain
65— = bd bt and COS-1 «cell homogenates were
97 : incubated with the antibodies, indicated
a— ca— under the blots. In (b) and (c) the band,
' corresponding to the full-length CLIP-170
is indicated by a black arrowhead, CLIP-
170-br — by an arrow and CLIP-115 ~ by
an open arrowhead. (d-f)
Imrmunofluorescence staining of COS-1
cells with antibodies #2360 against CLIP-
170 (d, green in merged picture) and B-
tubulin (e. red in merged picture). Higher
magnification view of the indicated part of
the merged picture is shown in (f). Bar: 10
um.
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To investigate the in vivo distribution of the CLIP-170 in mouse or rat tissues,
we have raised polyclonal antibodies against the C-terminus of the rat CLIP-170-br
{antiserum #2360) (Fig. 2a). In COS-1 cell extracts, this antiserum reacts with a single
protein band of ~160 kDa (Fig. 2b), which is the expected molecular mass of the full-
length CLIP-170. In extracts of COS-1 cells, transfected with a CLIP-170-br-encoding
expression vector, a second protein species of ~150 kDa is detected, which is in
agreement with the expected size of this CLIP-170 isoform (148 kDa). A protein of
~150 kDa was also detected on western blots of brain tissue, while a protein of ~160
kDa was present in heart extracts (Fig.2c). These results were confirmed using our
previously described antibodies, which recognize the N-termini of both CLIP-115 and
CLIP-170 (#2221) and the C-terminal domain of CLIP-1135 (#2238) [8] (Fig. 2a.c).
Since both CLIP-170 antibodies (#2221 and #2360) detect a single CLIP-170 protein
species in brain extracts, we conclude that the major CLIP-170 isoform in the brain is
CLIP-170-br.

In immunofluorescence experiments in COS-1 cells, anti-CLIP-170 antibodies
stains stretches of distal ends of microtubules (Fig. 2d-f), as has been described
previously [7.12]. In wansiently transfected COS-1 cells, CLIP-170-br shows the same
distribution patterns as a full-length CLIP-170 (compare data in Fig. 4 to [7,311),
indicating that the brain-specific deletion has no apparent effect in this assay. The 345
bp deletion removes a part of the coiled-coil “stalk” of CLIP-170 and generates an
amino acid motif KKEK (Fig. 1a,c). Interestingly, this motif is present in proteins that
bird actin or actin-related proteins, such as the Arpl subunit of the dynactin complex
[32-34]. Interaction between CLIP-170-br and Arpl could be relevant, because CLIP-
170 is involved in targeting dynactin to the plus ends of microtubules ([16,17] and see
below). However, by using yeast two-hybrid and in vitro binding assays we could
detect no interaction between Arpl and KKEK-containing part of the CLIP-170-br
coiled coil region (data not shown). Overexpressed CLIP-170-br or its KKEK-
containing tail did not colocalise with overexpressed Arpl or with actin fibers and had
no visible effect on the organization or distribution of the actin cytoskeleton (data not
shown), Still, we cannot exclude that KKEK motif contributes to the CLIP-170-br
interaction with dynactin or with actin filaments.

Distribution CLIP-170-br and CLIP-115 proteins in the brain

Northern blotting indicated that both CLIPs are present throughout the brain
(Fig.1d and [29]). To determine in which brain cells and subcellular compartments
CLIP-170-br and CLIP-115 are localized, an immunofluorescence and a light
microscopy analysis on the brain sections from adult mouse were performed. Using
anti-CLIP-115 antibody #2238, we observed strong labeling of the Purkinje cell bodies
and dendrites in the molecular layer of the cerebellum (Fig. 3a-d). Anti-CLIP-170
antibody #2360 showed staining in the granular layer of the cerebellar cortex and not
int the Purkinje cells (Fig. 3g,h). The CLIP-170-specific stalning in the granular layer is
concentrated in bright immunoreactive dots (arrowheads in Fig. 3h). Since they do not
completely coincide with the bodies of the granular cells and often appear to be located
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Figure 3. Localization of CLIP-115 and CLIP-170-br in mouse brain.
Sections of cerebellum (a-h). hippocampus (i-m), cerebral cortex (g, s-x) and olfactery bulb ()
immunostained for CLIP-115 (antiserurn #2238), CLIP-115/CLIP-170 (antiserum #2221), and CLIP-
170 (antiserum #2360). {a-c.e.g.j-k.n.0.r) are immunocytochemistry images of sagittal and (g,s,1) of
transversal sections. (d.f.hlm.p.t.v-x) are immuncfluorescence images of transversal sections. (w,x)
Double staining of the cerebral cortex for CLIP-170 and B-tubulin. CLIP-115 and -170 ~ positive
dendritic processes are indicated by arrows, and CLIP-170-specific staining in the granular layer of the
cerebellum is indicated by arrowheads. CC, cerebrai cortex; CN, cerebellum nuclei; GL, granular
layer: Hi, Hippocampus; ML, molecular layer, Pu. Purkinje cell. Bar: 100 pm.
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next to the these cells, these dots may represent axon terminals from the mossy fibers.
Antibodies #2221, which are directed against both CLIP-115 and CLIP-170, stain
Purkinje cells as well as the granuiar layer (Fig. 3e.f). Both CLIPs are also detected at
high levels in the cerebral cortex, hippocampus, olfactory bulb and amygdala, where
they are localized to the cell bodies and the dendrites of neurons (Fig. 3i-w). Thus, in
these brain regions the expression of CLIP-115 overlaps with that of CLIP-170-br,
while in the cerebellum these proteins localize in different cell types.

Since the CLIPs are microtubule binding proteins, we analyzed their
colocalization with microtubules in brain sections by double staining with antibodies
against CLIPs and [B-tubulin. In all CLIP-115 and CLIP-170-br-positive neurons there
is a clear colocalization of CLIPs and microtubules (Fig. 3w.x and data not shown).
Taken together, these data indicate that in the brain both CLIP-115 and CLIP-170-br
are predominantly found in neurons, where they have overlapping but distinct
expression patterns and colocalize with microtubules.

CLIP-115 and CLIP-170-br can compete with each other for the microtubule plus
ends

Having shown that CLIP-115 and CLIP-170-br have an overlapping distribution
in the brain and can both be found in the same intracellular compartments, we next
tested the effect of having both CLIPs in transfected cells. CLIP-170 is endogenously
present in COS-1 cells (Fig. 2d) and at low expression levels GFP-CLIP-115
colocalizes with it at the microtubule plus ends (J8] and data not shown). At higher
levels, GFP-CLIP-115 localizes along the microtubules and displaces endogenous
CLIP-170 from microtubule tips (Fig. 4 a,b).

Next, we cotransfected COS-1 cells with CLIP-115 and CLIP-170-br, which
were bearing a GFP- or a HA-tag, and looked at individual cells with different
expression levels of both CLIPs. When both HA-CLIP-115 and GFP-CLIP-170-br are
coexpressed at low levels. they colocalize and associate with the same distal ends of
microtubules [8]. Cells expressing medium levels of HA-CLIP-115 and low levels of
GFP-CLIP-170-br show HA-CLIP-115 labeling along the length of the microtubule
and a prominent staining of GFP-CLIP-170-br at microtubule plus ends (Fig. 4c.d).
The same effect is seen in cotransfections with GFP-CLIP-115 and HA-CLIP-170-br
{Fig. 4e.D), indicating that the protein tag and immunological detection do not
influence the difference observed between the two CLIPs. When HA-CLIP-115 is
axpressed at very high levels and forms microtubule bundles within the cell {8], GFP-
CLIP-170-br is no longer present at microtubule plus ends, but codistributes with
CLIP-115 (data not shown). On the other hand, cells expressing medium levels of
GFP-CLIP-170-br and low levels of HA-CLIP-113 show that the latter colocalizes
with GFP-CLIP-170-br along the microtubules and does not accumulate at the
microtubule tips (Fig.4g,h).

Taken together, the data show that CLIP-115 and CLIP-170-br can associate
with the same microtubule plus tips and compete with each other for these tips.
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However, at intermediate expression levels, when CLIP-115 is found along the
microtebules, CLIP-170-br can be still present predominantly at microtubules plus
ends, indicating that CLIP-170-br has higher affinity for these sites (or lower affinity
for the rest of the microtubule cytoskeleton).

Figure 4. Competition between CLIP-115
and CLIP-170-br at microtubule plus
ends.

COS-1 cells were transfected with GEP-
CLIP-115 {(a) or cotransfected with HA-
CLIP-115 and GFP-CLIP-170-br (c.d.g.h) or
GFP-CLIP-115 and HA-CLIP-170-br {e.[).
Cells were stained with anti-CLIP-170
anitibody #2360 (b) or an anti-HA antibody
(c.f). Bar: 10 um.

Alternative splicing in CLIP-170 modulates its affinity for CLASP proteins

Recently, we have identified two binding partners of the CLIP proteins, which
were named CLASP1 and —2. The 345 bp deletion, specific for CLIP-170-br, is located
downstream of the CLASP-binding domain in CLIP-170 (Fig.5a) and has no apparent
effect on the CLIP-CILASP interaction (data not shown).

However, in addition to the CLIP-170-br isoform in the brain, CLIP-170 is
present as a mixture of different isoforms in several other tissues [35-37]. In particular,
a stretch of 35 amino acids (which is specific for the CLIP-170 isoform called restin)
can be either excluded or included at position 457 within the CLIP-17¢ coiled-coil
region in different tissues (Fig. 5a and [36]). In muscle tissue, an 11 amino acid insert
1s present in some CLIP-170 transcripts at the same place and instead of or together
with the 35 amino acid insert (Fig.5a and [35]). These CLIP-170 isoforms are named,
CLIP-170(+11), CLIP-170(+11+35), CLIP-170(+35) (restin) and CLIP-170. These
alternative splicing patterns of CLIP-170 are conserved between human, chicken and



rat, indicating their functional significance (Fig, 5b and [36]). The fact that the
+11/+35 insert is part of the CLASP-binding portion of the CLIP-170 rod domain [11]
prompied us to investigate whether the different CLIP-170 isoforms bind to CLASPs
with the same affinity. Therefore, the 35 amino acids stretch in rat CLIP-170-br was
either deleted or substituted with the 11 amino acid stretch. The affinity of the three
CLIP-170 fragments for CLASPs was tested by GST pull down (Fig. 5¢.,d) and yeast
two-hybrid assays (Fig. 5e). The results of both experiments indicate that the (+35)
isoform displays higher affinity for CLASPs than the isoform, which does not contain
this insert, while the (+11) insertion completely abolishes the interaction. The 35
amino acid insert increases the length of the CLIP-170 coiled-coil region, but does not
interrupt it {35]. On the other hand, the 11 amino acid exon contains an evolutionary
conserved proline residue, which is likely to induce a kink in the CLIP-170 rod (Fig.
5b). Since CL.ASPs bind optimally to the {+35) isoform and do not bind to the (+11)
isoform. we conclude that the stalk-like structure of this portion of CLIP-170 is
important for the CLASP binding. while a bend within this region is incompatible with
it.

A c GBS Figure 5. Alternative splicing in CLIP-
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(CLIP-170(+33))., the same fragment
without the 35 amino acid exon (CLIP-
170), or the same fragment with the 35 amino acid exon substituted for the 11 amino acid muscle-
specific exon (CLIP-170(+11)). All proteins have the expected size. Molecular weight markers are
indicated. (d) In vitro binding of the *S-labeled CLASP1 and CLASP2 to the GST fusion proteins,
shown in {c¢). Radioactive proteins were analyzed by X-ray film exposure of dried SDS-gels. (e)
Interaction between CLASP1 and CLASP2 determined by measuring the B-galactosidase activity in
yeast cultures. coexpressing indicated GAL4-BD and GAL4-AD fusions. The CLIP-115 fragment has
been described by Akhmanova et al. (2001} [11] and CLIP-170 fragments used are the same as in the
GST-fusions. The activity values obtained for CLASP] and CLASP?2 are not directly comparable,
because a4 long 3' UTR sequence is present in the first, but not in the second construct. All CLIP
constructs are exactly in the same sequence context and can be compared,

CLIP-170-br does not associate with myosin VI

Another potential binding partner of the CLIPs, present in neurons, has been
identified in Drosophila. The Drosophila homologue of CLIP-170, D-CLIP-190, was
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found to be associated with the 95F unconventional myosin VI {13]. Colocalization of
these proteins is particularly prominent in the central nervous system. To test whether
the interaction between CLIP-170 and the myosin VI is conserved in vertebrates,
several experiments have been carried out.

First, co-immunoprecipitations from transfected COS-1 cells and brain extracts
were performed. Expression vectors encoding myosin VI and GFP-myosin VI were
constructed and tested by transfection and western blotting with anti-myosin VI
antibodies. COS-1 cell extracts show an endogenous protein of ~150 kDa, consistent
with the predicted molecular weight of myosin VI [38] (Fig. 6a). Extracts from COS-1
cells transfected with myosin VI and GFP-myosin VI expression constructs contain a
protein of expected size (Fig. 6a). To test whether myosin VI and CLIP-170-br could
be co-immunoprecipitated, cells were cotransfected with myosin VI and GFP-CLIP-
170-br or with GFP-myosin and CLIP-170-br and protein extracts were
immunoprecipitated using antibodies against myosin VI, GFP or CLIP-170. While we
could easily observe precipitation of myosin VI or CLIP-170-br, no coprecipitation of
these proteins was detected (data not shown). Also using mouse brain extracts, we

could find no coprecipitation of myosin VI with either CLIP-170 or CLIP-115 (data
not shown).

& o Figure 6. Analysis of a potential
IENEAC AR P Bt interaction between CLIP-170
S and myosin VI

(a) Western blot of extracts of
COS-1 cells, transfected with
myosin VI or GFP-myosin VI
expressing constructs or mock-
transfected, were probed with anti-
myosin VI antibodies. Untagged
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with an arrowhead, Molecular
weight markers are indicated. (b,c)
COS8-1 cells were cotransfected
with GFP-CLIP-170-br (b) and
myosia VI (¢) and incubated with

®  anti-myosin V] antibodies. Myosin
VI is not redistributed to the CLIP-170-positive patches. Bar: 10 pum, (d) Western blots of chicken
cochlea incubated with anti-CLIP-115/170 anfibody #222land anti-CLIP-170 antibody #2360.
Position of the CLIP-170-specific band is indicated by an arrow. Molecular weight markers are
indicated. (e) Immunofluorescence staining for CLIP-170 (red} and myosin VI (green) in the sensory
epithelium of chicken cochlea. Double labeling shows myosin VI in the cochlear hair ¢ells and CLIP-
170 in nerve terminals contacting these hair cells. Bar: 10 um.
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Second, immunofluorescence analyses of transfected COS-1 cells were
performed using different fixation procedures. It has been shown that proteins, which
associate with CLIP-170, are redistributed to patchy aggregates in CLIP-170
overexpressing cells (Fig. 6b and [11,17]). However, in cells transfected with CLIP-
I'70-br and stained for endogenous myosin VI, no redistribution of myosin VI to these

134



CLIP-170-positive structures have been observed (data not shown). Similar results
were obtained when cells were cotransfected with myosin VI and GFP-CLIP-170-br
(Fig. 6b.c) or GFP-myosin VI and CLIP-170-br (data not shown). Also in cells co-
expressing myosin VI and full length GFP-CLIP-170 [7] or CLIP-115 no
colocalization was observed (data not shown),

Since colocalization of myesin VI and CLIP-170 is lacking in cultured cells we
next investigated colocalization in tissue sections. Although myosin VI is ubiquitously
expressed in vertebrates. it is found highly concentrated within the hair cells of the ear
[38.39]. To examine the presence and distribution of CLIP-170 in the cells of the inner
ear, immunoblotting and immunchistochemistry analyses were performed on chicken
cochlea. Western blots with both anti-CLIP-115/170 antibodies #2221 and #2360
showed that CLIP-170 is the most abundant CLIP present in the cochlea (Fig. 6d).
Deuble labeling with anti-myosin VI antibodies and anti-CLIP antibodies #2221 or
#2360 showed no colocalization between CLIP-170 and myosin VI and revealed that
CLIP-170 is not detectable in the hair cells (Fig. 6e). Interestingly, all CLIP-170
labeling in the sensory epithelium apparently is associated with nerve fibers, CLIP-170
immunoreactivity is mainly present at nerve synaptic terminals contacting the base of
the hair cells (Fig. 6e). Taken together these results argue against a direct association
between mammalian myosin VI and CLIP-170.

CLIP-170, but not CLIP-115 recruits dynactin and Lis-1 1o microtubule tips

Thers is increasing evidence that CLIP-170 and the dynein/dynactin motor
system may work in concert at the microtubule plus ends. Dynactin colocalizes with
CLIP-170 at microtubule plus ends and can redistribute to CLIP-170-positive patches
in CLIP-170-overexpressing cells [16,17]. Deletion of the C-terminal donzain of CLIP-
170 abolishes this effect [17]. We have tested whether CLIP-170-br overexpression
affects dynactin localization. Similar to the full-length CLIP-170, GFP-CLIP-170-br
forms patchy aggregates, which also accumulate dynactin (Fig. 7a,b). When a deletion
mutant of GFP-CLIP-170-br, lacking the C-terminal 79 amino acids (named CLIP-
170-br (-tail). (Fig. 7e) is overexpressed, dynactin is lost from the microtubule plus
ends, apparently due to displacement of the endogenous, C-terminus-containing CLIP-
170 (Fig. 7¢.d). These results corroborate the findings of [17] and indicate that CLIP-
170-br behaves identically to CLIP-170 with respect to the recruitment of dynactin,

Overexpressed GFP-CLIP-115 produces an effect very similar to that of GFP-
CLIP-170-br(-tail), since it displaces both CLIP-170 and dynactin from the
microtubule tips (Fig. 7f-h). To determine, whether the C-terminal tail of CLIP-170 is
able to interact with dynactin when it is placed in the context of CLIP-1135, the last 159
amnino acids of CLIP-170-br were attached to the end of GFP-CLIP-115 (GFP-CLIP-
115(+tail), see Fig.7¢). At low levels of expression, GFP-CLIP-115(+tall) is present at
microtubule plus ends and at higher levels it accumulates in patchy (Fig.71) or
spherical (Fig.8e) aggregates, which also recruit dynactin (Fig. 7k}. This indicates that
the last 159 amino acids of CLIP-170 are sufficient to confer to CLIP-113 a capacity to
relocalize dynactin.
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concin Figure 7. CLIP-170, but not
recruitmen; CLIP-llS, recruits dynactin to

P70 microtubule-associzted patches

+*  COS-1 cells were transfected with
CLIP-170-br(-lail} GFP-CLIP-170-br (a.b), GFP-
- CLIP-170-br{-tail) (c,d). GFP-

CLIP-115 (f-h) or GFP-CLIP-115
(+tail) (F-K). Cells were stained for
endogenous dynactin (b.d.h.k) and
CLIP-170 (g.j). Structure of the
different CLIP constructs and their
ability to recruit dynactin are
shown in (). Bar: 10 um.

CLIP-115
- NN -

CLIP- 15+ luily

Since LIS1 also has been shown to abolish dynactin accumulation at the
microtubule plus ends [25], we have tested if overexpression of the two CLIPs can
influence the microtubule plus end targeting of the GFP fusions of LIS1 and LIS1-
associating proteins NudE, NudEL and NudC, which are implicated in dynein/dynactin
pathway [18,27.40]. When expressed alone in COS-1 cells, all these GFP fusion
proteins displayed mainly cytoplasmic staining (as well as some accumulation at the
centrosome in case of LIS1, NudE and NudEL), but none of them showed specific
localization to the microtubule ends (data not shown). Medium overexpression levels
of GFP- or HA-CLIP-115 did not change the LIS1 localization (Fig. 8a-b). However,
GFP- or HA-CLIP-170-br or GFP-CLIP-115(+tail), induced accumulation of tagged
LIS1 proteins at the tips of microtubules (Fig. 8c-f). Together these data indicate that
the C-terminal domain of CLIP-170 is sufficient to relocalize LIS1. GFP-fusion
proteins of NudE, NudEL and NudC were not recruited to microtubules by any of the
CLIPs {cither in double transfections with HA-CLIP fusions or in tiple transfections
with an untagged CLIP and an HA-LIS1-expressing construct, Fig. 8g,h and data not
shown). In addition, none of the NudE/EL/C constructs had an apparent influence on
the localization of dynactin to microtubule tips (data not shown). We conclude that the
LIS1 associated proteins, NudE, NudEL and NudC are not invelved in the targeting of
LIS1 (and dynactin) to microtubule plus ends.
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Figure 8. CLIP-170, but not CLIP-
115, recruits LIS1 to microtubule
distal ends

COS-1 cells were cotransfected with
HA-CLIP-115 and GFP-LIS1 (ab),
HA-CLIP-170-br and GFP-LIS1 {c.d),
GFP-CLIP-115(+tail) and HA-LISI1
{e.f) and HA-CLIP-170-br and GFP-
NudEL (g.h). LIS1, recruited to the
CLIP-positive structures, is indicated
by arrows. Bar: 10 pm.

FA-LIS)E

Discussion
Functional significance of CLIP-170-br and other CLIP isoforms

‘We report here the identification of CLIP-170-br, the predominant brajn variant
of CLIP-170. CLIP-170-br lacks a fragment of 115 amino acids in the coiled-coil
region of the protein due to alternative splicing, which results in the generation of a
KKEK motif. This motif have been found in actin binding proteins, such as villin
[32.33] and a CLIP homologue, p150°** [34] and was suggested to be involved in
binding actin or actin-related proteins. We could find no expenmental support for
interaction of CLIP-170-br with actin or Arpl. However, since the human genome
sequence has revealed that in addition to 6 actin genes, there are seven genes that code
for divergent actin proteins and sixteen different genes for actin-related proteins
[30,41], it remains possible that CLIP-170-br associates with one the members of the
actin family.

Recently, we have shown that CLIP-115 forms homodimers which can be
stabilized by cysteine residues in the coiled—coil stalk [8]. CLIP-170 has two cysteines
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within the coiled-coiled stretches that could potentially be used to form intermolecular
disulfide bridges between the monomers. Because of the deletion in CLIP-170-br, one
of the conserved cysteines is removed, which could result in a less stable cotled-coil
structure. This could have consequences for the interactions of CLIP-170-br with other
proteins.

In addition to the CLIP-170-br isoform in the brain, CLIP-170 is present as a
mixture of different isoforms in several other tissues [35-37]. Here we show that
alternative splicing in CLIP-170 influences the affinity of this protein for CLASPs.
CLIP-170(+35) isoform, which has the highest affinity for CLASP proteins, is the
most abundant in the brain [35]. This suggests that the CLIP-CLASP interaction might
be particularly important in this tissue. In line with this observation, CLIP-115, which
is highly expressed in the brain, exists exclusively as the (+35) isoform. On the other
hand, the (+11) isoform of CLIP-170 is very prominent in skeletal muscle, the tissue
where CLASP1/2 transcription is low [11]. Since CLIP-170 is an abundant muscle
protein (Fig. 1c), it is likely that CLIP-170(+11) has some specific, CLASP- unrelated
function in this tissue. Finally, it would be particularly interesting to investigate the
relationship between CLIP-170 and CLASP in the heart, since different CLIP-170
variants, including the CLIP-170(+11) isoform, are present in cardiac muscle, and
CLASP2 is also abundantly transcribed there (Fig. 1c and [11]).

CLIP-115 and CLIP-170-br localization in the brain

De Zeeuw et al. (1997) [29] have reported immunolocalization of CLIP-115 in
the brain. Polyclonal anti-peptide antisera, which were raised against the coiled-coil
region of the CLIP-115, were found fo label neuronal cell bodies and membranous
organelles, called dendritic lameltar bodies (DLBs) in the dendritic appendages of
these neurons. To verify the CLIP-115 localization we incubated mouse brain sections
with the new CLIP-115-specific antibodies. Both anti-peptide antibodies and anti-
CLIP-115 antiserum #2238 prominently label neurons in the hippocampus and cerebral
cortex {compare [29] with Fig. 3). However, while the antil-peptide antibodies showed
an intense staining in the inferior olive, including a puntate labeling that might
represent DLBs ([29]), no such labeling is found with antibodies #2238 or #2221 in
this brain area (data not shown). These data indicate that the newly raised antibodies
against CLIP-115 do not recognize the DLBs. Furthermore, immuno-EM studies, have
thus far fajled to demonstrate staining of DLBs by #2221 and #2238 antisera. Finally,
labeling of Bergmann glia cells previously described with the anti-peptide is not very
pronounced with the newly raised antisera against CLIP-115 and conversely Purkinje-
cell staining was less pronounced using anti-peptide antibodies. Since the new CLIP-
115 antibodies recognize CLIP-115 with a much higher affinity on Western blot
compared to the anti-peptide antibodies, we believe that the expression pattern
described here reflects better the CLIP-115 distribution. However, verification of these
results is only possible when knock out mice are available.

138



In addition, we determined the brain localization of CLIP-170 and found that
both CLIPs are present in neurons in the hippocampus, cerebral cortex, olfactory bulb
and cercbellum. However, within the cerebellum, the expression patterns of the two
CLIPs differ. While CLIP-115 is mainly present in the Purkinje cells, CLIP-170 is
found in the granular layer of the cerebellar cortex, where it is apparently concentrated
in the axon terminals of the mossy fibers (Fig. 3gh). In line with this observation, we
find CLIP-170 staining in the axon terminals of neurons. which project on the hair
cells in the cochlea. Interestingly. CLASP2p, a brain-specific isoform of the CLIP
partner CLLASP2, can associate with membranes [11]. An intriguing possibility is that
CLIP-170-br and CLASP2( may function together as regulators of microtubule
dynamics or membrane transport within presynaptic terminals.

The two CLIPs are coexpressed in the cell bodies and dendrites of many types
of neurons. CLIP-170 and CLIP-115 can compete with each other for the microtubule
tips. and such competition might play a role in their respective functions. For example,
high levels of CLIP-115 in certain cellular compartments may reduce the concentration
of CLIP-170 at the microtubule ends. This, in its turn, will diminish the occupancy of
microtubule tips by protein complexes, which are targeted there via the C-terminal
domain of CLIP-170, such as dynactin and LIS1. In this way, CLIP-115 may actively
influence CLIP-170 dependent processes.

Ne evidence for association berween CLIP-170 and myosin VI

Experiments in Drosophila have shown that the CLIP-170 homologue, D-CLIP-
190, is present within a complex which also contains the 95F unconventional myosin
VI [13]. Based on this, it has been speculated that CLIPs may act to coordinate actin-
and microtubule base organelle movements or target microtubules to cortical actin foci
([14.15]. However, we could find no experimental support for the association between
vertebrate CLIPs and myosin VI, suggesting that this interaction may be not conserved
in evolution. It should be noted that a direct nature of the interaction between D-CLIP-
190 and myosin 95F has not been established. It is possible, therefore, that additional
factors, present in the complexes which include these two proteins in flies are not
conserved in mammals (or at least in the cell systems which we have tested), or that
for some reason these complexes are more difficult to obtain by imununoprecipitation
from a vertebrate, rather that an insect system.

Association between LISI, dynactin and CLIP-170 at microtubule plus ends

Our findings corroborate the study by Valleti et al. (1999), which suggested that
dynactin is targeted to the ends of growing microtubules by interactions involving the
C-terminal metal-binding domain of CLIP-170. The displacement of dynactin from
microtubule tips by a CLIP-170 mutant with deleted C-terminus probably occurs due
to competing away the endogenous, non-mutated CLIP-170. We show here that CLIP-
115 produces a similar effect, suggestng that in terms of dynactin association it
behaves like a “tailless” CLIP-170.
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LI1S1 and LIS1-associated proteins were proposed to function as regulators of
microtubule end-dependent processes [18,27]. We have shown here that LIS1 protein
can be recruited to the ends of microtubules in 2 manner, dependent on the C-terminal
domain of CLIP-170. The interaction between LISI and CLIP-170 is supported by
genetic studies on their homelogues Paclp and Biklp in fission yeast [42]. We have
attempted to corroborate our cytological observations by immunoprecipitations, but in
our hands similar amounts of LIS1 were coprecipitated from transfected cells with
both CLIP-115 and CLIP-170, indicating that the specificity of interactions at the
microtubule tips was not reflected in these experiments (data not shown). The exact
role of CLIP-170 in microtubule targeting of dynactin and LIS1 is unclear. Since both
the large subunit of dynactin, p150°™9 and LIS1 can bind microtubules directly
[34.43], it is likely that CLIP-170 provides specificity for the freshly assembled
microtubule ends [44]. LIS1-associating proteins NudE, NudEL and NudC [26,40,45-
47] displayed no specific localization to microtubule tips in our experiments,
suggesting that they might be involved in other aspects of LIS] functioning and
dynein-based motility (see Table 1 and [18,27]).

Table 1

Possible CLIP-1135 and CLIP-170- interacting proteing

Protein CLIP-115 CLIP-170-br methods used references

interaction interaction

CLASPI/Z |+ + yth, ip, ox. cel [11]
Myosin VI §- - ip, ox, col this study
Dynactin - + ox, col, {ip negative) [16,17]. this study
LIS1 - + ox, col, (ip negative) this study
NudC - - ox this study
NudE - - oX this study
NudEL - - oX this study

yth: yeast two hybrid; ip: immunoprecipitation; ox: overexpression: col; colocalization;
+ positive: - negative

Overexpression of LIS1 removes dynactin from the microtubule plus ends ([25]
and data not shown). This could be explained by proposing that dynactin and LIS1
bind to microtubule tips as a complex, the stoichiometry of which is disrupted by LIS1
overexpression. Alternatively, dynactin and LIS1 might compete for the association
with CLIP-170. If microtubule plus ends function as cargo-loading sites {16,17],
competition between LIS1 and dynactin could serve a regulatory role in the minus end-
directed motility. The contacts between the ends of microtubules and cargo could be
initiated by dynactin, targeted to microtubule tips through an interaction with CLIP-
170. Subsequent binding of LIS1 (and dynein) could cause the release of the complex,
resulting in actual transport. Such a view is consistent with the proposed role of LIS1
in the activation of dynein-mediated meotility [27].

An interesting observation is that LIS1 can be localized at cortical sites of the
cell [23,25]. This raises the possibility that LIS1 interacts with CLIP-170 when the
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microtubule reaches the periphery of the cell. This could result in a mobile
LiS1/dynactin/dynein complex at the cellular cortex. which would create a pulling
force at the microtubule. Such forces are believed to play an important role in cellular
and nuclear migration [48.49]. The potential role of CLIPs and their protein partners in
cellular (especially neuronal) migration is an exiting avenue for future investigation.

Materials and Methods

cDNA isolation and expression constructs.

A rat hippocampus AZAP expression library was screened. using as a probe a2 0.36 kb CLIP-
115 DNA fragment, encoding CLIP-115 MTB [29]. In addition to the CLIP-115 ¢cDNAs, we isolated
18 CLIP-170 cDNA clones, the longest of which has been sequenced (accession number AJ237670).
The mammalian expression vectors pEGFP-C (Clontech) were used te construct GFP-CLIP-115 and
GFP-CLIP-170-br (Hoogenraad et al., 2000). These vectors were also used to construct GFP-CLIP-
170(-tail), in which the last 79 amino acids CLIP-170-br are deleted and GPF-CLIP-115(+tail), which
contains the C-terminal 139 amino acids of CLIP-170 linked in frame to CLIP-115 in front of its stop
codon, GFP-LIS] {mouse LIS1 ¢cDNA was obtained by RT-PCR from total mouse brain RNA}, GFP-
NudC {mouse NudC cDNA is an IMAGE clone 2646247, accession number AW322862), GFP-NudE
(human NudE cDNA is an IMAGE clone 2820974, accession number AW249237) and GFP-NudEIL
(mouse NudEL cDNA is an IMAGE clone 2646029, accession number AW322683). Human ¢cDNA
KIAAQ389, containing the open reading frame of myosin VI was obtained from Kazuza DNA
Research Institute [50], was subcloned in the expression vector pCl-neo and in frame with GFP in
vector pEGFP-C3. To generate HA-CLIP-115 and HA-CLIP-170-br fusions pMT2SM-HA vector was
used; HA-LIS1 was produced by substituting GFP for HA-tag in the corresponding fusion construct.

RT-PCR and Northern blotting

Isolation of total RNA and Northern blotting were performed as described by [29]. Multiple
tissue Northern blots from Clontech were also used. cDNA was synthesized with Superscript II reverse
transcriptase (GIBCO BRL) using 0.5 pg of total RNA from each source and oligo(dT) and random
primers. RT-PCR analysis was performed using oligonucleotides 5- GCTGGACACGGCG
GAAGACC and 5"-GAGACGGCCTCCTCTGA-AGC.

GST fusion constructs, generation of CLIP-170 antibodies and GST pull down assays

To generate CLIP-170-specific antibodies (#2360), the C-terminal region of the CLIP-170-br
(amino acids 1029-1320) was expressed in bacteria as a GST fusion. purified by preparative SDS-
PAGE and injected into rabbits as described [8].

The rat CLIP-170 fragment (armino acids 277-588, CLIP-170(+35}) which binds to CLASP
proteins was fused to glutathione S-transferase (GST) [11]. This fragment was used to construct GST-
CLIP-170, by deleting the 35 amino acids exon and GST-CLIP-170(+11). by substitution of the 35
amino acid exon for the 11 amino acid exon. The two three GST fusion proteins were prepared as
described by [8]. KIAA0622 (CLASP]) and KIAA0627 (CLASP2) were transcribed and translated in
vitro using the TnT coupled transcription-translation system (Promega) and incubated with the GST-
fusion proteins as described by [11]. Antiserum #2238 is against the C-terminus of CLIP-115 and
antiserum #2221 is against the N-terminus of CLIP-115 [8].

Yeast rwo-hybrid assay

The yeast two-hybrid assay was performed as described previously [11]. Fragments of the rat
CLIP-170 cDNA., identical to those used in the GST fusions {see above) and the rat CLIP-115 ¢cDNA
{amino acids 287-591, CLIP-115-TH), which binds to CLASP proteins were linked to the GAL4
DNA-BED in the pPC97 yeast two hybrid vector. The C-terminal domains of CLASP1 and CLASP2
{positions 3077-3976 of KIAA0G627) were linked to the GAL4 AD in the pPC86 yeast two-hybrid
vector [11]. Production of the yeast fusion proteins of correct size was verified by western blotting,
using antibodies against GAL4 DNA-BD and GAL4 AD (Clontech). B-galactosidase activity
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measurements {expressed in arbitrary units) were performed in triplicate from two independent
experiments. as described [51].

Cell culture, transfection and immunofluorescence

Culturing and transfection of COS-1 cells was performed as described previously (Hoogenraad
et al., 2000). For immunofluorescence, cells were fixed in 100% methanol/1 mM EGTA for 10 min at
—20°C followed by 15 min fixation in 4% paraformaldehyde in phosphate-buffered saline (PBS). Cells
were washed for 5 min in 0.15% TritonX-100/PBS, blocked in PBS /1% BSA/0.1% Tween (PBT) and
labeled with different antibodies for 1 hour at room temperature, Following antibodies were used:
rabbit anti-CLIP-170 antibodies #2360 (1:300), rabbit anti-CLIP-115 antibodies #2238 (1:300), rabbit
anti-CLIP-115/170 antibody #2221 (1:300) (Hoogenraad et al., 2000), mouse anti-myosin VI antibody
(1: 500) [38]. mouse anti-B-tubulin (Sigma 1:100), mouse anti-HA (BABCO 1:100), mouse anti-
p1309™ (Transduction Laboratories, 1:100). After washing in 0.05% Tween-20/PBS sections were
incubated with secondary antibodies: rhodamine-labeled sheep anti-mouse (Boehringer, 1:25), FITC-
conjugated goat anti-rabbit (Nordic Laboratories; 1:100), Alexa 594-comjugated goat anti-rabbit
(Molecular probes, 1:500) and Alexa 350-conjugated sheep anti-mouse (Molecular probes, 1:250).
Slides were mounted using Vectashield mounting medium (Vector laboratories) with DAPI (Sigma)
and analyzed on & Leica DMRBE fluorescence microscope, equipped with a Hamarnatsue C4830 DCC
camera. Quantification of GFP fluorescence was described previously [8]

Immunocytochemistry and immunofluorescence microscopy of brain sections

To analyze CLIP expression in the brain of adult mice, Fvbh mice were anaesthetized with
Nembutal (3,5 pl/kg intraperitoneally}. The mice were perfused with 4% paraformaldehyde and the
brains were fixed for another 2 hours. For immunocytochemistry, the brains were cryoprotected in
saline containing 30% sucrose and cut inte 20 um thick transversal or sagittal sections on a freezing
microtome. All sections were collected in 30 mM Tris-HCI buffer, pH 7.5, containing 0.9% NaCl,
blocked in 10% nommal goat serum in the same buffer for 4 hours and incubated for 48 hours at 4°C
with antibodies #2360, #2238 and #2221, diluted 1:1000 in 2% normal goat serum in the same buffer.
The sections were subsequently processed with the use of the avidin-bietin complex method (ABC
Elite kit. Vector Laboratories), Finally. the sections were incubated in 0.05% 3.3 diaminobenzidine
(DAB) and 0.01% H:0, in 0.05 M sodium phosphate buffer and mounted.

For immunofluorescence. 7 pm paraffin sections of mouse brains were prepared and
microwave-treated in 10 mM Na-citrate buffer pH 5.5 as described by Akhmanova et al., 2000 [11].
The secticns were blocked with PBT for 1 hour at 20°C. Primary antibody incubations were
performed in the same buffer overnight at 4°C and secondary antibedy incubations for 2 hours at
20°C. Antibody dilutions, mounting and microscopy were performed in the same way as for staining
cultured cells (see above).

Western blot Analysis

Protein extracts of chicken cochlea were made as described [38]. Total protein extracts of
mouse brain and heart was prepared by homogenization in PBS/1% Triton X-100 in the presence of
protease inhibitors (Boehringer Mannheim}, sonicated and boiled in SDS sample buffer in the presence
of DTT. Total protein extracts from COS-1 cells were obtained two days after transfection and treated
as above. Equal amounts of protein homogenate were loaded on SDS-polyacrylamide gels and
Western blots were prepared as described previously [8]. Various rabbit anti-CLIP antibodies were
diluted 1:2000 and anti-myosin VI antibodies 1:3000. After washing. blots were incubated with goat-
anti-rabbit antibodies coupled to alkaline phosphatase (Sigma. 1:3000). Enzymatic detection of bound
antibody was carried out using the Fast BCIP/NBT system (Sigma).
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Genetic analysis in Drosophila suggests that Bicaudal-
D functions in an cssential microtubule-based trans-
port pathway, together with cytoplasmic dynein and
dynactin, However, the molecular mechanism onder-
lying interactions of these proteins has remained
clusive. We show here that a mammalian homologue
of Bicaudal-D, BICDZ, binds to the dynamitin subunit
of dynactin. This interaction is confirmed by mass
spectrometry, immunoprecipitation studies and in vitre
binding assays. In interphase cells, BICD2 mainly
localizes to the Golpi complex and has properties of a
peripheral coat protein, yet it also co-localizes with
dynactin at microtubule plus ends. Overexpression
studies using green fluorescent protein-tagged forms
of BICD2 verify its intracellular distribution and co-
Iocalization with dynactin, and indicate that the
C-terminus of BICD2 is responsible for Goigi target-
ing. Overexpression of the N-terminal domain of
BICD2 disrupts minus-end-directed organclle distri-
buticn and this portion of BYCD2 co-precipitates with
cytoplasmic dynein. Nocedazole treatment of cells
results in an extensive BICD2—~dynactin~dynein co-
localization. Taken together, these data suggest that
mammalian BICD2 plays a role in the dynein-
dynactin interaction on the surface of membranous
organelles, by associating with these complexes,
Keywords: Bicaudal-D/dynactin/dynein/Golgi/vesicular
transport

Introduction

The product of the Drosophila melanogaster Bicaudal-D
gene, Bic-D, is o cytoplasmic, or-helical coiled-coil protein
(Suter er al., 1989 Wharton and Struhl, 1989), which is
highly conserved from Cacnorhabditis elegany to man
and has two homologues in mammals, BICD1 (Baens
and Marynen, 1997) and BICD2 (KIAAQGY9). In
D.melanogaster, Bic-D is essential for the establishment

of oocyte identity, as well as for the determination of the
oocyte anterior—posterior axis and its dorsal-ventral
polarity (Suter et af., 1989; Wharton and Struhl, 1985:
Suter and Steward, 1991; Swan and Suter., 1996).
Mutations in Bic-D disrupt the proper accumulation and
distribution of factors important for ooeyte differentiation
and patterning, and affect the organization and polariza-
tien of the microtubule network during oogenesis (Suter
er al., 1989, Theurkauf o al., 1993: Mach and Lehmann.
1997). Based on genetic data and the localization of Bic-D
protein, it has been suggested that it constitutes a part of
the microtubule-dependent mRNA transport or anchoring
mechanism (Swan and Suter, 1996; Mach and Lehmann,
1997 Swan er al.. 1999).

One of the major components of the intracellular
transport machinery is cytoplasmic dynein, a minus-end-
directed, microtubule-based motor, It is 2 large protein
complex, which requires the activity of another muiti-
subunit complex, dynactin, for most of its known cellular
functions {for review see Karki and Holzbaur, 1999),
Dynactin consists of two structural domains: an actin-like
backbone, thought to be responsible for cargo attachment,
and a projecting shoulder—sidearm that interacts with
cytoplasmic dynein as well as with microtubules. The
shoulder-sidearm complex contains pl50%%ed, dynamitin
(p50) and p24 subunits, while the actin-like backbone
contains Arpl, CapZ. p62, Arpll, p27 and p25 (Eckley
et al., 1999). Genetic analysis in D.melanogaster suggests
that Bic-D functions in a transport pathway that involves
cytoplasmic dynein and dynactin (Swan ez al., 1999), This
is in line with the fact that the distribution of Bic-D at
different stages of oogenesis resembles the localization of
the minus ends of microtubules (Mach and Lehmann,
1997} and of cytoplasmic dynein and dynactin (Li ef of.,
1994; McGrail er al., 1993). Bic-I> has been shown to
interact with the Egalitarian gene product (Mach and
Lehmann, 1997). In addition, yeast two-hybrid analysis
has suggested an association of Bie-D with lamin Dm0
(Stuurman er al., 1999), How these interactions relate to
the proposed role of Bic-D and how Bic-D acts in the
dynein~dynactin pathway are currently unclear,

Recently, we isclated mouse BICD2 in a yeast two-
hybrid scteen, using the microtubule binding protein
CLIP-115 as bait {C.Hoogenraad, A.Akhmanova,
F.Grosveld and N.Galjart, in preparation). Thess data
suggest that, similar to Dumelanogaster Bic-D, BICD2
could also be involved in microtubule-dependent trans-
port. Here we demonstrate an interaction between mam-
malian BICD? and the dynein—dynactin complexes, and
we show that BICD2 associates with membranous
organelles. We propose that BICD proteins play a direct
role in dynein-mediated transport and that this function is
conserved from D.melanpgaster to mammals,
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Results

Association of BICD2 with dynein and dynactin
Mammalian BICDZ2 is a coiled-coil protein. which, like
Donelanogaster Bic-D (Stuurman et ., 1999}, contains
three segments with multiple heptad repeats (Figure 1A}
The C-terminal segment 3 shows the highest degres
of evolutionary conservation {Figure 1A). In order to
characterize BICD2, we generated polyclonal antibodies
against the N-terminal part of BICDZ [glutathione §-
transferase (GSTI-NBICDZ: antiserum #2293], as well
as antibodies against the C-terminal coiled-coil segment
of the protein (GST-CBICD2: antiserum #2298 see
Figure 1A). In COS-1 cell lysates, both antisera specific-
ally recognize proteins of ~98 kDa, which correlates with
the expected size of BICD2 (Figure 1B). In BICD2-
transfected cells, the intensity of the signal at the 98 kDa
position increases, confirming that it represents BICD2,
while antibodies, pre-incubated with their comresponding
antigens. display no reaction on western blots (Figure 1B).
Thus, the #2293 ond #2298 antibodies specifically
recognize BICD2 in COS-1 cells.

Fractionation of COS8-1 cell lysates by high-speed
centrifugation suggests that BICDZ2 is associated with
membranous organelles, as part of the endogenous BICD2
protein is present In the pellet in the absence of detergent,
while in the presence of [% Triton X-100 all BICD2
immunoreactivity is recovered in the supernatant
(Figure 1C). In the presence of detergent. both antisera
are able to immunoprecipitate BICD2 from total extracts
of COS-1 and HeLa cells (Figure ID and E and data not
shown). Coomassic Blue staining of a large scale
immunoprecipitation from HeLa cells with antiserum
#2298 revealed that these antibodies precipitate two
major proteing with an apparent melecular mass of
97-100 kD, in addition to several other proteins, ranging
in size from >200 to 130 kDa (Figure 1D). Mass
spectrometry on excised gel slices identified the
97-100 kDa bands as BICD2 iscforms, while other
proteins, co-precipitating with the #2298 antiserum. were
shown to be dynein heavy chain, non-muscle myosin IIA,
pi506%ed and leucine-rich protein (Figure 1D, Table I;
proteins smaller than ~8C kDa could not be identified
because of IgG contamination). Here we focus on the
interaction between BICD2 and dynein—dynactin,

To verify the results of mass spectrometry, immuno-
precipitates obtained with anti-BICD2 antibodies #2298
and #2293 were analysed by westem blotting. This
revealed that beoth antisern bring down cytoplasmic
dynein, as detected with an anti-dynein intermediate
chain (DIC) antibody, and dynactin, as detected with
anti-p150%™d and anti-Arpl antibodies (Figure 1E). These
co-precipitations are specific, as #2293 pre-immune serum
does not bring down dynein-dynactin or BICD2, and as
none of the antisera co-precipitate CLIP-170, a cytosolic,
raicrotubule-associated protein (Figoure 1E). Furthermore,
in a reciprocal experiment, antibodies against DIC,
pl506#ed and Arpl co-precipitate BICD2 (Figure 1F).
Thus, dynein and dynactin can be co-immunoprecipitated
with BICD?Z antisera and vice versa, As a substantial co-
immunoprecipitation of dynein and dynactin, using spe-
cific antisera against components of these complexes, has
not been observed (Gill ez al., 1991}, it seems unlikely that
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the interaction of BICD2 with dynein occurs through
dynactin, or vice versa,

Yeast two-hybrid interactions of BICD2

Structural studies have shown that D.melancgaster Bic-D
forms dimers, which might fold up further via an
intramolecular interaction of coiled-coil segments 2 and
3 (Swurman er @l 1999). To test whether mammalian
BICD2 interacts with itself and with components of the
dynactin complex, we sct up a yeast two-hybrid assay.
using each of the three coiled-coil segments of BICD2 as
separate fusion proteins, either linked to the DNA binding
domain (BD). or w the activation domain (AD) of GAL4
(Figure 2A). As fusions of coiled-coil segments 1 and 3 to
the GAL4 DNA-BD already strongly activated transcrip-
tion of the reporter gene in the absence of GAL4 AD
fusions, these clones were not used further. The GAL4
DNA-BD fusions of scgment 2 and of the C-terminal part
of segment 3 (amino acids 706-810) did not activate
transcription by themselves and could be used to test a
putative self-association of BICD2 (Figure 2B). This
analysis shows that segment 2 (BICD2R) interacts with
itself. but not with other segments, while the C-terminal
part of segment 3 (BICD2D) interacts with itself, with the
complete segment 3 (BICDZC) and with segment 1
(BICD2A; Figure 2B). The lack of interaction between
BICD2B and -D is somewhat unexpected, given the
proposal that Bic-D dimers fold up via segments 2 and 3
(Stuurman ez gl.. 1999). Instead. we find that BICD2A and
-D do associate: indicating that segments 1 and 3 might
interact. However, it is possible that, in vive, both
associations (segment 1 with 3 and segment 2 with 3)
occur. Such associations may serve as a mechanism for
multimerization of BICD proteins and/or the regulation of
interactions with other proteins.

‘We next examined the interaction of BICD2 fragments
with all coiled-coil containing cornponents of the dynactin
complex. including p24. dynamitin and three adjacent
p1509%</ fragments, as well as with the dynactin sub-
unit Arpl (Figure 2C). BICD2 does not associate with
pl50CHd 24, Arpl or the control tropomyosin.
Interestingly, coiled-coil segment 3 of BICD2 does
interact with dynamitin, the C-terminal portion of this
fragment (residues 706-810) being sufficient for the
association. The other BICD2 fragments do not interact
with dynamitin, suggesting that the association of the
C-terminal domain is specific (Figure 2C), The direct
nature of the BICD2-dynamitin interaction was confirmed
By pull-down experiments, in which in vitro transeribed
and translated BICD2 is retained by bacterially produced
dynamitin (GST-p50), while myc-~ and green fluorescent
protein {GFP)-tagged dynamitin (myc—GFP—p30) is re-
tained by GST-CBICD2 (Figure 34 and B).

To demonstrate that BICD2 associates with dynamisin
in transfected cells, we performed immunoprecipitations
from extracts of COS-1 cells, overexpressing BICD2 (or
GFP-BICD27%¥1%) angd rye—GFP-p50, We found that
dynamitin ce-precipitates with BICD2 from co-transfected
cells (Figure 3C and D), whereas, in a similar experiment,
no significant co-precipitation was detected between
overexpressed BICD2 (or GFP-BICD2706-810y  and
pl506%<d (Figure 3E). These results together support the
yeast two-hybrid and pull-down analyses, and point to a



A B BICD2 BICD2
ransfection  Or tmmsfection 3
PRSI S

dmBie-D  s6% (66%) ML (51 S0 (B9%
hBICDY Tt (RER)  SI%h (WG] BT (2%

cel e e R
e sy
= B
mincht [NRWN N RN AN e
CETNBICD2 GST-COICDL
o0 2270K
2298
c Tritan X100 D [ e e tdentified proteun
¥ WDa T {acegssion number)
PNS pellct sup. pellet sup. 00 . i e dyacin heavy chaln (Z224591)
kD et - - - = nonsuscle syosin eivy chain
o ype A 31450003

= prsotiund 4T5E130)
~= leucine rich protein (17300781

we- BICD2 (3327212)
=+ BICD2 (32721

-

Fig. 1. Characterigation of BICD2-specific antibodics, (A) Schematic representation of the domzin structure of BICD2, which is characterized by five
coiled-coil domains (hatched boxes) embedded in three segments (indicated abave the dizgram), The percentage of identity and (in parentheses)
similarity between mouse BICD2 segments and those of human BICDI (Baens and Marynes, 1997) or Dumelunogasier Bie-I (acecayion No, P14568)
is indicated. Antisera were directed against the N-terminal two segments of BICD2 (GST-NBICD2. antissnum #2293, amine acids 77-637) or the
C-terminal segment (GST-CBICD2, antiserum #2298, amino acids 631-821). (B} Specificity of the BICD2 antibodies. Protein extracts, prepared from
mock (=) or BICD2 (+) transfected COS-1 cells, were analysed by westemn blotting, using #2293 or #2298 antibodies, or antibodias pre-incubated with
their corresponding anugens (lanes, marked 'block’). Approximately 5-fold less protein extract was loaded in the case of the BICD2 transfections, so
Wiat the signal in the transfected lanes wi not too intense compared with the non-trans(ected samples, {C) Equal protein smounts of post-nuclear
extracts (PNS), high-speed supernatant (sup.} and pellet {ractions of COS-1 cells, incubated with or without 1% Triton X-100, were analysed by
western blotting with antiserum #2293, (D) Coomassie Blue-stained §5 SDS-polyncrylamide gel of immunoprecipitates from HeLa cells, using anti-
BICD2 antibody #2298 or pre-immune serum #2298 (IgG). The major protein bands were excised [rom the gel and subjected to mass spectrometzy,
tdentified proteins, with their accession numbers, are shown on the right, Molecular weight markers are indieated, (E) Co-immunoprecipitation of
cytaplasmic dynein and dynactin with BICD2 antisers. Lysates of HeLa cclls were used for immunaprecipitation (IP) with and-BICD2 sntibodies
#2293 and #2298, or pre-immune serum of #2293 (1gG). The precipitated proteins were resolved by SDS-PAGE and analysed by westem blotting
(WB) with antibodies against BICD? (#2298), DIC, p150%5 (p150), Arpl and CLIP-170. Five per cent of the total extract used for
immuneprecipitation was loaded as a control (BICD?2 detection in the cxtract compared with the immunoprecipitate required five times longer
exposura of the western blot: in all other cuses, exposure limes for immunoprecipitate 2nd extract were the same). (F) Co-immunoprecipitation of
BICD? with cytoplasmic dynein and dynactin antibodics. Lysates of HelLa cells were used for immunoprecipitation (TF) with anti-DIC, ant-p1 50
(p150) and anti-Arpl antibodies, or with the #2293 pre-immunc serum (IgG). Immunoprecipitates were analysed by western blotting (WB) with
antibodies against BICD2 (#2298), DIC, p150%k (p150) and Arpl.
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Table L Mass specirometry identification of BICD2-eo-precipitating proteing

Prateins Number of matching peptides

Pergent sequence  Confirmation by nanospray {crosses indieate number

by MALD? and MS-FIT rank ~ coverage of different MS? spectra obtained)
RICD lower band 12 17 nol attempled
BICDZ upper band 40 (1) 43 -
Leugine-rieh protein 2 34 =
pl5pFind 17 (1 14 i
Non-muscle myosin hewvy chain type A 39 (1) s not attempted
Dynein heavy chain 28 (1) 15 b

direct and specific binding of BICD2 to dynamitin via the
C-terminal part of BICD2,

BICDZ localizes to the Golgi complex and has
propertios of a peripheral coat protein

To analyse the subcellular localization of BICD?2, we
performed immunofiuorescence experiments on cultured
cells. Both with affinity-purified (Figure 4A} snd full
{Figure 4D1) antiserum #2293, a bright perinuclear and
punctate cytoplasmic distribution of BICD2 is observed,
which appears to concentrate around the microtubule
organizing centre (MTOC). Labelling is abolished by pre-
incubation of the antiserum with its antigen GST-NBICD2
(Figure 4B), but not with the GST-CBICD?2 fusion {data
not shown). Antiserum #2298 preduces 2 very similar
labelling pattern to #2293, but the punctate cytoplasmic
staining is more prominent with this antiserum (Figure 4C).
Labelling by the #2298 antibodies is inhibited by pre-
incubation with GST-CBICDZ, but not by GST-NBICD2
{data not shown). These data suggest that the #2293 and
#2298 antisera specifically recognize BICDZ in immunc-
fluorescence studies.

The high-speed fractionation results (Figure 1C) indi-
cated that BICD2 is associated with membranous
organelles. Combined with the immunofluorescence data,
this suggests that, in interphase cells, BICD2 s localized
cither to the Golgi apparatus, the endoplasmic reticulum
(ER)-to-Golgl intermediate compartment (ERGIC), or to
recycling endosomes, which show an MTOC-dependent
distribution (Burkhardt er al.. 1997). To distinguish be-
tween these possibilities we carried out double-labelling
experiments with specific markers of the different com-
partments. Both epifivorescence and confocal microscopy
reveal that the BICD2-positive structures show lintle
overlap with endosomes labelled with antibodies against
the transferrin receptor (Figure 4D1-3 and H1-3}, or with
other endosomal markers such as EEAI and Rab5 (data
not shown). BICD2 distribution is also distinet from that of
pl15, which {abels the ERGIC (Figure 4E1-3). In cells
incubated at 15°C, proteins that recycle between the ER
and Golgi, such as pi 15, redistribute partially to peripheral
clusters (Nelson er af., 1998). These pll3-comizining
structures are clearly not labelled with anti-BICD2 anti-
serum (Figure 4F1-2), further suggesting that BICD2 is
not assoeiated with the ERGIC.

BICD2 distribution tn COS-1 cells does largely overlap
with that of y-adaptin (Figure 4G1-3). a marker for
clathrin-coated vesicles at the trans-Golgi network (TGIN)
(Robinsen and Kreis, 1992). This conclusion is confirmed
by confocal microscopy in HeLa cells, which shows
substantial overlap (but not a complete co-localization) of
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and GST). Markers are indicated 1o the left, {B) f# vitro interaction between BICD2 and pS0 dynamitin. Radionctively labelled, in vitro wanscribed
and translated BICD2 (left pancl, input Tane) and myc- and GEP-1agged dynamitin (my¢—GFP-pS0, right panel, input lune) were incubated with the
indicated. puritied GST fusion proteins, or with glutathione bends anly, Proteins, retained on the beads, were detected using SDS-PAGE and X-ray
Alm exposure of dried gels (C) Coiled-coil segment 3 of BICD2 ¢o-precipitates with dynamitin, COS-1 eells were ransfected with construets
expressing GEP-RBICD2M4 myve GFP—pS50 or beth proteing, Immunoprecipitations (IP) were performed using ant-BICD2 antbodies (#2298) or
anli~myc antibodies, Western blots (WE} of the precipitated material were incubated with antibodies aguinst myc, (o detect dynamitin, or sgainst
BICD?2 (#2298). (D) Full-lenpth BICD2 co-precipitates with dynamitin, COS-1 cells were translected with constructs expressing BICD2, myc—
GEFP-p50 or beth proteins. 1P were performed using anti-BICDZ antibodies (#2298) er anti-myc antibodies. WB of the precipitated material were
incubated with antibodies against myc, Lo detect dynamitin, or against BICD2 (#2208). (B BICD2 does not co-precipitate with pl50¢%+, COS-1 cells
were co-transfecled with BICD2 (or GFP-BICD270-#10) and p150%%, and protein homogenates were IP with anti-BICD2 (42298) or anti-pl150&hed
{p150) antibodics, WE of the IP material were incubated with ani-BICDZ antibodies (#2298) or with anti-pl50%*# (p150} antibodies. In (C-E),
internetions belween endogenous proteins are not detectable because ~B-fold less protein extract was used compared with (E) and {Fy of Figure 1.

BICD2 and v-adaptin (Figure 411-3). Incubation of cells at
20°C blocks vesicular transport from the TGN {Saraste
and Kuismanen, 1984) and under these conditions the
punctate cytoplasmic staining of BICD2 is no longer
detectable (Figure 4J1). Instead, the protein accumulates
in a region of the Golgi complex in close proximity to -
adaptin (Figure 4J1-J3). These results suggest that the
BICD2-labelled punctate structures, observed under nor-
mal growth conditions, could represent vesicles en route to
(or from) the TGN,

Brefeldin A (BFA) is a fungal metabolite that interferes
with ADP ribosylation factor-dependent vesicle budding
in the secretory pathway (for review see Chardin and
McCormick, 1999). After BFA treatment, pl15 remains
membrane bound (Nelson ez af., 1998} (Figure 4K2}, while
peripheral coat proteins, such as B-COP and y-adaptin, are
released into the cytosol. A similar loss of BICD2 signal
from Golgi membranes is observed within minutes after
BFA treatment of COS-1 cells (Figure 4K1-3). indicating
that BICD2 has properties of a cytosolic peripheral coat
protein.

Immunoelectron microscopy was used 1o investigate
further the subcellular distribution of BICD2. Ultrathin
cryosections of COS-1 cells were incubated with rabbit
antibodies #2293 against BICD2 and mouse antibodies
against y-adaptin, followed by incubation with secondary
anti-rabbit and anti-mouse antibodies, conjugated with 6
and 10 nm colloidal gold, respectively (Figure 5). In all

sections, a sparse but specific BICD2 labelling is observed.
which is mainly located in the vicinity of the TGN, as
identified by the y-adaptin labelling (Figure 5A). In line
with the high-speed fractionation results (Figure 1C).
BICD2 appears to associate with membranes. as labelling
is detected on tubular extensions (Figure 5C). at or near
membrane stacks (Figure 5A and data ot shown), as well
as on budding and/or small cytoplasmic vesicles (Figure 5).
Interestingly, the gold particles are often clustered
{Figure 5A, B and D), suggesting that multiple BICDZ
molecules might be present in a complex at the membrane.

Deletion analysis of BICD2 reveals Golgi targeting
and dispersion domains

To determine how BICD2 is targeted to the Gelgi, we
fused full-length and truncated forms of BICD2 to GFP
and studied their intracellular behaviour in transfection
studies (Figures § and 7). At low expression levels, both
full-length GFP-BICD2 and fusion proteins, containing
the C-terminal coiled-coil part (GFP-BICD25%-820 and
GFP-BICD27%-810), display a perinuclear accurnulation,
similar to endogencus BICD2. A strong overlap of GFP
and  antiy-adaptin - antibody  signal  is detected
(Figure 6A1-3 and C1-3), while little co-localization
with the transferrin receptor is seen (Figure 6B1-3 and
D1-3). Interestingly, in cells that overexpress
GFP-BICD27%810 " almost no endogenous BICD? is
detected in the Golgi apparatus (Figure 6E1-3, labelling
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with antiserum #2293 against the N-termminus of BICD2).
Nevertheless the Golgi remains in place and other resident
profeins are detectable (Figure 6C2 and E3), These dats
indicate that the third coiled-coil segment of BICD2
contains a Golgi-targeting signal and that this frapment
can compete with endogenous BICD2 for binding sites at
the Golgi complex.

In contrast to the behavicur of the C-terminal BICD2
fusions, GFP proteins containing only the N-terminal or
the middle part of BICD2 display a diffuse cyteplasmic
staining (Figure 7A, Bl and Cl). Surprisingly, over-
expression of these proteins profoundly aflects the organ-
ization of the Golgi apparatus (Figure 7B2). Deletion
analysis reveals that fragmentation of the Golgl is
dependent on amino acid residues 1-271 of BICDZ, in
which segment 1 i3 cmbedded (Figure 7A), As cells
overcxpressing full-length BICD2 {with or without a GFP
tag, see Figures 6 and 8, respectively) show no apparent
Goigi abnormalities, these data suggest that amino acids

{271 perturb Golgi organization only when uncoupled
from the remainder of BICD2.

Fragmentation of the Golgi apparatus is o characteristic
fenture of cells in which cytoplasmic dynein function is
intubited. Both overexpression of dynamitin {or other
subunits of dynactin) and knock out of the cytoplasmic
dynein heavy chain cause inhibition of dynein function
(Burkhardt er af., 1997 Harada er al., 1958: Quintyne
er al., 1999). In such cells, the distribution of endosomes
and lysosomes is also altered. We therefore analysed
whether overexpression of the N-terminal BICDZ segment
causes a redistribution of transferrin receptor-positive
endosomes, and found this to be the case (Figure 7C2).
These data suggest that the N-terminal segment of BICD2
perturbs dynein-based motile events, To test whether the
BICD2 N-terminus and dynein interact, we investigated
co-precipitation of the DIC with selected GFP-BICD2
mutants in lysates of transfected COS-1 cells (Figure 7D).
The results of these experiments indicate that every

Fip, 8. Ultrastruclural disteibufion of BICD2, (A and B) Ultenthin eryosections of COS-1 cells were immunoinbelled with rabbit antiserum #2293 and
mouse anti-y-adaptin antibodics. followed by anti-rabbit and anti-mouse secondary antibodies, conjugated with 6 and 10 nm gold particles,
respectively. Examples of BICD2 (arrowheads) and y-adaptin (arrows) labelling are indicated, G, Golgi cisternae; €, centriole; N, nucleus. (C and B)
Ultrathin eryosections were incubated with the #2293 antiverum only, followed by anti-rabbit secondary antibodies, conjugated with 6 am goid. In (B,
C and D), BICD? Jabelling {irrowheads) of tubules and smooth vesicles in the proximity of the TGN is shown,

Fig, 4, Bndogenous BICDI distribution in COS-1 and Helt cells. {A~C) COS-1 cells were fixed and processed for indirect immunofluorescence.,
using affinity purificd (AP,) #2293 anti-BICD?2 antibodies (A), #2293 antibedies pre-incubated with GST-NBICD2 fusion protein (B} or #2298 anti-
BICD2 antibodies {C). (D-K}) Co-localization of BICDZ with different markers for membrane organelles. Each of the right-hand panels displays the
merged signal of the left and middle images, The BICD2-specific (#2293) signal is shown in green and the corresponding marker in red. In some
cases, o magnified view ol the Golgi arca is shown, Images were taken with an cpifluorescence microscope, with the exception of H1-3 and I1-3,
which were obtained wilh a confocal microscope, (I and H} Hela cells, stained for BICDZ (D1, H1) and transferrin receptor (D2, H2). (E, F and K}
C0OS-1 cells, stained for BICD2 (El, FI, K1) and pl15 {E2. F2, K2). Cells shown in F1-3 were cultured for 3 h at 15°C prior to fixation. Cells shown
in KI-3 were incubated for 5 min in the presence of 5 ug/ml BFA. (G and J) COS-1 cells, stained for BICDZ (GI, I1) and v-adapun (G2, J2). Cells
shown in J1-3 were incubated 24 20°C lor 3 h 1o block transport [rom the TGN, (I} Hels cells stained for BICD (11) and -adaptin (12), Barst 10 tm
in (A=G}, (JY and (K) and 5 um in (H) and (D),
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Fig, 6, C-termingl domain of BICD? is responsible {or Gelgi localization. (A-D) HeLa cells were wransfecled with GFP-BICD2 (A and B) or
GFP-BICD2™*11 (C and ) and stained with antibodies against y-adaptin (A2, C2) or Uransfermin receptor (B2, D2). Merged signal from GFP (green)
and the organelic marker (shown in red) is shown on the right; a magnified view of the Golgi aren is shown in the corner, (B) COS-1 cells were
translected with GFP-BICD27* and stnined for endogenous BICD2 (#2253; E2) and p115 (E3). In the tmnslected cell, BICD2-specific staining in
the Golgi arca is sirongly reduced compared with the neighbouring untransfected ¢ell, Bars: 10 pm,

GFP-BICD?2 construct, which includes amino acids
1-271, brings down the dynein complex, in line with an
association between the N-teminus of BICD2 and dynein.

Co-localization of BICLDZ and dynactin

As BICD2 interacts with dynamitin, we next investigated
to what extent the intracellular distributions of these
proteins overlap and how overexpression of these proteins
affects their respective localization, In cells, expressing
low levels of co-transfected myc—-GFP-dynamitin and
BICD2, prominent staining of the microtubule plus ends
by GFP is detected (Figure SAT and B1). Accumulation of
overexpressed BICD2 at the distal ends of microtubules is
seen (Figure SA2 and B2), which is enhanced compared
with cells expressing low levels of BICD2 only (data not

shown). Thus. overexpressed dynamitin and BICD2 co-
localize to some extent, To investigate whether BICD2 co-
localizes with dynactin in untransfected cells, Swiss 37T3
fibroblasts (Figure 8C-F) and COS-! cells (data not
shown) were stained with BICD2- and p150%%«d.gpecific
antibodies. In these cells, some of the BICD2-positive,
vesicle-like structures appear to assemble at those distal
ends of microtubules which are also stained with anti-
dynactin antibodies (Figure 8C and D). We next examined
BICDZ distribution after a brief shift to room temperature,
as this manipulation results in a significant co-focalization
of cytoplasmic dynein with dynactin, an association which
is normally not observed (Vaughan er al., 1999}, Room
temperature incubation Jeads to an increase in BICD2 and
dynactin staining intensity at the microtubule plus ends,
consistent with a direct association between BICD2 and
dynactin (Figure 8E and F).



Co-localization of BICDZ, dynactin and dynein in
nocedazole-treated cells

Cultured cells treated with the tubulin sequestering
compound nocodazole undergo microtubule depolymer-
ization, resulting in inhibition of dynein-based motility
and Golgi dispersal (Cole er al., 1996), We noted that in
such cells both GFP-BICD?2 (Figure 9A1) and endogenous
BICD2 (Figure 9B1 and CI) are mainly present in
cytoplasmic vesicular and/or aggregate-like structures.
These do not co-localize significantly with any of the
Golgi or endosomal markers described above (data not
shown), but instead contain a comsiderable proportion
of the cytoplasmic pool of pl50%%#¢ and dynamitin
(Figure 9A and B), as well as DIC (Figure 9C). Thus,
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nocodazole treatment of cultured cells surprisingly
induces the coalescence of BICD2, dynactin and cyto-
plasmic dynein into structures of unknown composition.
Interestingly, overexpression of the N-terminal part of
BICD? or dynamitin, which have similar disruptive effects
on dynein-based organelle distribution in normal cultured
cells, prevents the formation of these nocodazole-induced,
cytoplasmic aggregates Figure 9D and E}, whereas the
C-terminal portion of BICD2 (GFP-BICDZ76-%10y ¢o-
localizes with endogenous BICDZ in the structures at low
expression levels and inhibits their formation at high
expression levels (data not shown). These data support the
interaction between BICD2, dynactin and dynein, and
suggest that the formation of complexes of these proteing
in nocodazeole-treated cells might be based on the same
protein—protein interactions that are important for dynein-
mediated motility.

Discussion

The molecular mechanisms regulating cytoplasmic dy-
nein-mediated motility are not completely understood, but
it is becoming increasingly clear that they involve multiple
protein~protein interacticns and post-translational modifi-
cations. The dynactin complex, which can be linked to
dynein through the interaction of its p150%%=# subunit with
DIC (Vaughan znd Vallee, 1995), might play a role in
dynein-cargo binding, e.f. by associating with spectrin
(Muresan ez al., 2001), and might regulate the processivity
of the dynein motor (King and Schroer, 2000). However,
dynein itself can also bind to (and transport) various
cargoes through its light and light intermediate chains (Tai
et al., 1999; Young et af.. 2000). We envisage a function
for mammalian BICD2 in dynein-based transport that
involves direct binding of BICD2 to the dynamitin subunit
of dynactin and association with cytoplasmic dynein.
These observations provide a molecular basis for the
genetic evidence in D.melanogaster, which implicates
Bic-D, dynein and dynactin functioning in 4 common
pathway (Swan ef af.. 1999). Our findings suggest that the

Fig, 7. N-terminal domain of BICD2 co-precipitates with dynein and
disrupts microtubule minus-end-directed organelle disrribution, (A)
QOverview of GFP-BICD2 deletion construets, COS-1 or Hela eclls
were transfected with the indicated GFP-BICD2 fusion constructs,
fixed and staingd with Golgi- or ¢hdosome-specific antibodies, to
analyse whether the transfected censtruct was targeted to the Golgi

(+ indicates Golgi accumulation of the GFP fusion construct and

- indicates nbsence of such aceumulation) and whether organelle
distribution was affecied by the transfection (+ indicates a disrupted
Golgi and endosome distribution, and ~ indicates a normal Golgi

and endosome organization). (B and C) Organelle disruption by
GFP-BICD2+E7F overexpression. In (B), (ragmentation of the Golgl
complex is scored, as detectod with anti-p115 antibodies (B2}, In {C).
5 redistribution of endosomes to the periphery of the cell is s¢ored. as
detected by staining with antibodies agninst the gansferdin receptor
{C2), Organelle dissuption is o robust phenotype; when present it
cectrs in afl ransfected cells, while neighbouring, non-transfected cells
show a normal, compact perinuclear Golgi staining (B2) and prominent
Juxtanuclear aceumulation of endosomes (indicated by arrowheads in
C2). Bars; 10 um, (D) Lysates of COS-1 ¢ells, transfected with the
indicated GFP proteins, were immunoprecipitated with monoclonal
ant-GFP antibodies, and precipitated protcins were annlysed by
western blotting with polyclonal anti-GFP antibodies or with anti-DIC
antibodies.
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Fig. 8. Co-locnlizadion of BICD2 and dynactin components ut microtubule distal ends. {A and B) COS-1 cetls were co-transfected with

mye~GFP—(ynumitin and BICD2, and processed for immunoftuorescence using ant-BICDZ antbodies #2293, GFP signal

hown in Al and B1,

while in A2 and B2 BICDZ is visualized, (B) A higher magnification view of the square, indicated in (A). B3 represents the merged image of B1
{green, GFP-dynamitn) and B2 (red, BICD2). Asrrows indicate clear examptes of co-localization of GFP-dynamitin and BICD2 at the distal ends of
two mierotubules. Bar: 10 um, (C-F) Swisx 373 cells were stained with antibodies agninst BICD2 (C1, DI, Et, Fl} and unti-pl 306 (C2, 2, EZ,
F2). In D3 and F3, BICD2 (green) and pl 506 (red) sighals are merged, {0 and F) Higher magnificalion views of the indieated pants In (C) and (E),
respectively. Examples of ¢o-localization of BICD? and dynactin are indicated by arrows, In (E) and (F), eclls were incubated 1 room temperature for

10 min prior o fixation, Bars: 10 pm.

BICD?2 protein is a conserved component of the dynein—
dynactin transpert machinery.

BICD2 is a Golgi-associated protein, which could be
part of the peripheral coat of particular membranes. Both

the Golgi targeting of BICD2 and its binding to the
dynamitin subunit of dynactin depend on coited-coil
segment 3. The relevance of these interactions is under-
scored by the fact that this is the most evolutionarily



Fig. 9. Ce-[ocalization of BICDZ with dynuetin and dynein components in nogodazole-treated cells, (A-E) HeLa celiy, trans{ected with GFP-BICD2
(A), GFP-BICD2=50 (D), mye—GFP~dynamitin (E), or not ransfected (B, C), were treated with 10 4M nocodazole for 1 h at 37°C prior to fixation,
and processed [or immunofluorescence with the indicated antibodies {endogenoux signals), Asterisks mark the nuclel of transfected cells, and
nogodazole-induced, dynactin-positive structures in untransfecled cells arc indicated by arrows. (A3-C3) are merged images (A1-CI are in green;
A2-C2 ure [n red). Higher magnification views of indicated areas are shown in the cormer. Bars: 10 fm.

conserved part of the protein and the only Domelanogaster
Bic-D segment indispensable for viability and proper
localization during oogenesis (Oh er af, 2000; Oh and
Steward, 2001). On the other hand. truncated BICD2
forms, which lack the third, but contain the first coiled-coil
segment, can co-precipitate cytoplasmic dynein, suggest-
ing that segment 1 can interact with a component of the
dynein compiex. Finally, overexpression of the N-terminal
pottion of BICD2 causes dispersion of c¢ytoplasmic
ortanelles and prevents the formation of nocodazole-
induced, dynactin-pesitive aggregates, while overexpres-
sion of full-length BICD2 has none of these effects, To
explain all these observations, we propose that seluble
fexcess, [ree) BICD?2 folds up, for example, as a resuit of
interaction of segments I and 3 {as observed in our yeast
two-hybrid assay), or of segments 2 and 3 [as proposed in
the structural analysis (Stuurman ez al., 1999)]. Only when
segment 3 engages in an interaction with one of its partners
(dynamitin cr 2 membrane-asseciated protein) do the other
segments become available for interaction with other
preteins {such as dynein components).

We hypothesize that when BICD2 is bound o a
particular cargo through its C-terminus, it can stimuiate
the association of this carge with dynein-dynactin through
its N-terminus, If dynactin is the C-terminal ¢argo, then
BICD2 might serve as a regulatory linker between dynein

and dynactin. The role of BICDZ as such a linker is
supported by the extensive co-localization of these protein
complexes under conditions when dynein transport is
inhibited by nocodazole treatment. Switching of BICD2
between different modes of interaction could regulate the
affinity of the dynein—dynactin complex for (vesicular)
cargo, of exercise a regulatory effect on dynein motor
activity, A schematic representation of the putative
conformations of BICD?2 is shown in Figure 10.

In agreement with our hypothesis, we find co-localiza-
tion of BICD2-positive, vesicular structures and dynactin
at the distal ends of microtubules. The accurnulation of
dynactin and cytoplasmic dynein on microtubule plus ends
was suggested to represent an early, cargo-loading stage of
minus-end-directed organelle transport (Vaughan et af.,
1999). In this view, BICD2-containing vesicles might be
loaded on dynactin-carrying microtubule distal ends. in
arder to be transported along microtubules. One possibility
is that BICD2 interacts with dynactin and the peripheral
coat of membrane orpanelles simultanecusly. This could
be a result of multimerization of BICD2 proteins on the
mermnbrane surface or through unfolding of the last coiled.
coil segment within one BICD2 dimer, Whatever the
actual mechanism, all models predict that overexpression
of the Coterminal segment of BICD2 by itself should
have a dominant-negative effect on BICD2 function.
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Fig. 10. Schemalic representation of the possible conformations and
inleractions ol BICDZ. The BICD2 homodimer is represented by three
baxes, corresponding to the three coiled-coil segments (cel,ec? and
2c3), which are connected by lines (cofresponding to putative flexible
linker regions), Vesteular surface {with its coat proteing) is shown in
hlack, md dynein and dynactin complexes as grey spheres
(microtubule-BDs and microtubules are omitted for simplicity). Notice
thil the internction of BICD2 with dynactin is direct, while that with
dynein could be indirect. Stippled arrows indicate putative interactions
ol dynein 2nd dynactin with each ether and with the membrane ceat;
these interactions are not directly dependent on BICDZ, but can be
influenced by its presence in the complex.

Elucidation of the exact nature of the BICDZ2-associated
cargoes would be necessary to test this prediction,

Studies in Drosophila oogenesis have shown that the
genetic pathway involving Bie-D and cytoplasmic
dynein—dynactin also includes Lisl (Swan er al., 1999}
Lisl is a highly conserved protein, which wag shown to
have a function in dynein-mediated nuclear migration in
filamentous fungi and to be essential for neuronal migra-
tion during brain development (for review see Valiee eral.,
2001). Similar to BICD2. mammalian Lis! co-precipitates
both with the dynein and dynactin complexes, is partially
localized to microtubule plus ends and is suggested to play
a role in dynein function. We examined whether murine
Lisi interacts with BICD2 or the components of the
dynactin complex described above using the yeast two-
hybrid assay, but failed o show 2 positive reaction (data
not shown), In addition, we could not show co-precipita-
tien between BICD2 and GFP-Lisl in overexpressing
COS-1 cells {data not shown), indicating that BICD2 and
Lisi do not interact directly, Therefore, the respective
roles of these proteins in dynein function await further
analysis.

The membrane association of BICD2, deseribed in this
study, is a novel finding, It is supported by the high-speed
fractionation and immunocytochemistry results {light
microscopy and electron microscopy} The BFA studies
suggest that BICD?2 could be part of the peripheral coat of
membranes. These data could be pertinent to the possible
involvement of D.melanogaster Bic-D i microtubule-
dependent mRNA transport (For discussion see Mach and
Lehmann, 1997). Intracellular stryctures involved in
mRNA localization, such as the Dunelanogaster ‘sponge
body" and Xenopus mitochondrial eloud. contain abundant

membranous components (Wilsch-Bravninger et al.
1997}, An attractive possibility is that mRNA transport
in early development and vesicular trafficking in cultured
cells represent different aspeets of essentially similar
molecular mechanisms.

Materials and methods

Mammalisn expression constructs

Full-length mouse BICD? ¢cDNA (ATCC 1364234} was sequenced on
bath strands (DDBJEMBL/GenBank accession No. AJ250106). The
mammalian expression vectors pEGFEP-C1 and -C2 {Clonteeh} were used
to construct plasmids for the expression of fuli-length and yuncated forms
of mouse BICD2 Constructs lor expressing GFP- and mye-tagged
dynamitin and plS0%" were 2 kind @it from Dr T Schroer.

GST-BICD2 constructs and antibodies

For BICD?2 zntibedy production, GST [usion proteins were made, purified
and injected as described (Hoogenraad et af., 2000). Alfinity purification
of the antibodies was performed using standard methods (Spector er af.,
1998). Monoclonal anti-Arpl antiserum 45A (a kind gift (rom Dr
T.Schreer) has been described (Schaler er af,, 1994). Other antibodies,
e.g. polyclonsl anu-GFP antiserum (Clontech), monoclonal anti-p
adaptin antbodies (Sigma), monoclonal anti-pl13 and anti-plSQGed
antibodies (Transduction Lpboratorics), monoclonal ant-transfernin
receptor snd anti-myc antibodies (Boehringer) and menoclonal ant-
intermediate chain dynein antibodies (IC74; Chemicon). were commer-
cially acquired.

DNA transfections and immunofiuverescence

COS-1 ¢ells were transfecied by the DEAE-dexuan method as described
(Hoogenraad ef ¢f,, 20000, and HeLb ¢ells were ransfected with Superlect
{Qiagen). BFA was purchased Irom Molecular Probes and nocodazole
from Sigma, For immunofluerescence experiments, transfected cells were
grown in Lab-Tek chambers slides (Nunc} for 1§ or 40 b after
transfection. Cells were fixed with 25 paraformaldehyde for 20 min at
20°C or with 100% methanol/1 mM EGTA for 10 min at =20°C, loliowed
directly by a 2% parnformaldehyde fixation for 20 min m 20°C.
Subsequemt incubation steps were performed as described corlier
(Heogenranad ef af., 2000), Polyclonal anti-BICD2 antibodies were used
in 1 dilution of 1:300 and various menoclonal antibodies in a dilutdon of
1:100, Secondary antibodies used were fuorescein isothiocyanate
(FITC}-conjugiiied gox unti-rabbit antibodies (Nordic Laborateries;
1:100), rhodamine-labelled sheep anti-mouse antibodies (Boehringer
Mannheim: 1:25), Alexa 594-conjugated goat znti-rabbit antibodies
{Molecular Probes: 1:300) and Alexa 350~conjuputed sheep anti-mouse
antibodies (Molecular Probes; [:250). Slides were analysed with 2 Leica
DMRBE microscope, cquipped with a Hamamatsu CCD camera (C4880),
of with & Zelss confocal laser scanning microseope (LSMS10). In the
latter case, optical sections of 0.7-0.9 Um were taken.

Immunoelectron microscopy

The subcellular distribution of BICD2 was analysed by immunoclectron
microscopy on ubtrathin [rozen sectiony, as plastie embedding was found
to ubolish antigen recopnition by #2293 and #2298 antserz. COS colls
were fixed with 39 paraformaldehyde for § h and scraped from the dish.
Cell peliets were embedded in 10% gelatin and post-fixed in 3%
paraformaldehyde for 24 h, Sectioning, immunolibelling and staining
were performed 18 deseribed before (Willemsen of af., 1987). Sections
were cxamined in a Philips CM100 electron microscope at 80 kV.

Immunoprecipitations and western blot analysis
Immunoprecipitations were carried out using total protein extracts,
prepared {rom Hela cetls or (translected) COS-1 cells. Cells were lysed
in buf{er containing 25 mM Triv=HCI pH 8.0, 50 mM NuCt, 0.5% Triton
X-100 and protense inhibitors {Boehringer), and incubated at 4°C for 30
min to depolymerize microtubules. All subscquent steps were performed
as deseribed (Hoogenmad er af., 2000, Anti-BICDZ antibodies were
diluted 1:200 for immunoprecipitation and 1:2000 for western blotting,
polyclonal anti-GFP and anti-CLIP-170 antibodies (Hoegenraad ef af.,
2000) were difuted 131000 Jor westem blotting, and various monoclonal
antibodics were diluled 1:100 for immunoprecipitation and 1:500 for
weslern blotting.



For (he immunodelection of BICD2 by western blotling, 10la! protein
exitiel was prepered [tom mock-trans{ected or BICD2-translected
COS-1 cells by homeopenization in phosphate-bulTered salire (PES)/ 1%
Triton X=100, in the presence of protease inhibitors, For fmctionaton
experiments, COS-1 gells were homegenized in a sucrose buffer (10 mM
HEPES pH 74, 025 M suerese. [ mM EDTA) wsing a glass
homogenizer. A post-nuclear supernatant was recovered after centrifuga-
tion al 1000 g. Samples were subsequently centrifuged ot 100 000 g, and
pellet and high-speed supemaszng were collegted.

In-gel digestion of proteins

For the mass speclromelry identification of proteins co-precipitating with
BICD2 antiserum, one flask (150 em®) of confluent Hela cells was
harvested and incubaied with antbodies, as described above. Proteing
were visuzlized with Coomassic Blue after SDS—-PAGE (see Figure 1D)
and the major bands were cut out, Excised, diced protein el bands were
washed, reduced and S-alkylated essentially as described (Wilm or al.
1996). A sulficient volume of 2 ng/ld trypsin (medified sequencing grade;
Promega, Madison, W) in § mM NHHCO, was added e cover the gel
pieces and digestion performed overnight at 32°C in an incubator, The
digesis were ihen acidified by the addition of o [/10 vol. of 2%
triffuoronucetic agid prior Lo MALD] znalysis

Peptide mass mapping by MALDI

A Reflex 1T MALDI time-ol-llight mass spectrometer {Bruker Daltonik
GmbH, Bremen, Germany), equipped with a nitrogen [aser and a Scoli-
3384 probe. was used Lo oblain positive fon mass speclra of digested
prolein with pulsed ion oxtraction in reflectron mode, An aseelerating
vollage of 26 KV way used with detector bias gating set to 2KV and a mass
cut-olf of G650 a/z, Thin-layer matrix surfaces of o-cyuno-d-
hydroxycinnamic acid mixed with nitrocellulose were prepared as
deseribed (Shevehenka ¢f «f., 1996). An aliquot (0.4 pl) of acidified
digeslion supernatant was deposited onte the thin layer and aliowed to dry
prior Lo rinsing with wauer,

Peplide mass Bnperprints s oblained were searched against the non-
redundant protein dulubase placed in the public domain by the Naconal
Cenire Jor Biolechnology Information (NCBI) using the pregram MS-FIT
{Regents of the University of California),

Nanospray tandem mass spectrometry

Remaining dipestion supernutant was loaded onto o 2 X 0.8 mm C18
micracoiumn {LC Packings, Amsterdam, The Nether]ands), washed and
step ¢luled with 60% methanol, 0,15 formic acid direatly into an
Econal nonospray nesdle (New Objective Ine., Cambridge, MA),
Nanospray mass spectra were acquired on an LCQ “classic’ quadrupole
ion trup mass spectrometer {ThermoQuest Corporation. Austn, TX)
equipped with a nanospray source (Protana, Odense, Denmark} operated
al & spray voilage of 800 V and a eapillary lemperature of 150°C. Tandem
(MS?) muss specln were nequited at o collision energy of 30% and a
parent ion tsolalion width of 3 Da. Prowing were identified using the
progeam SEQUEST {ThermoQuest Corperation, Austin, TX) to search
Lardem mass speelrs against the NCBI non-redundant protein datsbase.

Yeast two-hybrid analysis

The L two-hybrid analysis was performed as described proviausly
(Wolthuis er a4/, 1996). Dilferent mouse BICDZ ragments were linked lo
the GALS DNA-BD in the pPC97 yeast two-hybrid vector and to the
GALS AD in the pPCS6 yeost two-hybrid vector. Dynamitin and
P150SH cONA {ragments were generated by PCR, using the corres-
ponding [uli-lengts cDNAs as templates. Arpl and p24 cDNAs were
peneraed by PCR. using total mouse brain cDNA a5 a wmplate.
Fragmenis were subgloned into pPCI7, Production of the veast [usion
proteins of correet size was verified by wesiern blotting, using antibodies
agninst GAL4 DNA-BD and GAL4 AD and according to the protocol off
tw manulieturer {Clontech). B-galactosidnse activity m e
{expressed in arbicary units} were performed in Uiplicale (rom iwo
independent experiments, as deseribed previously (Ausubel of ef,, 1997),

Acknowledgements

We would like lo thank Dr T.Schroct for the pSO and plS0%=-encoding
plasimids and the anti-Arp| antibodies, Yvonne Krom and Arfan Theil for
technical assistance, and Ruud Kappenol lor photography. This research
wis supporied by grants Irom the NWO (GB-MW 903.68-361) and SLW
(RU3.33.3105. N.G. was supported by the Reyal Dutch Academy of
Sciences (KNAW),

References

Ausubel FEM., Brem R., KingstonR.E., Moore,D,D,, Seidmanl.G.,
Smith LA, and Struhl K. (1997) Current Protocols (v Molecular
Biofogy, John Wiley & Sons, Inc., New York, NY,

Baens.M. and Marynen,P. {(1997) A human homologue (BICD1} of the
Drosaphile bicaudal-D gene. Genomies, 45, 601-606.

Burkhardt.J.K,, Echeverd,CJ., NilssonT. and Vallec,R.B. (1997)
Overexpression of the dynamitin {(pSO) subunit of the dynactin
complex disrupts  dy lependent of membrane
organeile disuibution. . Cerf Biol., 139, 469484,

Chardin,P. and McCormick,F. (1999} Brefeldin A: the advantage of
being upcompetitive. Cef!, 97, 153-1535,

Cole.N.B., Scizky.N., Marotta,A.. SongJ. and Lippincott-Schwarte,J.
(1996) Golgi dispersal duning microtubule distuption: regencration of
Golgl stacks ot peripheral endoplasmic reticulum exit sites. Mof, Biaf.
Cell, 7, 631650,

Eckiey,D.M., GillS.R.. Melkonian, KA., BinghamJ.B,, Goodson H.V.,
Heuser J.E. and Schroer, TA. (1999 Analysls of dynactin sub-
complexed reveals o novel actin-related protein associated with the
arpl minifilument pointed end. S Ceff Biol., 147, 307-320.

GillLS.R., Schroer,T.A., Szilokl, Steuer,E.R. SheeteMP, and
Cloveland, DLW, (1991} Dynactin, o conscrved,  ubiquitously
expressed component of an activator of vesicle motility mediated by
cytoplasmic dynein. J. Celf Biel,. 115, {639--1650.

Haradn AL, Takel,Y., KanaiY., TanakaY,, Nonaka,S, and HirokawaN.
{1998) Goigl vesiculation and lysosome dispezsion in cells lacking
cytoplastic dynein. J, Celf Biol,, 141, 5[-39.

Hoopenrand C.C,, Akhmanova,A.. Grosveld.F., De Zecuw,C.I and
Galiart,N. {2000 Functional analysis of CLIP-I15 and its binding to
mierolubules. J, Ceff Sei., 113, 2285-2297,

Karki.S. and HolzbaurE.L. (1999} Cyloplasmic dynein and dynactin in
cell divisien and intracellular wransport, Curr. Opin Ceft Biol, 14,
45-53,

King,8.J, and Schroer, T.A, (2000) Dynactin increases the processivity of
the cytoplasmic dyncin motor. Nawmre Cefl Biol,, 2, 20-24.

LM, McGrailM., SerrM. and Hays,T.8. (1994) Drosophila
cyoplasmic dynein. 4 migrotubule motor that is isymmetricalty
localized in the oocyie. /. Celf Biol., 126, 1475-1494.

Mach,JM, and Lehmann,R. (1997 An Egalilarian—Bicaudal-D gomplex
is cssential [or oocyic specification and axis defermination in
Drosophila. Genes Dev., 11, 423435,

MeGrail M. Gepnerd., SilvinovighA.. LudmannS., SerrM. and
Hays, T.S. (1995) Regulation ol cytoplasmic dynein [Unction in wivo
by the Dresopiitla Glued complex. J. Celf Blol., 131, 411425,

Muresan.V., Stankewich,M.C.. Steffen,W., Morrow,J.S., Holzbaur,E.L.
and Schnapp.BJ. (2001) Dynactin-dependent. dynein-driven vesicie
trungport in the absence of membrane proteins: a role for spectein and
acidic phosphelipids. Mel. Ceil, 7. 173-183.

Nelson.D.8., Alvarez,C., Gno,Y.S., Garcia-Maa,R., Fialkowski,E. and
Sztel8. (1998) The membrane unsport lactor TAP/p11S cycles
between the Golgl and eariier secretory compartments and contains
distinet domuins requited lor its localization und function, J. Celf
Biol.. 143, 319-331.

OhJ. and Steward,R. (2001} Bicaudal-D is essential for egg chamber
formation and cytoskelewai organization in Drosophila oogenesis. Dev.
Biol,, 23X, 91104,

OhJ.. Baksa,K. and Steward,R. (2000) Functiona! domains of the
Drosophile Bicaudal-D protein. Generics, 154, 713724,

Quintyne.NJ., GillS.R., Eekley DM,, Crego.CL., Compon, DA, and
Schroer, T.A. (1999) Dynactin is required for microwbule anchoring at
centrosomes. S, Ceff Biol,, 147, 321334,

Robinsen,M.S. and Kreis, T.E. (1992) Recruitment of cout proteins onto
Colgl membranes in inwmet and permesbilized cells: effects of
brefeldin A and G prewein netivaters, Ceff, 69, 129-138,

Saraste,J, and Kuismanen E. (1934} Pre- und post-Gelgi vacuoles operate
In the wansport of Semliki Forest virus membrane glycoproteins to the
cell surface. Cell, 38, 535-549.

Schafer DAL, GlULS.R., Cooperd.A., Heuser.E, and Schroer,T.A,
{1994y Ultrastructural analysis of the dynactin complex: an actin-
related protein is o component of a fifament that resembles F-actin.
J. Cell Biel., 126, 403412,

Shevehenko A, Jensen, QN Podielejnikov.AV.,  Sagliccco F.,
Wilm,M.. Vorm,Q.. Mortensen,P., BouchericH. and Mann,M.
(1996) Linking genome and protcome by mass spectrometry: large-

159



scule identilication of yeast proteins from two dimensional gels, Proc.
Madd Acad, Sei, USA, 93, 1444014445,

Spector,DLL., GeldmznR.D., and LeimwandL.A. (1998) Cefls: A
Laberatery Manual. Cold Spring Harbor Laboratory Press, Cold
Spring Hurbor, NY.

SwurmanN., Haner, M., SasseB., Hubner, W, Suter,B. and Acbi,U.
(1999} lnteractions Detween cofled-coil proteingt Droseplile lamin
Dm0 binds 1o the Bicaudnl-D protein, Exr. J. Cell Biel., 78, 278287,

Suter,B. and Stewnrd R, {1991) Requirement for phosphorylation and
tocalization of the Bicaudal-B protein in Drosophila oocyte
diflerentintion. Celf, 67, 917926,

Suter.B.. Romberp .M. and Swewnrd,R, (1989) Bicaudal-D, a
Dresuphife gene involved in developmental asymmetry: loealized
transeript accumulition in ovaries and sequence simifarity Lo myosin
heilvy chain tail domains. Genes Dew., 3, 19571968,

SwinA. and Suter,B. (1996} Role of Biesudal-D in paueming the
Drosephila epg chamber In mid-ocgenesis. Developmens, 122,
3577-3586.

Swan.A., Nguyen,T. and Suter,B. (1999) Drosopiiile Lissencephaly-1
functions with Bie-D and dynein in oocyle determination and nuclear
positioning, Narure Cell Biol., 1, 434-449,

Tal, AW., ChuangJZ. BedeC., Wolfrum,U, and Sung.C.H., {1999
Rhodopsin's carboxy~terminal cyteplasmic tail acts as o membrane
receplor Jor cyloplasinic dyncin by binding o the dynein light chain
Tatex-1. Cell, 97, §77-887.

ThewrkiullW.E., Alberts,B.M., JanY.N. and Jongens,T.A, {1993y A
central role Tor microtebules in the differentiation of Drosophile
oncyles. Devefopment, 118, 11691180,

Vallee,R.B.. Tai,C. und Faulkner,NLE. {2001) LIS1: cellular funclion of a
diseuse-causing gene, Fronds Cell Biof., 11, 155-160.

VavghanK.T. and Vallee RB., (1995} Cyoplasmic dynein hinds
dynactin through @ direct interaction between the intermediate
chains and pl50Glued. J. Cell Biol., 131, 1507-1516.

VoughanK.T.,  Tynan,S.H., FuulknerN.E. EcheverdCJ. und
Vallee.R.B, (1999 Coloculization of cytoplasmic dynein with
dynactin and CLIP-170 ot microtubule distal ends. J. Cel! Sei., 112,
1437-1347.

Wharlon.R.P. and Siruhl.G. (1989 Structure of the Drosophile
Bicaudal-B protein and its role :n localizing the posterior
determinant nanos. Celf, 59, 881892,

Willemsen,R., van DongenJ.M., Gimns,E.L, Sips,HJ.. Schram AW,
TagerJ.M,, BurrangerJ.A, and Reuser AJ. (1987) Ultrastructural
lnealization of glucocerchrosidase in cultured Gaucher's disense
Abrablusts by immunoeytochemistry, J Newrol,, 234, 44-5].

Wilm,M., Shevchenko.A. HouwthaeveT.. Breit., Schweigerer,L.,
FetsisT, apd MannM, (1996) Femtomole sequencing of proteins
[rom polyagrylamide gels by nano-clectrospray mass spectrometry.
Nature, 379, 466-469,

Wilseh-Bragpinger M., Schware,H. and Nusslein-Volhard,C. {1997} A
sponge-like struciure involved in the associaion and transport of
maternal products during Drosephifa oogenesis. . Cell Biol, 139,
817-829.

Wolthuis, .M.,  BauerB., van't Veer,L.J., de Vries-Smits,AM.,
Cool,R.H., Spawrparen,M., Witingholer,A., Burpering,B.M. and
Bos L. {1996) RalGDS-like factor (RIf) is a novel Ras and Rap
L A-pssociuting protein. Oneegene, 13, 353362,

Young.A,, Dictenberg.d.B., Purohit.A, Tuft.R. and Doxsey,S.J. (2000}
Cytloplasmic dynein-mediated assembly of pericentrin and y wbulin
onto gentrosomes. Mol, Bisl. Cell, 11, 2047-2056.

Received Juniary 4, 2001: revised May 31, 2001;
accepted June 11, 2601

160



Chapter 8

THE MICROTUBULE PLUS END BINDING PROTEIN CLIP-115
INTERACTS WITH BOTH MAMMALIAN HOMOLOGUES
OF DROSOPHILA BICAUDAL-D

Casper C. Hoogenraadl‘z*, Anna Akhmanova', Bjorn R. Dortland', Chris I. De
Zeeuw”, Frank Grosveld' and Niels Galjart’

MGC Departments of 'Cell Biology and Genetics, *Anatomy, Erasmus Univerisity,
P.O. Box 1738, 3000 DR Rotterdam, The Netherlands. *These authors contributed
equally to the results described in this paper.






Abstract

Cytoplasmic linker proteins (CLIPs) have been proposed to link organelles to
distal ends of microtubules, in order to facilitate translocation by motor proteins.
However, the mechanism of CLIP-mediated organelle transport has not yet been
resolved. Here we demonstrate that CLIP-115 interacts with both mammalian
homologues of the Drosophila Bicaudal-D protein, BICD1 and BICD2 in a yeast two
hybrid assay. The direct nature of the interaction is further supported by GST-pull
down experiments, co-immunoprecipitations from transfected COS-1 cells and brain
extracts. The CLIP-115 homologue, CLIP-170, is not able to bind to BICD proteins.
Northern blot analyses reveals that BICD2 displays a broad tissue distribution while
BICD] is found highly expressed in the brain. Since BICD proteins have been shown
to associate with cytoplasmic vesicles and the trans-Golgi network, the results
described here suggest that BICD may act as a membrane adapter for CLIP-115 in
neuronal transport.

Introduction

The Golgi apparatus is a polarized structure of cisternal stacks, bounded on each
side by extensive tubulo-vesicular networks and vacuoles of variable size. In many
interphase cells, the Golgi occupies a juxta-nuclear position and is organized around
the microtubule organizing center (MTOC). The Golgi complex serves as a major way
station for the specific sorting of proteins and lLipids in the secretory pathways.
Selective vesicular transport becomes particularly evident at the trans-Golgi network
(TGN), where, for example, lysosomal enzymes are packaged into clathrin-coated
vesicles, whereas proteins destined for the plasma mermbrane are not,

Both the maintenance of Golgi structure and vesicular trafficking are controlled
by the microtubule network and two motor proteins families: the dyneins and the
kinesins [1.2]. The dyneins drive movement to the microtubule minus ends, while most
members of the kinesin superfamily (KIFs) move organelles towards the plus ends,
which are the growing, dynamic ends of the microtubules. Accessory protelns are
required to regulate and specify organelle-microtubule interactions. For example,
cargo binding and activation of cytoplasmic dynein requires a multisubunit complex
called dynactin [3]. Cytoplasmic linker proteins (CLIPs) are another class of accessory
proteins, which have been proposed to mediate the transient interaction between
specific membranous organelles and microtubules and facilitate subsequent
translocation by motor proteins [4]. Until now two mammalian CLIPs have been
identified, CLIP-170 [5] and CLIP-115 [6]. Both proteins are homodimeric molecules
in which a basic N-terminal domain is connected to a C-terminal tail through a long
coiled-coil region. The N-terminal domain of the CLIPs is characterized by two
microtubule binding motifs, which are also found as a single domain in other proteins
[51. Both CLIP-170 [7] and CLIP-115 [8] localize preferentially to the distal, growing
ends of microtubules in transfected fibroblasts, suggesting that these proteins are
required for the regulation of microtubule growth or for organelle binding to dynamic
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microtubules. Recently, indirect evidence has been presented, that suggests that CLIP-
170 may interact with the dynactin complex [9-11], perhaps acting as capture device to
establish initial contact between a particle and microtubules, This raises the possibility
that CLIPs capture or transfer cargo to motor proteins at the microtubule distal end.
However, while CLIP-170 is ubiquitously expressed [12], CLIP-115 is detected almost
exclusively in the brain [6], indicating that although the CLIPs have a similar structure
and overlapping activities, each protein has & distinct intracellular role.

In search of proteins that interact directly with CLIP-115, we performed a yeast
two-hybrid screen, using CLIP-115 as a bait and isclated CLASP (chapter 5) [13] and
the mammalian homologue of the Drosophila Bicandal-D (Bic-D) protein, BICD2.
Drosophila Bic-D is a cytoplasmic coiled-coil protein, which is most intensively
studied for its role in cogenesis. BicD is required for specification of the oocyte cell
fate as well as establishment and maintenance of a polarized microtubule network
during oogenesis. Genetic analysis in Drosophila suggests that Bic-D participates in
the same transport pathway as cytoplasmic dynein and dynactin. Recently, we have
shown that mammalian BICD2 interacts with the dynamitin subunit of the dynactin
complex and we propose a conserved function for BICD in dynein-mediated transport
[14]. Furthermore, immunocfluorescence and electron microscopy studies revealed that
BICD?2 is localized to the trans-Golgi network and membranous vesicle within the
cytoplasm [14]. In mammals two Bicaudal-D homologues are present, i.e. BICD1 and
BICD2. In this report we show that both BICD proteins interact, in vitro and in vivo,
with CLIP-115 and not with CLIP-170. These results suggest that BICD may acts as a
membrane adapter for CLIP-115 in neuronal vesicular transport.

Results
Mammalian BICDZ is isolated in a yeast two-hybrid screen with CLIP-115

In order to isolate proteins that interact with CLIP-115, we performed a yeast
two-hybrid screen, using the GAL4 DNA binding domain, linked to CLIP-115%5759
as a bait (Fig. 2) {chapter 5) [13]. In this construct, the microtubule binding motifs of
CLIP-115 are not included, yet the first coiled-coil stretches are present. Screening of a
meuse E14.5 day cDNA library with this bait yielded his+, lacZ+ clones. One of the
clones encodes 114 amino acids of the C-terminus of a protein, homologous to the
Drosophila Bicandal-D protein [15]. Two human Bicaudal-D homologues, encoded by
different genes, have heen deposited in the databases, i.e, BICDI [16] and KIAAQ699.
The mouse yeast two-hybrid clone is more similar to KIAA0699 and hence we have
named this ¢cDNA BICD2, to distinguish it from BICDI. Since Drosophila BicD
protein is suggested to play a role in the microtubule dependent transport mechanism
in the oocyte [17] and CLIP-115 is a microtubule binding protein, the interaction
between CLIP-115 and both mammalian BICD proteins was further investigated. In
order to study the BICD-CLIP-115 interaction in more detail, we first cloned cDNAs
containing full length BICD1 and BICD2.



Characterization of human BICDI and rat BICD2 isoforms

We isolated BICD2 ¢DNAs from a rat hippocampus library, using a BICD2-
specific probe, to obtain specific information about the B/CD2 expression pattern, the
configuration of its mRNA and the primary structure of the protein. Two types of
cDNAs were isolated, representing splice variants of the B/CD2 gene (Fig. 1a). One of
these clones (type I) contains an open reading frame of 2460 nt, encoding a protein of
820 amino acids, with a predicted molecular mass of 93.4 kDa. The ORF is preceded
by an in-frame stop codon, suggesting the cDNA covers the complete coding region.
The BICD?2 type I cDNA is 4.6 kb in length and is virtually identical in its coding
region to a mouse BICD2 EST ¢DNA clone (ATCC 1364234, data not shown). We
have also isolated several, incomplete B/CD2 cDNA clones {type II), which contain an
insertion of 1736 nt at the position of the last amino acid of BICD2 type 1. This
insertion, which is also present in the human ¢DNA clone KIAAQ0699, results in a
frame-shift and thereby in the extension of the C-terminus of BICD2 type II with 30
amino acids. Taken together, the data indicate that two evolutionary conserved BICD2
isoforms exist, which are identical until the last amino acid of BICDZ2 type 1. Each
isoform is predicted to have 5 coiled-coil domains (Fig. 1a). The minimal region of
BICD2Z, that still interacts with CLIP-115 in the yeast two-hybrid assay (amino acids
705-810), is contained within the last coiled-coil domain of BICD2 (Fig. 2) and is
present in both BICD2 isoforms.

To analyze the expression profile of BICD2, northern blots with total RNA from
various rat and human tissues were probed with a BICD2-specific probe (Fig. lc).
While a B/CD2 transcript of approximately 5 kb is present in all tissues examined, a
longer mRNA of approximately 7 kb is predominantly found in brain and testis. In
addition to the 5 and 7 kb mRNAs, a transcript of approximately 3.5 kb is detected in
testis. Thus, BICD2 is a widely expressed gene, which can be transcribed into at least 3
different messages.

Alignment of rat type I BICDZ2 with Drosophila melanogaster BicD (DmBicD},
a putative Caenorhabditis elegans BICD (CeBicD; accession no. U70848) and human
BICD1 (hBicD1). shows that most of the sequence conservation among the different
proteins is within presumptive coiled-coil stretches (data not shown). The alignment
further shows that the C-terminal region in BICDZ, that is necessary for the interaction
with CLIP-115 is highly conserved in BICDI1. Therefore. the major splice form of
BICD1 [16] was cloned from human brain RNA using RT-PCR (Fig. 1b). The
composite BICD] sequence has an ORF of 2505 bp that encodes a protein of 835
amino acids. BICDI has been shown to consist of exist as several isoforms, all
differing in their C-terminal region [16].

Northern blots analysis of total RNA from various mouse tissues using a
BICDI-specific fragment as a probe showed a large transcript of >9 kb, which is
predominately expressed in the brain {(Fig. 1d). This is in agreement with published
data [16]. In the adult brain BICD1 is detected in the hippocampus, piriform cortex and
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cerebellum. Thus, while BICD2Z is ubiquitously expressed, BICD is mainly present in
the brain.

A T B oo
[EEZTEIRT EE) meBICD2 M EET F52 1 human BICDI
N
"»I BICDZ cDNA type BICDL cDNA
{Am majar splice fonn
BICDZ cDNAtype [T RT-PCR produets
e

LEL
TE—

Jup—

human rag mouse mousc  rat

BICD2 BICD1

Figure 1. Characterization of hurtan BICD1 and rat BICD2 isoforms

A) Cloning of rat BICD2 ¢DNAs. BICD?2 is contains 5 coiled-coil domains (hatched boxes). The
minimal domain of BICD2, that still interacts with CLIP-115 in the yeast two hybrid assay (y-TH) is
shown. Screening of a rat hippocampus cDNA library for BICD2 clenes yielded 2 types of cDNA,
indicated undemeath the BICD2 structure, Type I BICD2 encodes a full length BICD?2 isoform (ATG
and stopcodons (*) are indicated) and is virtnally identical in the coding region (cross-hatched box) to
the mouse clone ATCC 1364234 (the 3"UTR of the mouse clone is very short; its 3’end is marked by
an arrowhead). Of type II BICD2 ¢DNA 3 clones were isolated, the longest is shown, the starts are
indicated by vertical arrows. Each ¢DNA. contains an insertion of approximately 1.7 kb, located
directly upstream of the stopcodon in type I BICD2 ¢cDNA, B) Cloning of major splice form of human
BICD1 ¢cDNA. Indicated is the proposed domain structure for BICD1, which has 5 coiled-coil domains
(hatched boxes). The minimal domain of BICD1, that still interacts with CLIP-115 in the yeast two
hybrid assay (y-TH) is shown. BICD] cDNA was cloned from human brain mRNA using a RT-PCR
strategy. PCR products were ligated using the unique Stu I restriction site. to obtain the full length
BICD1 ¢cDNA. C) Northern blot analysis of BICD2 expression in human and rat tissues. Size markers
(in kb) are indicated. I¥) Northern blot analysis of BICD1 expression: in mouse tissue and different
brain areas from rat. Size markers (in kb) are indicated.

BICDI and BICD?2 inreract with CLIP-115 but not with CLIP-170

We further investigated the interaction between BICD2 and CLIP-115 in a the
yeast two hybrid assay. Four criteria indicate that the yeast two-hybrid interaction
between CLIP-115°*"%" (bait) and BICD27**" (fish) is specific. First, when fish and
bait domains are swapped, the interaction still occurs {data not shown). Second,
BICD2"°®'% does not interact with other part of the CLIP-115 coiled-coil region or a
tropomyosin control bait, which containg a long coiled coil structure (Fig 2 and data
not shown); third, the CLIP-1 155791 does not interact with other BICD2 regions or
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with the tropomyosin control bait (Fig 2 and data not shown); fourth, the region of
CLIP-170 (amino acids 277-588), that is very similar to the positive CLIP-115 bait,
does not associate with BICD2 (Fig. 2). To localize the binding site for BICD2 on
CLIP-115, CLIP-115%"" wag divided in three overlapping clones (Fig. 2), which
were each tested for their ability to interact with BICD2 in the yeast two-hybrid
system. The results of these experiments show that binding of CLIP-115 to BICD?2 is
dependent on the presence of residues 353-591 (Fig. 2}, i.e. to the initial coiled-coil
segments of CLIP-115,

BICD] and BICD2 are highly conserved, especially the C-terminal regions.
Since this region of BICD?Z is the CLIP-115 interacting domain, we tested whether
CLIP-115 is also able to interact with this region of BICD1. These experiments show
that, BICD1 interacts with CLIP-115 in a veast two hybrid assay (Fig 2). No
interactions of BICD17°"%” with other parts of CLIP-115 or the homologous region. of
CLIP-170 were detected. Together these data indicate that both BICDI and BICD2
interact with CLIP-115 and not with CLIP-170.

yeast-two hybrid constructs ‘ GAL4 AD fusion

BICD2 BICD1 tropo
GAL4 DNA-BD fugion : TOEEIN 07520 myosin

CLIP-115 T W ST SN \

287 [ ANEARN 591 ; e ++ -
516 BaREEN] 823 — - -

744 BANRTEAT] 1046 ! - - -

287 [y 468 | - — —
153 RSN o1 + + -
462 [N 591 - - -

CLIP-170 =
277 CRSTENRN 58 ‘ - - -

Figure 2. Yeast two hybrid interaction of BICD1 and BICD2 with CLIP-115

Interaction between CLIP-115 and BICD] and BICD2. The domain structure of CLIP-115 and CLIP-
170, including the two microtubule binding motifs (black bars) and coiled coil regions (hatched bars;
the regions are interrepted by small stretches of coil-breaking residues) are shown. Below these are the
fragments of CLIP-115 and CLIP-170, that are fused to DNA-binding domain (DNA-BD) used in the
yeast two-hybrid experiments. Fragment 287-591 of CLIP-115 was used to screen an E14.5 day mouse
c¢DNA, library. From this sereen the BICD2 ¢DNA was isolated. that encodes amino acids 706-820
from murine BICD2. This fragment was truncated (residue 706-810) and tested in direct yeast two
hybrid assays with the other CLIP-115 and ~170 enceding domains. Next. the homologous region of
BICDI (707-320) and tropomyosin were fused to activation domain (AD) and used in the same
experiment. Results of B-galacrosidase activity, measured in yeast lysate, are expressed as (++), which
indicates high activation (50-100 units); (+), which indicates moderate activity (5-50 units); and (-,
which indicates low or no activity (0-5 units).
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BICD interacts with CLIP-115 in vitro and in vivo

The direct nature of the interactions between CLIP-115 and BICD2 was
confirmed by in vitro binding assays. Equal amounts of various glutathione S-
transferase (GST) fusion proteins, purified on glutathione beads, were added to in vitro
transcribed and transtated CLIP-115. After washing of the beads, radioactive proteins
were detected using SDS-PAGE and autoradiography. In Fig. 3a-b, a schematic
representation of the fusion proteins is shown, as well as their size and purity.
Radioactively labeled CLIP-115 is indicated. The results show that CLIP-115 binds to
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Figure 3. Binding and coprecipitation of BICD and CLIP-115

A) Structure of GST fusion proteins. The portions of the CLIP-115 and BICD2 proteins, that were
clened in frame with GST, are indicated. B) Analysis of the purified fusion proteins by SDS-
polyacrylamide gel. The coomassie stained gel shows all purified proteins have the expected size.
Molecular weight markers are indicated. C) In vitro binding of CLIP-115 to bacterial fusion proteins.
¥3-labeled CLIP-115 (marked “input™) was incubated with the different GST fusion proteins shown.
Purified radioactive proteins were analyzed by Xe-ray film exposure of dried SDS-gels (marked
“retained™). Molecular weight markers are indicated. 1) Co-immunoprecipitation of BICD2 with
CLIP-115. COS-1 cells were wansfected with BICD2, CLIP-115 or a combination of these proteins.
Immunoprecipitated (IP) were performed using an anti-BICD2 antibody (#2298), or anti-CLIP-113
antibody (#2238). Western blots (WB) of the precipitated material were incubated with anti-BICD2
antibodies #2298). or with anti-CLIP-115 antibodies (#2238). Molecular weight markers are indicated.
E) Co-immunoprecipitation of CLIP-115 with BICD2. COS-1 cells were transfected with BICD2 and
CLIP-115, or with BICD2 and CLIP-170. Precipitation and detection of BICD2 was as in D).
Precipitation and detection of CLIP-115 and CLIP-17C was done using an antibody, that recognizes
both proteins (CLIP). While BICD?2 was detected on an 8 % gel, the CLIPs were detected on 6 % gels,
since they are larger proteins. A stippled line distinguishes the different gels. F} Co-
immunoprecipitations from mouse brain extracts. All three BICD antibodies (#2293, #2298 and
#2296) were able to coprecipitate CLIP-115. Molecular weight markers are indicated.
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GST-BICD2 but not to GST (Fig 3c). These data support the conclusion that CLIP-115
and BICD? interact directly. Qur results also indicate that CLIP-115 binds to GST-
CLIP-115%™" and GST-CLIP-115"'%® (Fig. 3c), comroborating our previous
experiments that CLIP-115 dimerize via its coiled-coil region chapter 4 [8].

The association of BICD2 with CLIP-115 was further examined in co-
immunoprecipitation studies from transfected COS-1 cells. One set of transfections
was done with full length BICD2 and/or CLIP-115 (see Fig. 3d). The second set of
transfections was with full length BICD2 and CLIP-115 or, as a negative control,
BICD2 and CLIP-170 (Fig. 3e¢). Immunoprecipitations were carried out with an
antiserum against BICD2 (#2293), CLIP-115 (#2338,) or an antiserum that recognizes
both CLIPs (#2221) [8]. Western blots of the immunoprecipitated proteins were
incubated with BICD2, CLIP-115 or CLIP-115/170 (CLIP) antibodies. As shown in
Figure 3d, BICD?Z coprecipitates with CLIP-115. The reciprocal immunnoprecipitation
shows that anti-BICD2 antiserum was able to coprecipitate CLIP-115 (Fig. 3e). as
shown by the western blot detection with the anti-CLIP antiserum. The anti-BICD2
antibodies do not, however, coprecipitate CLIP-170 (Fig. 3e). despite the fact that
these proteins are expressed at the same level as CLIP-115 (Fig. 3e). Taken together,
these results support a specific and direct interaction between BICD?2 and CLIP-115.

CLIP-115 binds directly to BICD1 and BICD2 in vitro. To obtain in vivo
evidence for these interactions, we performed coimmunoprecipitation experiments
from mouse brain extracts, using anti-BICDI antibody (#2296) and two anti-BICD2
antibodies (#2293, #2298). In addition to BICD itself, all three BICD antisera were
able to coprecipitate CLIP-115 (Fig 3f). Non of these proteing were
immunoprecipitated by non-specific control rabbit antiserum (Fig 3f). These results
indicate that both BICD1 and BICD2 can bind to CLIP-115 in vivo.

Discussion

In this report we demonstrate that the microtubule binding protein, CLIP-113,
which is predominantely present in the brain, interacts with BICD1 and BICD2, two
mammalian homologues of the Drosophila Bicaudal-D gene product. Four lines of
evidence support the direct nature of this interaction: 1) the yeast two-hybrid assay, 2)
the GST-pull down experiments 3) the co-immunoprecipitations from transfected
COS-1 cells, 4) co-immunoprecipitations from brain extracts. Further evidence, such
as colocalization of CLIP-115, BICD1 and BICD2 in cultured hippocampal neurons
and brain sections is necessary to prove the physiological relevance for this
interaction. The CLIP-115 interaction with both BICD proteins appears highly
specific, since the closest relative of CLIP-115, CLIP-170, does not interact with
BICD although CLIP-115 and —170 are very similar in the region that was shown to be
essential for the interaction of CLIP-115 with BICD interaction.

In Drosophila, the only well characterized partner for BicD is the egalitarian
gene product [18]. Since, egalitarian (egl) has no apparent mammalian counterpart, it
indicates that the function of the egl-Bic-D protein complex is not conserved, Genetic
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studies in Drosophila suggest that BicD is involved in the cytoplasmic dymein
pathway, since the BicD displays a genetic interaction with dynactin and with the
Drosophila homologue of the Lissencephaly gene, an important component of the
dynein-based nuclear migration mechanism in fungi [19]. Recently. we showed that
the C-terminal coiled coil segment 3 of mammalian BICD2 directly interacts with the
dynactin complex via dynamitin and that the N-terminal segment 1 of BICD2 possibly
binds to one of the subunits of cytoplasmic dynein [i4]. Since CLIP-115 has been
preferentially localized to the growing ends of microtubules and dynein transports
cargo towards microtubule minus ends, CLIP-115 is likely to capture BICD containing
vesicles at the plus ends and subsequently hand over the cargo to cytoplasmic dynein.
This model for "cooperation’ between CLIPs and a motor protein resembles the one
described by Rickard and Kreis (1996) [4]. Recently, it was shown that CLIP-170 and
the dynactin complex colocalize at the microtubule distal ends and that overexpression
of CLIP-170 results in relocalization of dynactin [9-11]. These data suggest that CLIP-
170 associates with this complex. Here we show that CLIP-170 is not able to bind to
BICD. so the suggested interaction between CLIP-170 and dynactin does not occur via
BICD.

The immunoclectron microscopy data have shown that maultiple BICD2
molecules cluster on a single membranous vesicle (chapter 7) [14]. These data suggest
that CLIP-115 and dynactin could bind to the same vesicle via the BICD2 multimeric
coat complex at the surface. Ome possibility is that CLIP-115 and dynactin act
simultaneously, i.e. CLIP-115 anchors BICD2-positive membranes to microtubule plus
ends. while dynactin interacts with other BICD2 molecules on the same membrane and
subsequently activates cytoplasmic dynein. Dynein may take off to power minus end
movement, thereby generating tubulo-vesicular extensions along microtubules.
Alternatively, since both dynactin and CLIP-115 bind to the C-terminal coiled-coil of
BICD, CLIP-115 and dynactin may compete for the same BICD molecule. In this way,
CLIP-115 may act as a simple equivalent of the dynactin complex. CLIP-115, by itself,
could recruit BICD to microtubule plus ends. Subsequently, BICD, free or bound 1o a
vesicles, may stimulate the interaction of cytoplasmic dynein and regulate motility.
This suggests that vesicles can be loaded to microtubule plus ends, via a mechanism
independent of CLIP-170/dynactin.

Since CLIP-115 is only found in mammals, and BICD proteins are, like
dynactin and cytoplasmic dynein. highly conserved from C. elegans to humans and
present in multiple tissues, an intriguing question to address is why mammalian
neurons have evolved an additional pathway for minus-end directed transport that
involves CLIP-113. Immunocytochemistry studies have revealed that CLIP-115 is
mainly detected in dendrites of neurons {chapter 3 and 6) [6]. One possibility is that
cytoplasmic dynein transport of BICD-positive membranes is mere complex in
dendrites, since the microtubule organization is non-uniform [20]. In this view, BICD
containing vesicles that are transported along one microtubule can be handed over to
CLIP-115, located on the plus end of a neighboring microtubule.
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Materials and methods
Yeasr rwo-hybrid screen

A mouse E14.5 day embryonic ¢cDNA library was screenced using the yeast two-hybrid approach [21],
with a fragment of rat CLIP-115 ¢cDNA (amino acids 287-591, sec Fig. 2). fused to the GAL4 DNA-binding
domain (DNA-BD) into the pPC97 yeast two-hybrid vector [22]. Other fragments of CLIP-115 and CLIP-170
were cloned into the same vector. BICD2 interaction with CLIP-115 was verified by exchanging the inserts of
bait and fish vectors. The positive BICD2-clone (amino acids 706-820 of BICD2) was trimmed at its C-terminus
by 10 amino acids. so that only the conserved part of the C-terminus of BICD was contained within the
construct. This small protein was shown to interact with CLIP-115 in the yeast two-hybrid approach. The C-
terminal region of human BICDI (residue 707-820) and the tropomyosin contrel was fused to the GAL4
activation domain (AD) in the pPC86 vector.

cDNA and RNA analysis

A rat hippocarnpal library was plated and screened with BICD2 specific probes as deseribed previously
[6]. Clones were sequenced on both strands, except for the type I BICD2 cDINAs. which were sequenced on one
strand in the parts that were identical to the type I clones. The BICD1 ¢cDNA was obtained by RT-PCR. EMEL
database accession numbers are; rat BICD2 type I (AJ250312); rat BICDZ type II (AJ250313). Human and rat
multiple tissuc northern blots (Clontech. CA) and home-made northern blots of multiple mouse tissucs and
different rat brain regions were hybridized according to standard procedures [23].

G8T fusion consiructs and antisery

Glutathione S-transferase (GST) fusion proteins werc made in BL21 £ coli cells as described in [8],
using plasmids pGEX-2T and pGEX-3X (Pharmacia}. For in vitro binding studies the following proteins were
purificd; GST: G8T-BICD2 {amino acids 706-812), GST-CLIP-115-TH (amino acids 287-591), GST-CLIP-115-
MT (amino acids 1-333), GST-CLIP-115 (amno acids 1-1046), GST-CLIP-115 (amino acids 755-899/1026-
1046). Antiscrum against BICD?2 (#2293), CLIP-115 (#2238) and antiscrum #2221, which recognizes the N-
termini of both CLIP-115 and CLIP-170, arc described elscwhere [8,14]

Protein analysis

CLIP-115 was transcribed and translated using the TnT coupled transcription-translation system
{Promega} and **$-methionine (Trans3358 label. ICN, >1000 Ci/mmol). Aliquots of radiolabelled proteins were
incubated with different GST fusion proteins in NETT buffer (100 mM NaCl, 50 mM Tris (pH 7.3), 5 mM
EDTA. 0.5 % Triton X~100), for 2 hr at room temperature. Afterwards, samples were washed 5 times in NETT
buffer, Proteins were cluted by boiling in sample buffer and analyzed by SDS-PAGE. Dricd gels were exposed to
film {13.14].

In the co-immunoprecipitation experiments, extracts of mouse brain or COS-1 cells ransfected by the
DEAE dexiran method [8] were prepared in buffer containing 30 mM HEPES (pH 7.4), 100 mM KCL | %
NP40, supplemented with protease inhibitors (Bochringer) and incubated at 4°C for 30 min. to depolymerize
microtubules, All subsequent steps were also carried out at 4°C. Cell lysates were centrifuged at 13,000 rpm for
10 min, and the supernatant was precleared with protein A beads for 30 min. after which beads were removed by
low speed centrifugation. Precleared supernatants were incubated with the different antibodies for 2 hr, in the
presence of protein A beads, Immunoprecipitated material was collected on the beads, washed cxtensively and
purified proteins were eluted in sampie buffer. Precipitated proteins were analyzed on western blot as described
before [3].

References

I Hirokawa. N. (1998) Kinesin and dynein superfamily proteins and the mechanism of organclle
transpert. Science 279{5350): 519-26.

2, Vallee, R. B., and Sheetz, M. P, (1996) Targeting of metor proteins. Science 271(5255): 1539-44.

3. Allan, V. 1., and Schroer, T. A. {1999) Membrane motors. Curr Opin Cell Biol 11(4): 476-82,

4, Rickard, I. E., and Kreis, T, E. (1996) CLIPs for organclle-microtubule interactions. Trends Cell Biol 6:
173-182

3. Picrre, P., Scheel, J., Rickard, J. E.. and Kreis, T. E. (1892) CLIP-170 links endocytic vesicles to

microtubules. Cell 70(6): 887-900,

G. De Zecuw, C. L, Hoogenraad, C, C.. Goedknegt, E., Hertzberg, E., Neubauer, A., Grosveld, F., and
Galjart, N. (1997 CLIP-115, a novel brain-specific cytoplasmic linker protein, mediates the localization
of dendritic lamellar bodies. Neuron 196): 118799,

171



Perez, F., Diamantopeules, G. §., Stalder, R., and Kreis, T. E. (1999) CLIP-170 highlights growing
microtubule ends in vivo. Cell 96(4): 517-27.

Hoogenraad, C. C., Akhmanova, A., Grosveld, F.. De Zeeuw, C. L, and Galjart, N. (2000} Functional
analysis of CLIP-115 and its binding to microtubules. J Cell Sef 113(Pt 12): 2285-97.

Dujardin. D.. Wacker, U. I, Morcau. A.. Schroer, T. A., Rickard, I. E.. and D¢ Mey, J. R. {1998)
Evidence for a role of CLIP-17¢ in the establishment of metaphase chremoseme alignment. J Cell Biol
141(4): 849-62,

Valettl. C.. Wetzel, D, M., Schrader. M., Hasbani. M, 1., Gill. 5. R.. Krcis, T. E.. and Schroer. T. A.
(1999) Role of dynactin in cndocytic traffic: effects of dynamitin overexpression and colocalization
with CLIP-170. Mol Biol Cell 10{12): 4107-20.

Vaughan, K. T, Tynan, S. H., Faulkner, N, E.. Echeverri, C. 1., and Vallee, R, B. (1999} Colocalization
of cytoplasmic dynein with dynactin and CLIP-170 at microtubule distal ends, J Cell Sei 112(Pt 10):
1437-47.

CGriparic, L.. Volosky. J. M., and Keller. T. C., 3rd. (1998) Cloning and cxpression of chicken CLIP-170
and restin isoforms, Gene 206(2): 195-208,

Akhmanova, A., Hoogenraad, C. C., Drabek, K., Stepanova, T., Dortland, B., Verkerk, T., Vermeculen,
W., Burgering, B. M., De Zeeuw, C. 1., Grosveld, F., and Galjart, N. (2001) Clasps are CLIP-115 and -
170 associating proteins involved in the regional regulation of microtubule dynamics in motile
fibroblasts. Cell 104(6): 923-35.

Hoogenraad, C. C.. Akhmanova, A., Howell, 5. A., Dortland, B. R.. D¢ Zeeuw, C. L, Willemsen. R.,
Visser, P.. Grosveld, F., and Galjart. N. (2001) Mammalian Golgi-associated Bicaudal-D2 functions in
the dynein/dynactin pathway by interacting with these complexes, Embe J (In Press):

Suter, B.. Romberg, L. M., and Steward, R. (1989) Bicaudal-D, a Drosophila genc involved in
developmental asymmetry: localized transeript accumulation in ovaries and sequence similarity to
myosin heavy chain tail domains, Genes Dev 3(12A): 1957-68

Bacns, M., and Marynen. P. (1997) A human homologue (BICD1) of the Drosophila bicaudal-D gene.
Genomics 45(3): 601-6

Theurkauf, W, E.. Alperts, B, M.. Jan, Y, N,, and Jongens, T. A. (1993) A central role for microtubules
in the differentiation of Drosophila oocytes. Developmens 118(4): 1169-80

Mach, J. M., and Lehmann, R. {1997) An Egalitarian-BicaudalD complex is cssendal for oocyic
specification and axis determination in Drosophila. Genes Dev 11(4): 423-35

Swan. A., Nguyen, T., and Suter, B, (1999) Drosophila Lissencephaly-1 functions with Bic-D and
dynein in oocyte determination and nuclear positioning. Nat Cell Biol 1(7): 444-449

Baas, P. W., Deitch, I. 8., Black. M. M.. and Banker, G. A. (1988) Polarity oricntation of microtubules
in hippocampal neurons: uniformity in the axon and nonuniformity in the dendrite. Proc Natl Acad Sci
U S A 85(21): 8335-9.

Chevray, P. M.. and Nathans, D. (1992} Protein interaction cloning in yeast: identification of
mammalian proteins that react with the leucine zipper of Jun. Proc Natl Acad Sci U S A 89(13): 5789-93
Wolthuis, R. M., Bauer, B., van't Veer, L. J., de Vries-Smits, A. M., Cool. R. H., Spaargaren, M.,
Wittinghofer, A.. Burgering, B. M., and Bos, I. L. (1996) RalGDS-like factor (RIf) is a novel Ras and
Rap 1A-associating protein. Oncogene 13(2): 353-62

Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989) Molecular cloning: a laboratory manual, 2 Edition,
Cold Spring Harbor Laboratory Press, New York



Chapter 9

THE MURINE CYLN2 GENE: GENOMIC ORGANIZATION,
CHROMOSOME LOCALIZATION, AND COMPARISON TO THE
HUMAN GENE THAT IS LOCATED WITHIN THE 7q11.23
WILLIAMS SYNDROME CRITICAL REGION

Casper C. Hoogenraadl‘g, Bert H.J. Eussen®, An Langeveldl, Rien van Haperenl,
Suzanne Winterbergi‘z, Cokkie H. WoutersB, Frank Grosveldl,
Chris L De Zeeuw®, Niels Galjart’,

MGC Departments of 'Cell Biology and Genetics, “Anatomy, “Clinical Genetics,
Erasmus Univerisity, P.O. Box 1738, 3000 DR Rotterdam, The Netherlands.






The Murine CYLN2 Gene: Genomic Organization, Chromosome
Localization, and Comparison to the Human Gene That Is Located
within the 7g11.23 Williams Syndrome Critical Region
Casper C. Moogenraad,™ T Bert M. J. Eussen,§ An Langeveid,* Rien van Haperen,™

Suzanne Winterberg, *'T Cokkie H. Wouters,t Frank Grosveld,*
Chris |. De Zeeuw, 1" and Nieis Galjart*"’

Y MGC Departmoent of Celf Blology and Genetics. TAGC Department of Clinical Genotics. and T Department of Anatomy,
Erasmus University, P.0. Box 1738, 3000 DR Rotterdam, The Netherlands

Rogelved May 12, 1998; acerpred August 7, 1898

Cytoplasmic linker proteins (CLIPs) have been pro-
posed 1o mediate the interaction between specific
membranous organelles and microtubules, We have
recently characterized & novel member of this family,
called CLIP-115. This protein is most abundantly ex-
pressed in the brain and was found to associate both
with microtubules and with an organelle called the
dendritic lamellar body. CLIP-115 is highly homolo-
ous to CLIP-170, or restin, which is a protein involved
in the hinding of endosomes to microtubules. Using
the rat ¢cDNA as a probe we have isolated overlapping
cosmids containing the complete murine and part of
the human CYLNZ (cytoplasmic linker-2) genes, which
encode CLIP-115. The murine gene spans 60 kb and
consists of 17 exons, and its promoter is embedded ina
CpG island. Murine CYLNZ maps to the telomeric end
of mouse chromosome 3. The human CYLNZ gene Is
localized to a syntenic region on, chremosome 7q11.23,
which is commonly deleted in Williams syndrome. It
spans at least 140 kb at the 3' end of the deletion,
Human CYLNZ is very likely identical to the previ-
ously characterized, incomplete WSCRS and WSCR3
Cranscription umits.  «© ID0R Acedemic Proms

INTRODUCTICN

The rransport and localization of membranous or-
panelles are guided by microtubules. There is a large
protein machinery that enables membranes to attach
to, move along, and disassemble from the cytoskeleten
{for reviews see Vallee and Sheetz, 1998; Lippincott-
Schwartz, 1998). Among these components are the
family of cytoplasmic linker proteins (CLIPs), which

Sequence data from this article Iave been deposited with the
EMBLMCenBank Data Librarles under Accession Nos. AJ228863-
AJ228880.

! To whom correspendence should be addressed. Telephone: (+31)-
10-4087 166 ar {+31)-10-4087289, Fax; (+31)-10-4360225, E-mail
paljurteichl.{pg.cur.nl or degecuwdanat fggeurnl,

have been proposed to mediate the interaction of mem-
branes and microtubules {(Pierre er af, 1992; Rickard
and Kreis. 1996). Its prototype member is CLIP-170, a
protein that is involved in the attachment of endo-
somes to microtubules (Plerre et al., 1892), CLIP-170is
characterized by two N-terminally located microtubule
binding domains, a long coiled-coil region, and a cys-
teine-rich tail. CLIP-170 is identical to restin, which
was originally thought to be an intermediate filament-
associated protein and which is highly expressed in the
Reed-Sternberg cells of Hodgkin discase (Bilbe er al,
1982}, We have recently cloned a rat cDNA encoding
CLIP-115 (cytoplasmic linker protein of 115 kDa),
which is quite similar to CLIP-170 but which lacks the
C-terminal ¢ysteine-rich structure (De Zecuw e al,
1997). CLIP-115 13 most abundantly expressed in the
brain, and it is exciusively present in neurons, with the
exception of Bergmann giia cells of the cerebellum,
Immunoelectren microscopy demonstrates that CLIP-
115 decorates microtubules as well as a very special-
ized type of membrane structure called the dendritic
lamellar body (DLE}. The DLB is enriched in areas of
the brain in which dendrodendritic gap jurnctions are
prominent, and it is found in bulbous dendritic append-
ages from which dendritic spines arise that are linked
by gap junctions (De Zeeuw et al., 1985). Since Berg-
mann glia also contain extensive gap junction plaques,
the hypothesis that CLIP-115 may be involved in the
formation and/or turnover of gap junction channels has
evolved (De Zeeuw et @f., 1997). This is in line with the
idea that specific CLIPs exist for coupling specific
membranes to microtubules (Rickard and Kreis, 1996).

The approved symbol for the gene encoding CLIP-
115 is C¥YLNZ {fer cytoplasmic linker-2 gene. the gene
enceding CLIP170/restin being CYLNI)., CYLNZ is
very likely identical te the incomplere WSCRS tran-
seription unit (Osborne er al., 1956}, since a database
comparison shows that the partial protein product en-
coded by this gene is almest identical to CLIP-115.
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WSCR4 has previously been localized on human chro-
mosome 7q11.23, within the Williams Syndrome criti-
cal region (Osborne er af, 1996). Williams(-Beuren)}
syndrome (WBS or WS; MIM No. 194050) is a devel-
opmental diserder including multiple system mani-
festations such as cardicvascular disease, connective
tissue abnormalities, short stature, infantile hypercal-
cemia, a characteristic “elfin-like” facial appearance,
and several behavioral and neurological deficits (Mor-
ris et af., 1988; Jones, 1980). The behavioral profile of
WS patients is unique in that it is characterized by
mental retardation (average IQ of 50), impaired visuo-
spatial cognitive abilities, and attention-deficit and hy-
peractivity disorder (ADHD), while the language abil-
ities are relatively well preserved (Bellugi et a7, 1990).
The neurological defects are mest prominently re-
flected in sensory integration dysfunction and multiple
developmental motor disabilities affecting balance,
strength. coordination, and motor planning, Although
these latter symptoms suggest a dysfunction of the
cercbellum, quantitative MRI measurements of WS
patients show a clear microcephaly with a relatively
normzl cerebellar volume (Bellugi er af, 1990; Jerni-
gan and Bellugi, 1990},

In virtually all WS patients a hemizygous deletion of
more than 500 kb at chromosome band 7q11.23 can be
detected (Osborne of al, 1896, 1997). The deletion in-
cludes the efastin (ELN) and LIM-kinase I (LIMKI}
genes, which have been reported to be largely respon-
sible for supravalvular aortic stenosis and specific
visuospatial cognitive defects, respectively (Ewart et
al.. 1993, 1994; Olson et al, 1995; Frangiskakis ez a/.,
1996). In addition, the GTF2I FZD3, syntaxin 1A,
RFC2, and WSCRI-4 transcription units have becn
reported to be located within the W3 critical region
{Csborne ot al., 1996, 1997; Peoples et al., 1996: Wang
et al., 1997; Perez-Jurado et al.,, 1998), and like CYLNZ,
some of these genes are specifically expressed in the
brain, Therefore, it may well be possible that hemizy-
gous deletion of these genes, including human CYLNZ,
is responsibic for some of the neurological dysfunctions
in Williams syndrame.

To design constructs for targeted inactivation of the
murine CYLANZ gene and to understand further the
function of the CYLNZ gene and its involvement in WS,
we characterized the gene In mouse and human, Here
we report on the complete genomic crganization and
chromosomal localization of the murine CYLNZ gene.
It spans 60 kb and is covered by four overlapping
cosmids. The pene consists of 17 exons, and its pre-
sumptive prometer is located in a CpG island, We also
show that the human CYLNZ gene is much larger than
its mouse homologue; it Is identical to the WSCR{
locus, and the CYLNZ5' end presumably overlaps with
the WSCRS transcription unit. FISH analysis with
labeled cosmid DNA as the probe localizes murine
CYLNZ to chromosome 5, near the telomeric tip. This
region is syntenic to human chromoseme 7q11.23,
where human CYLNZ is localized.
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MATERIALS AND METHODS

Isplatien and eharacrerization of cosmid cienes. The mouse cos-
mid Ubrary, prepared from AB-1 embryonic stem cell DNA, has been
previouxly deseribed Mazarukls ef o/, 1998}, The human cosmid Li-
brary was made in an identical fashlon, using normal human blood
DNA. Rat CLIP-1 15 €DNA (De Leeuw ¢t ak, 1997) probes were labeled
to high specific activity (Feinberg and Vegelstein, 1983) and uscd to
screen both libraries. To obtaln the 5’ end of the mouse CYLNVZ gone,
the murine cosmid Ubrary was rescreened with o 5% end 166-bp rat
probe, pencrated by PCR (Salkl o o/, 1988). The integrity of the cosmid
clones was verified by comparison to mouse and human genomle DNA
using conventlonal Southern blot analysls (Sambrook eof o/, 1989).
Mapplng was done wlth overlapping cosmids 2,1, 2.6, 3.7, and 4.2
{mouse CYLNZ and 47, 63, and 67 (human CYLNE, The 12 human
chromosome 7-specific cosmid clones from the LLO7NCO1Y lbrary
(Lawrence Livermore Natlonal Laboratories, library constructed by
Jenrdfer S, McMNinch), covering o lurge part of the Williams syrdrome
critical reglon, were ¢rdered from the German RessourcenZeratrum/
PrimirDatenbank (number of the library, 130 prefix, LLNLc}.

Murine CYLAZ exon-intren boundaries were determined by se-
quenclag with CLIP-1 S speclfic primers. All coding exons were se-
quenced on both strands. From the alignment of the exons a putative
mouse CLIP-115 cDNA sequence was derived. Sequences were de-
posited at the EMBL database under Accesslon Nos. AJZ228863 (for
the composite mouse CLIP-715 cDNA), AJZ28864 (for the murine
CYLNZ prometer-exon l-lntron 1 sequence), and AJ228865-
AJ228880 {for exons 2-17. Including small adjacent intronic se-
quences), Murine genomic sequences were compared to rat CLIPS 15
and human WSCR{ [Accesslon Nos, AF041055-AF041059) and
KIAADZ91 {Accussion No, ABD06629) nucleotide and amino acid
sequences, Human cosmid sequenices, upstream of or covering the
CYLNZ gene, were retrieved from httpifdarwin.ceh.uvie.ca/Martin
dale/Chromoseme7.html {Osborne of 2., 1996},

Localization of the tnurine and humor CYLNZ genes,  FISH was
performed on metaphase spreads of mouse cultured bone marrow cells
or human lymphocytes (Mulder et o/, 1995}, using blotin- or digoxyge-
nin-labeled cosmids 4.2 and 2.6 as probes for the mouse CYLAZ gene
and cosmids 47, B3, and 67 as prebes for the human CYLN2gene, DNA
was labeled with blotin- or digoxigenin-11-UTP by nick-wranstation
(Bechringer Mannhiclm), The SN cosmids, including the 7436 probe,
were already digoxigenin labeled (Cror), For detection of hybridiza-
tlon, sllides were neuboted with two slternating layers of avidin-FITC
{Vector) or a single layer of antl-digoxigenin-rhodamine {Bochringer).
The a satellite prabe {or the centromere of chremosome 7 (pa7tl: Waye
cf 2, 1987) was directly labeled with totramethyl-rhedamine-6--dUTP
{Bochringer Manrheim), Mouse chromosomes were counterstained
with propidium ledide and DAPL while humon chromosomes were
counterstalned with DAPL

Northern Blor analysfs, A human mulciple-tisuae Northoern blot

was purchased (Clontech) and hybridized with rat OLIP-J15 CDNA
probes according to the protoecol of the supplier.

RESULTS

Chromosornal Localization of the Single-Copy Murine
and Human CYLNZ Genes

Previously we have shown that under stringent hy-
bridization conditions 5-kb rat and mouse CLIF-715
mRNAs can be detected using rat CLIP-J15 cDNA as a
probe (De Zeeuw et al., 1997). These data indicated that
mouse and rat CYLNZ genes are highly homelogous. To
analyze whether this alse applies to human CYLNZ and
tw investigate whether one or more homologous genes
exist in these species we hybridized Southern blots con-
taining different digests of total genomic rat, mouse, and
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FIG, 1. Southern biot analysis of rat, mouse, and hurnan CYLNZ penes. Southern blots of digested rat, mouse, and humaon genomic DNA
were hyhridized with o 0.36-kb EzoRI-Eagl probe (A) or with a 0.48-kb Psd probe (B) derived from the rat CLIP-775 ¢DNA. Blots were
exposed to PhosphorImager sereens (Molecular Dynamilcs). Molecular slze markers are indlcated on the left.

human DNA with CLIP-] I5specific probes. Under strin-
gent hybridization and washing conditions. single frag-
ments are detected in all three species with a 0.36-kb
EcoRI-Eagl rat prebe (Fig, 1A) that encodes the second
microtubule binding domain and a serine-rich region,
Unique fragments are also detected under stringent con-
ditions in mouse and human DNA using a 0.48-kb Psd
fragment derived from the middle, unique part of the rat
CLIP-115 ¢DNA (Fig. 1B). However, while Psd and
HindlIl digests give rise to single bands, £coRI and BarnHI
digests yield a doublet in human (Fig, 1B, right). This dou-
blet appears after low- and high-stringency washing of the
blot {data not shown). Subsequently. we tested 73 genomic
DNA samples derived from different control subjects for the
presence of these £coRl and BarHl doublets (data not
shawn). In 35 samples (48%) a doublet like that in Fig. 1B
was visualized, while 14 samples (19%) contained the upper
band and 24 samples (33%) the lower. These data indicate
that a polymorphism (a deletion or insertion) that is picked
up with the 0.48-kb Psi probe is present in the human
CYLNZgene, Together these results strongly suggest that a
single functional CYLNZ gene is present in rat, mouse, and
humars. )

The 0.36-kb EZcoRI-Ezgl and C.48-kb Psd prabes
were next used to screen homemade mouse and human
genomic cosmid libraries to isolate the muarine and
human genes encoding CLIP-115. Initially 29 mouse
and 18 human cosmid clones were identified, To obtain
the 5° end of the murine CYLMNZ gene, the mouse
cosmid library was rescreened with a 3-end PCR
probe, which yielded two positives, one of which (2.1)
was further used. Thus, four mouse (2.1, 2.6, 3.7, and
4.2] and three human (47, 63, and 67} cosmids were
selected for further analysis.

Murine cosmids 4,2 and 2.6 and human cosmids 47,
63, and 67 were labeled with biotin or digoxygenir: and
hybridized to denatured metaphase spreads of mouse

cultured bone marrow cells or human lymphocytes. All
cosmids gave a clear fuorescent signal on both chre-
matids at the telomeric end of chromesome 5 in the
mouse (band 5G) and band 7g11.23 in human. Only
human cosmid 67 pave an additional signal near the
centromere of chromosome 10 (data not shown), which
could be due to repetitive sequences present in the
cosmid. Examples of these hybridizations are shown in
Fig. 2 (A, mouse, cosmid 4.2; B and I, human, cosmid
47). Interestingly. the position of the CYLNZ locus in
mouse is syntenic te that in human,

Since CYLNZ could be identical to WSCRS and the
latter was reported to be located within the 7q11.23 Wil-
liams syndrome critical region, telomeric to the ELN
gene (Osborne et al., 1996), we verified the localization of
the human CYLNZ gene with 7q36. and ELN.specific
cosmids, On normal chromosomes double signals for
CYLNZ (green) and ELN (red) are present on the same
chromosome, close to each other (Fig, 2B). indicating that
the CYLNZ gene is close to the ELNlocus and suggesting
it is identical to the WSCR4 gene. Since it has been
shown that ELN is commonly deleted in WS, we investi-
gated whether this holds true for CYZNZ, Eight patients,
who met the WS eriteria (Preus, 1984), were tested for
hemizygous deletion of CYLNZ and ELN by FISH. In all
eight patients examined, the £ cosmids hybridized to
only one chromosome 7 homelogue in metaphase cells
(Fig, 2C}. The chromosome 7-specific cosmid at 7936 hy-
bridized with both chromosomes 7 in these patients. Tn
the same patients, signals specific for CYLNZ were also
only present on one chromoseme 7, consistent with a
deietion of the lecus on the other chromasome 7 homo-
logue (Fig, 2D). As a control, a probe for the centromere of
chromosome 7 hybridized to both chromosome 7 homo-
logues in metaphase cells from affected individuals (Fig.
2D}, These results demonstrate that the CYLNVZ gene is
hemizygously deleted in WS.
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FIG, 2. Cytogenetle analysls of murine and human CYLNZ penes. (A) Murine CYLNZ cosmld 4.2 (green), hybrldized to metaphase
spreads from cultuged mouse bone marrow cells, Chromosomes wete ¢counterstalned with propidium ledide and DAPL, Signals are present
near the telomeric tlp of mouse chromesome 5 (band 5C). (B) Human CYLNZ cosmid 47 {green), hybridized together with ELN and
7q36-specific cosmid sipnals (red), Two clear CYLNZ sipnals (green) are deteeted on chremoseme 7, adfacent to the ELA locus fred) on
Tqil.z3. {C) WS putlents show hybridization slgnals for the LA cosmid {red} on one chromosome 7 homelogue but nat on the other
{sirrewhead), Betch chromesomes 7 do show specific signals for the chromosome 7q36-spectfic cosmid (red). (D) WS-affected Individuals show
hybridizatlon signals for the CYLNZ gene (green) on one chromeseme 7 homologue, but not on the other {arrowhead). Both chromosomes 7

show sipnals for the chromesome 7-specific centromuere probe {red).

Cenomic Orgamization of the Murine CYLNE Gene

and Comparison to Its Human Homologue

Using conventional restriction engyme mapping and
Southern blot analysis with different CLIP-715 probes,
meuse cosmids 2.1, 2.6, 3.7, and 4.2 were aligned to one
another (Fig. 3). Comparisen of the rat ¢DNA to se-
quenced mouse genomic DNA revealed that the muorine
CYLNZ gene consists of 17 exons (Fig. 3, see Table 1 for
exact exon-intron boundaries). The sizes of the CYLNZ
introns range from 0.5 to 13 kb, the introns located

between exons 1-2 and 2-3 both having a length of 13
kb (Fig. 3). All introns have splice denor and acceptor
sites that conform to the general GT-AG consensus
moetif {Table 1). In addition all presumptive splice ac-
ceptor sites are preceded by a stretch of pyrimidines,
suggesting that they can function as true acceptors.
The sizes of the exons vary from 58 bp {exon 11} to 1398
bp (exen 17). The putative CLIP-115 translation initi-
ation codon is located on exon 2, while the stop codon is
on exon 17, Interestingly, the latter exon is the largest.
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but it only contains the last 3 amino acids from the
CLIP-115 coding sequence, Exon 17 does contain the
complete 3'UTR, including a single consensus polyad-
enylation signal at the same position as one ¢f the two
poiyadenylation signals in the rat CLIP-715¢DNA (Ta-
ble 1).

Murine exon 1 {216 nt} is very GC rich, and it is
embedded in a CpG island, which is indicative of a

promoter area. Comparison of mouse exon 1 to rat
CLIP-115c¢DNA reveals a high degree of conservation
in this part of the 5'UTRs of the two messages (85%
identity: see also Fig, 4}, Rat and mouse CLIP-115
mRNAs are both ~5 kb: the rat cDNA that was cloned
is 4.8 kb, and it was proposed to be full length (De
Zeeuw er al,, 1997). Taken together, these data suggest
that we have cloned the promoter of the CYLNZgene in

TABLE 1

Exon-Intron Organization of the Mouse CYLNZ Gene and Comparison te Its Human Homolegue

Exon
sl
Exon {bp) Species 3’ splice slte™” 5 splice sleg™” Actession No,
1 218 M CGOOTEGGEE GA- GCTCCI\Athagg:‘gc:g AJ228864
H* [ Ry T+ T DT NN g..
Z 191 M ctgoocgeagGTCACIGAGS Tycmcmcghacgtmaag AJZ288G5
2 ~-=-GT--A~ = =ee-- Gmmmm v ian ggca
3 557 M ttatceacag@STOTCCCCT CCOTETECT g aagt gy AJ228866
H" C..tg. . =0 =C==Ra~ ~eeQmmemnn ig...g9C..
4 125 M SLgeeaacageTTCCTCCCA CRCCAACCAGTLacaagady AJ22BEGT
2 Goryommmnn [ ~G-Cm - L BTy

3 214 M cgctcc:caguTAC'ITCCAG CAGTGCCOTUgt aaggteag AJ228368

izl GOE. . @a,ammmmmmmmae meeeemeaen .. ga..5E9.
5 198 M; chototgeagCTCATAGAGR GCATGAGCAGHtgggtgact AJ228869
H CECa e, e R e ettt = TR a

7 104 M tctgggtcagTA"GTTGCAG AGGAGAGGAGgEacgtggcc AJ228870
HY GGG QO L mmmmmmmmmm mmmmememee L ctg

B a1 Md t tccctgtagGMGGTGGAG AGACTTECRCTE aacggc ga AJ228871
H - R L e Commmm i, .

9 105 M gg:ggagcuglac"‘mchccc GUATAACI\GthaAut:mac AJZ28872
10 433 M Crect getagCTCACCACAG GCACAGCCATgtaggetyca AJR2B873
1l 58 M gttobtteagGTEATCOART ACTOTAGAGGgtgagtagee AJZ28874
12 81 M totboteetagteoTOUAGTA CAAGTAACTGILRagtetes AJ2258875
13 157 M gatecactagTTCTAGRRAR GERAABAGAGYtgagegeae AJ228876
14 160 M CrCattecagGAGTCTGANS GaCOGELCTegtatgtgeag AJ2Z2887T
15 186 M cacotEecagGACARGGACA CASGALTCAGITgagCatas AJ22B878
16 [ M cooctoacagACUATTAGCA CARACAGGAGYtaagtgege AJ228879
17 1398 M thetetetagGACAARCACT ABTAAACCTTGTCATTCAGOT™ AJ228880

Nate, M, mouse: H, human,
- Expn sizes were culeulated by comparisen o the rat CL/P-115 ¢DNA sequence reported by de Zeeuw ef 2/, (1897),

# Exon sequences are In uppercase letters and Intron sequences are in lowercase letters, Residues In human exons that are Identical to the

nucicotlde sequenee o mouse CYLNZ are Indlcated by a dash; identical residues In human introns are indicated by a dot.

* Dyt ohtalned by comparison to manually recrieved sequences from cosmld 237h!.

“ Data obtained by comparison with WSCRY sequences from the database.

“The mouse CLIP-I18 polyedenylation sigaal &5 underlined.
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FIG. 1.

CYLNZ exon 1 sequence somparisons, Allgnment of rat CLJP-115 5'UTR {bp 1-218}, murine CYLNZ 57 end {contalning cxen 1

and upstream and downstream sequences (681 nt)), and contlg 88 from LLNL ¢osmid 237h] (860 nt, reverse and complementary sequence
{rd)). Nucleotide numbering 1s on the side, Mismatches are Indicated in lowercase letters, The start and end of the rat CLIP-715 cDNA are
Indlcated by arrows. Note the high CC content in the presumptlve CYLNZ promoter reglons, Similarity among the three sequences becomes
highly signlficant 13 bp upstream of the rat CLI7- 715 ¢cDNA start. Blocks of human and mouse sequences remaln conserved downstream of

the 5 spliee doner shte (GT residues are underlined} of intron 1.

the mouse. However, the exact transcription initiation
site(s) of the murine CYLNZ gene needs to be deter-
mined by 51 nuclease analysis and other methods.
We compared the CYLNZ exon-intron map to the
incomplete WSCRYS transeription unit submitted to the
public databases and found that exons 3-8 have been
conserved between mouse and human {Table 1). These
data confirm that WSCR4 is part of the CYLNZ gene.
To determine where the human CYLNZ 5' end might
be located. the sequences of LLNL cosmids 135f3.
18713, 237h1, and 63f7, which together cover a region
largely upstream of the human WSCRY gene (Osborne
et al., 1996}, were compared to rat CLIP-775 cDNA and
mouse CYLNZ genomic 5-end sequences. This re-

vealed two areas of homology among the three se-
quences, one encompassing exon 2 (Table 1) and the
most 5’ end similarity covering exon 1 (Fig. 4). While
the similarity between mouse and human genomic se-
quences upstream of the 5’ end of the CLIP-715 cDNA
is due to a high GC content in both sequences, it be-
comes highly significant 13 nt 5’ of the CLIP-115cDNA
start (Fig. 4). Mouse and rat noncoding sequences are
mere similar than mouse and human 5"UTRs: how-
ever, those sequences surrounding the exon-intron
boundary at the 3' end of exen I of murine CYLNZ
have been completely conserved in human, In addition,
there are stretches of complete conservation in mouse
and human, downstream of exon 1 (Fig. 4). Together,
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FIG. 5.

Map of o 500-kb reglon commonly deleted In Willizms Syndrome. The map of the WS eritieal reglon drown here is based on the

one presented by Osborne ez af. (1996). Genes, lncludlng the WSCR/-4 transcription units, are represeated by solid thick lines or arrows.

Locations of the LLNL and human CYLNZ cosmids 63. 47, and 67 ure

indicated by thin lines. A schematle drawing of the CLIP-115 cDNA

15 plven underneath the 500 kb map. Noneeding 5' and 3 ends are represented by lines, solid bars indicate the twe microtubule binding
domalny, and the hatched bar represents the coiled-coll reglon. Exon—intron boundaries (vertleal lines), exon numbers, and the pesltions of
the varkous probes ace Indleated below and above the schematie drawing, Thin dashed arows show to which cosmids these prebes hybridize
{ulse Indlcated behind the cosmids), The position of part of the human C¥LNZ gene s indleated (thick arrew). The solld black part of thls
arrow represents the reglon of exons 1-8, the dashed part of the arrow represents the unidentlfied remainder of the human CYLNZ pene,
The distance from the overlap of the 1573 and 237h1 cosmids t6 the end of cosmid 138h9 {which does not hybridlze to the CLIP-115 probes)

is approxdmately 140 kb,

these results strongly indicate that we have mapped
the 5’ regions of both mouse and human CYLNZ genes.

Interestingly, sequence homology between murine
CYLNZ exon 1 and human cosmid contigs is feund in a
subclone derived from cosmid 157f3 as well as in a
contig from cosmid 23711 (data not shown). Thus, exen
1 of the human CYLNZ gene must be located in the
region of overlap between cosmids 157f3 and 237hl
(Fig. 5). This area, in turn, forms the border of the
incomplete WSCR3 transcription unit {Osberne et a/.,
1996}, suggesting that both WSCR3 and WSCR4 tran-
seription units actuaily are part of the CYLNZ gene.
Based ¢n the YAC/PAC/cosmid map for the WS critical
region {Osborne et al., 1998}, 12 overlapping, human
chromosome 7-specific cosmids {including 135£3, 157f3,
237h1, and 63£7) that together cover a large part of this
region were ordered. Southern blot analysis was next
used to align human cosmids 47, 63, and 67 with re-
spect to each other and to the chromosome 7-specific
cosmids (Fig. 5). Hybridization to E¢oRI-digested cos-
mids with 5 (I), middle (Il and IIT), and 3’ end {IV)
CLIP.115 probes revealed that cosmid 157f3 hybrid-
izes weakly to prebe I, while in 237h1 one strongly and
one weakly hybridizing fragment to this probe are
present (Fig. 5). These data arc consistent with the
sequence comparison results presented in Table 1 and
Fig. 4, L.e., exon 1 is represented by the weakly hybrid-
lzing fragment on cosmids 157£3 and 237hl, and exen
2 is represented by the strongly hybridizing band
present only on 237hl. Cosmids 63f7, 63, and 47 hy-
bridize strongly to probe II (middle) and cosmids
209¢l1 and 7 to probe III {middle), while none of the
cosmids hybridizes to probe IV (3' end). Taken to-
gether, the sequence comparison and hybridization

data strongly suggest that the human CYLNZ gene
runs from the overlap between cosmid 157F3 and 237h1
toward the telomere and extends beyond cosmid 138h9
(see large arrow in Fig. 5). Thus the human CYLNZ2
gene encompasses the incomplete WSCR3and WSCR4
transcription units; it spans at least 140 kb, and thus
far it is the largest gene detected in the WS critical
region.

The Human CYLNZ Gene Is Expressed in Adult
Brain

Although CLIP-115 is expressed in rat and mouse
brain (De Zeeuw et af, 1997}, neither WSCR3Z nor
WSCR4 mRNAs could be detected in any human tissue
by PCR analysis {Osborne et al., 1996). Therefore, the
expression of the human CYLNZ gene was investigated
on a multiple-tissue Northern blot containing ~2 upg of
poly(A)" mRNA. A message of ~5.5 kb is detected in
the adult human brain sample, after hybridization of
the blot with rat CLIP-7115 cDNA, while a weakly hy-
bridizing, larger transcript is visible in heart and skel-
etal muscle (Fig. 6). The size of the human brain tran-
seript corresponds well to the CLIP-715 mRNA size
detected in mouse and rat brains. These results dem-
onstrate that CLIP-115 is expressed in human brain,
albeit at a low level.

Comparison of CLIP-115 Amino Acid Sequences from
Rat, Mouse, and Human

Assembly of mouse CYLNZ exons 1-17 into a pre-
sumptive mRNA and translation of this transcript
yield a putative murine CLIP-115 amino acid se-
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FIG. 6. CLIP-TJSexpression in human, A human multlple-tissue
Nerthern blat was hybridized with rat CLP-115 cDNA. Alter strin-
gent washlng an ~5.5-kb mRNA s detected in the braln and weakly
liybridizing transeripts of larger skt In heart and skeletal muscle,
Molecular welght standards are indicated on the left.

quence. By aligning the recently submitted partial hu-
man CLIP-715 cDNA KIAA0291 to WSCR4 and the
scquenee from human cosmid 237hl, which is homolo-
gous to mouse exon 2, a composite human CLIP-115
cDNA is obtained from which human CLIP-115 can be
translated. Alipnment of rat, mouse. and human CLIP-
115 at the amino acid sequence level {Fig. 7) shows that
the three proteins are very similar (97% overall iden-
tity between rat and mouse. $1% identity between
mouse and humany). and they are of equal length. Thus,
like rat CLIP-115. murine and human proteins are
characterized by an N-terminal globular region in
which two microtubule binding domains are located,
follewed by a long region with a potential to form
w-helical coiled-coils {Lupas. 1996} In only two small
stretches, located in the N-terminal region upstream of
the microtubule binding demains and in a presumptive
coiled-¢oil stretch (amino acids 32-36 and 712-716 in
human CLIP-115, respectively. sce Fig. 7), do mouse
and rat CLIP-115 deviate from the human protein. To
investigate whether any of the mouse CYLANZ exons
encodes a specific pretein domain, exon boundaries
were plotted onto the protein sequences (Fig. 7). The
boundaries of CYLNZ exons 9-10 and 10-11 corre-
spond to ends of potential coiled-coil domains (data not
shown}: however, the other exons do not define specific
protein regions. In particular, the two microtubule
binding domains present in CLIP-115 (De Zeeuw et 2/,
1997} are not enclosed within single exons (Fig. 7).
Previously two CLIP-/15 cDNA clones were isolated
from a rat hippocampus library; they have a deletion of
378 bp in the 3' end of the CLIP-175 ORF compared (o
other cDNAs {De Zeeuw et al., 1997), Deletion of this
internal fragment results in the removal of 126 amino
acids from the C-terminus of CLIP-115, without alter-

ing the remainder of the reading frame. Based on these
observations we hypothesized that alternative splicing
takes place in rat CLIP-775 mRNA (De Zeeuw ef al,
1897}, However, such a splicing cvent cannot take
place in the mouse. Deletion of exons 14 and 13 would
yield a transcript that is very similar in size and se-
quence to the alternatively spliced rat preduct (Fig. 6).
but if this deletion takes place the reading frame in
mouse CLIP-115 is not maintained. Therefore, the rat
CYLNZ genomic structure needs to be determined to
address whether different alternative splicing events
can occur in rat and mouse.

DISCUSSION

In the present study we report on the isolation and
characterization of four overlapping murine and three
overlapping human cosmids containing the complete
mouse and part of the human CYLNZ genes, respec.
tively. Using these cosmids we have localized murine
CYLNZ to mouse chromesome 5 (band 5G) and human
CYLNZto human chromosome 7 (band Tgql1.23). These
two regions are syntenic, for example, the murine efn,
Hmki, and gtf2i genes have been localized to mouse
chromosome band 5G, while in human these genes (of
which GTF2I'was found to be duplicated (Perez-Jurado
et al, 1988)) have been mapped to the Williams syn-
drome critical region on human chromoseme 7g11.23
(Wang et ai., 1998). Indeed, we have established that
the CYLNZ gene is hemizygously deleted in eight WS
patients tested, demonstrating that it is within the WS
critical region. Recently. it was published that a gene
homologous te CLIP-/70/restin (WSCR4) is located in
the WS critical region (Osborne af ai., 1996), The data
presented here demonstrate that WSCR4 is part of the
CYLNZ locus.

Although the human CYLNZ gene has not yet been
completely mapped. the data show that it is much
larger than its murine counterpart, Le.. exons [-8
span 140 kb, and the complete gene might extend con-
siderably toward the telemeric end of the WS critical
region, Thus far the CYLNZ gene is the largest gene
mapped in this region, Cur data actually suggest that
the human CYLNZ 5 end overlaps with the boundary
of the incomplete WSCR3 transcription unit, This re-
sult raises the possibility that, like WSCR4, WSCRZ2is
part of the human CYLANZ gene,

The murine CYLNZ gene consists of 17 exons that
are spread over an area of 60 kb. The coding region of
the CYLNZ gene starts in exon 2 and ends in exon 17,
Thus exen 1 and part of exon 2 constitute the 5'UTR.
Human cosmid 157f3 hybridizes weakly to a 5'-end
CLIF-115 probe that spans exons 1 and 2, while 237h1
gives one strong and one weakly hybridizing band,
suggesting that 157f3 contains only exon 1 and 237h1
contains exons { and 2, Moreover, when murine exon 1
is tompared to the overlapping human LLNL cosmids
13513, 15713, 237hl, and 637, a region of high similar-
ity is found in the overlap between cosmids 157(3 and
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237Thl. Together these data indicate that we have
mapped the human CYLNZ 5" end. Both murine and
human CYLANZ exon 1 arc embedded in a CpG island,
and in the presumptive premoter area of the genes no
TATA box is detected, Interestingly, we have found
sequences downstream of CYLANZexon 1, Le., in intron
1, that are highly conserved between mouse and hu-

man, indicating that they might be important for the
control of CYLNZ expression. Tissue-specific control
elements have also been found in intron 1 of the Thy-/
gene {Vidal e 2/, 1990). Footprint experiments shouid
reveal whether such elements exist in the CYLNZ gene
at the conserved sequence sites,

CLIP-115 is a recently characterized member of a
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family of membrane-microtubule interacting pro-
teins (De Zecuw c¢ al, 1997) that is highly enriched
in the DLB, a membranous organelle found exclu-
sively in the dendritic bulbous appendages of neu-
rons connected by dendrodendritic gap junctions {De
Zeeuw ¢t 2i. 1995). This organelle is present in
neurons in areas such as the hippocampus, piriform
cortex, olfactory bulb. and inferier olive, which are
the same brain areas in which CLIP-115 is detected.
In addition, CLIP-115 is ubiquitously distributed in
the Bergmann glia fibers in the cerchellar cortex.
These cells are required for the geometrical organi-
zation of cerebellar constituents, and they strongly
interact with Purkinje cells during impertant pro-
cesses such as the induction and maintenance of
long-term depression (Shibuki et al., 1996). Interest-
ingly, Bergmann plia cells are also coupled by exten-
sive gap junction plagues (Palay and Chan-Palay,
1974), which has led to the suggestion that CLIP-115
might be involved in the turnover of gap junctions
(De Zeeuw ¢f al, 1997). The fact that only one
CYLNEZ gene is found in mouse, rat, and human and
that this gene gives rise to a highly conserved pro-
tein that is expressed in the brain of the three spe-
cies, supgests a conserved function for the CYLNZ
gene. We therefore speculate that, apart from puta-
tive neurodevelopmental defects. haploinsuffiency at
the human CYLNZ locus could contribute to the WS
phenotype by affecting both the level of electrotonic
coupling in neurons with DLBs and Bergmann glia
cells and metabolic interactions between Bergmann
glia fibers and Purkinje cells. As a consequence these
deficits might disturb the synchronous and oscilla-
tory activity of neurons in various brain regions (Lli-
nds and Sasaki, 1989), and they may compromise
mechanisms of memory formation. These abnormal-
ities, in turn, may lead to the nearopsychological and
neurclogical disorders observed in WS patients (Bel-
lugi ef al. 1990).

As mentioned above, other genes present in the WS
critical region have also been shown to be expressed in
the brain. Analogous to our reasoning here, it has been
suggested that hemizygous deletion of the syntaxin 1A
gene, which encodes a protein involved in synaptic
neurotransmitter release, is in part responsible for
ADHD (Osborne e al, 1897). In addition, haploinsuf-
ficiency of the FZD3 gene, which encedes a putative
hemologue of the wingless receptor, might account for
some of the neurcdevelopmental phenotypes and sys-
temic symptoms in WS, such as hypercalcemia (Wang
et al. 1997}, Finally small deletions including the
LIMKI gene have been shown to account for specific
visugspatial cognitive defects (Frangiskakis et al.
1996}, With the characterization of the murine CYLNZ
gene it is now possible to generate CYLNZ knockout
mice to look at the effect of a lack of one or both coptes
of this gene on mguse development and {brain) func-
tion.
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Summary

Williams Syndrome (WS) is a neurodevelopmental disorder, caused by hemizygous
deletton of a region on chromosome 7q11.23, which spans the genes encoding elastin
(ELN), the microtubule binding protein CLIP-115 (CYLN2) and several others.
Haploinsufficiency of the ELN gene has been firmly linked to cardiovascular
abnormalities in WS. Here, we describe the inducible knock out of the C¥LNZ gene in
mice. We show that lower levels of CLIP-115 results in a mild growth deficiency,
enlarged ventricle size in the brain and leads to specific behavioral deficits. This
phenotype mimics features of WS, establishing a link between deficiency of the
CYLN2 gene and neurologic alterations in this disorder.

Introduction

Williams(-Beuren) Syndrome (WBS or WS; OMIM 194050) is a
neurodevelopmental disorder, which is characterized by cardiovascular abnormalities,
transient juvenile hypercalcemia, short stature and very typical facial and neurological
features [1]. Most prominent among the cardiovascular problems is supravalvular
aortic stenosis (SVAS). However, the main reason why WS$ attracts so much attention
is that these patients generally have a unique neurological and behavioral profile [2-4].
For example, WS patients have a poor coordination and abnormal sensitivity to certain
classes of sounds and their IQ is in the mild-to-moderate range of mental retardation.
They are weak in spatial cognition, but they have remarkably preserved language and
musical abilities and are relatively strong in face processing. Other characteristic
behaviors include a friendly, outgoing personality, which involves an apparent lack of
fear.

WS is a rare disorder, with an incidence of 1:20,000. It is caused by the
hemizygous, submicroscopic deletion of a region of approximately 1.6 Mb on
chromosome band 7q11.23, which contains 16-17 genes and is called the WS critical
region [5.6]. Genes that fall within this domain include those encoding syntaxin 1A
(STX1A), elastin (ELN}, LTM kinase 1 (LIMK1) and CLIP-115 (CYLN2), as well as a
homologue of the Drosophila frizzled gene (FZD9) [7-6]. The WS critical region is
bounded by repeats, which has lead to the hypothesis that WS is caused by illegitimate,
homologous recombination at the repeats, leading to the de novo deletion of the
intervening sequence at very early stages of embryonic development. However,
patients have been discovered which carry minor deletions that span only part of the
WS critical region [7-9]. Study of these patients and of those with point mutations
have firmly established that haploinsufficiency for the ELN gene is linked to
cardiovascular abpormalities in WS, in particular SVAS [10.111. Another report
suggested that insufficiency of LIM kinase 1 results in visuo-spatial cognition
problems [12]. More recent studies have, however, not verified this hypothesis [13].
Therefore, although deficiency of the LIMKS gene may contribute to part of the
cognitive problems in WS, it is now thought that other genes are responsible for the
majority of the behavioral abnormalities. Patient data actually indicate that these genes
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might be located in a region telomeric to the LIMKI gene and centromeric to GTF2[
8,9,13,14].

In an effort to characterize proteins that are part of the dendritic lamellar body, a
Golgi-like element found in the dendritic appendages of a restricted number of
neuronal nuclei in the brain, we have recently cloned the c¢cDNA encoding the
cytoplasmic linker protein of 115 kDa, CLIP-115 [15]. In mice, this protein is most
abundantly expressed in dendrites and cell bodies of many neurons in the brain
[15,16]. The gene encoding CLIP-115 is named CYLN2 and both our group [17] and
others [18] have shown that this gene is located in the WS critical region. Because of
this and the fact that CLIP-115 is most predominately expressed in the brain, we have
hypothesized that insufficient levels of this protein might underlie the development of
neurological and/or behavioral aspects of WS [17].

In the mouse the CYLNZ gene is located on the telomeric end of chromosome 5
[17]. in an area that is syntenic to human chromosome 7q11.23 [5]. In both cases the
CYLNZ2 gene is located in between the LIMK! and GTF2I loci {5,6]. Based on data
obtained from WS patients with small deletions, the CYLNZ gene is therefore a prime
candidate to be involved in the neurodevelopmental problems observed in WS. To test
this hypothesis we have generated an inducible CYLN2 knock out allele in ES cells
(CLIP-T allele). which was further modified with Cre recombinase to generate the
CYLN2 knock out gene (CLIP-L allele). Mice were generated carrving either the
CLIP-T or the CLIP-L allele. Only in the CLIP-L strain, we observe mild growth
deficiency and enlarged ventricle sizes in the brain and specific behavioral deficits.
Since these alterations mimic part of the WS phenotype and are observed already at the
heterozygous level in CLIP-L mice, these data strongly suggest that deletion of the
CYLN? gene is responsible for at least part of the neurodevelopmental profile of WS
patients.

Results
An inducible CYLNZ knock out gene

The murine CYLN2 gene consists of 17 exons, of which the second contains the
translation initiation codon and the last the 3’UTR [17]. The CYLNZ gene covers
approximately 60 kb; the introns between exons 1 and 2 and exons 2 and 3 being the
largest ones. To completely inactivate the gene we therefore decided to introduce a
neomycin resistance gene. surrounded by loxP sequences in a 5' position and a
puromycin selection marker, surrounded by LoxP sequences and followed by a
modified lacZ reporter gene, downstream of the CYLN2 gene (Fig. 1a). We placed the
5" neo cassette in intron 2, so that insertion of this cassette would have a low chance of
affecting endogenous CYLNZ enhancer elements. Resistance markers were introduced
into the same CYLNZ allele by two sequential rounds of homologous recombination in
129-derived ES cells (first round, neomycin cassette introduction: i2 % of picked
clones targeted: second round, puromycin cassette, 15 % targeted). Homologous
recombination was confirmed by a combination of Southern blot, PCR and FISH
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analyses, using external and internal probes and specific PCR primer pairs (Fig. 1b and
data not shown). The doubly targeted CYLN2 allele was called CLIP-T (Fig. 1a).
Subsequently. Cre-mediated excision of the region between the outermost loxP sites in
the CLIP-T allele was achieved by transfecting ES cell ¢lones with a Cre-recombinase
plasmid. Excision of the region was monitored by Southern blot and PCR analyses
(Fig. 1b) and the knocked out CYLN2 allele was called CLIP-L (Fig. 1a). In the CLIP-
L allele, the lacZ reporter gene is in close proximity to exon 2 of the CYLN2 gene.
Since a splice acceptor site is present at the 5°end of the reporter cassette, it will be
spliced on to CYLN2 exon 2 sequences, generating a hybrid CYLN2-lacZ transcript.

ES cells with the CLIP-T and CLIP-L alleles were injected into recipient
C57B16 blastocysts and chimeric offspring was bred to wild type mice to pass on the
modified CYLN2 to the germline. Germiline transmission was obtained in both cases
and the newly derived CLIP-T and CLIP-L mice were crossed back to C57B16 mice
for another two generations, after which homozygous and heterozygous CLIP-T and
CLIP-1. mice were generated, To determine whether CLIP-115 is expressed in the
CLIP-T or -L mouse strains. northern and western blot experiments were performed on
brain-derived total RNA and protein, respectively. The northern blot data demonstrate
that CLIP-115 mRNA is not expressed from the CLIP-L allele but lacZ is. whereas
from the CLIP-T allele CLIP-115 is normally expressed (Fig. 1d). We tested whether
other genes, surrounding the CYLNZ locus, are affected by the targeting, but did not
find any evidence for altered expression of EIF4H (WBSCRI), RFC2 and GTF2IRDI
{WBSCRI1) (data not shown). In line with the northern blot data, the western blots
demonstrate that no CLIP-115 is produced in homozygous CYLN2 knock out mice,
whereas reduced levels are detected in heterozygous mice and normal levels of the
protein appear to be present in the CLIP-T mice as compared to wild type controls
(Fig. le). Reduction in the levels of CLIP-115 in the CLIP-L mice does not to lead to a
significant upregulation of the levels of CLIP-170 (Fig. le), the closed mammalian
CLIP-115 homelogue, indicating that there is no compensation for the lack of CLIP-
115 by CLIP-170.
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Figure 1. Construction and characterization of CLIP-115 mutant mice CLIP-T and -L

A Structure of the genomic murine CYLNZ locus and gene targeting constructs. The top line represents
the approximately 60 kb CYLN2 genomic locus. Exons are indicated by solid boxes. Open boxes are
nonceding 5° end 3° ends. Exen 2 contains the start codon (ATG) and exon 17 the stop codon
(asterisk). The lines above exon 4 and upstream of exon 17 indicate the position of the probes used to
screen for the targeted allele. Primers used for PCR analyses (p287. p260, p261 and p290) are
indicated as arrow heads. Shown are the locations of selected restriction sites; R = EcoRIL X = Xbal, N
= Ncol, P = Pvul, The next two lines represent the targeting constructs and shows the position of the
selectable marker genes neomycin (NEO) flanked by LoxP sequences in intron 2. puromycin (PURC)
flanked by LoxP sequences upstream of exon 17, thymidine kinase (TK) at one end of the constructs
and the HA-tagged NLS-B-galactosidase (LacZ) sequence containing a 3" splice acceptor site. The
third line represents the double targeted CYLNZ allele, CLIP-T(argeted). The disrupted CYLNZ gene
locus is represented at the bottom line, CLIP-L.(oxed). The splice acceptor site present at the 5°end of
the reporter LacZ cassette. will be spliced on to CYLNZ exon 2 sequences. generating a hybrid CYLN2-
lucZ transcript. B Southern blot analyses of wild type and mutant CLIP-T and -L ES cells. ES cells
were first electroporated with the 3 PURO targeting construct, From individual clones ES cell DNA
was isolated, digested with EcoRI to test for homologous recombination of the PURO targeting
construct, blotted and hybridized with external probe 1 (wt : 9 kb and PUROQ targeting: 9kb / 5.5 kb).
A clone with the correct karyotype was electroporated with the second 5" NEO targeting construct.
Correct replacement events were identified by Southern blot analyses of EcoRI digested genomic
DNA probed with external probe 2 (PURO targeting: 15 kb and NEO targeting = CLIP-T: 15 kb /7.7
kb). FISH analyses was used to determine the localization of both constructs. One of the cell lines
(with the correct karyotype and where both constructs targeted to the same aliele) is named the CLIP-T
Hne, This cell line was injected into C57B)/6 mice, to generate CLIP-T mice and electroporated with
the Cre-recombinase construct with a hygromyecin cassette to obtain the floxed CYLNZ locus. Cre-
mediated recombination events were identified by Southern blot analyses of EcoRI digested genomic
DNA probed with external probe 2 (CLIP-T: 15 kb / 7.7 kb and CLIP-L 13 kb). A cell line
heterozygously deleted for the CYLNZ gene is named the CLIP-L line and was injected into C57Bl/6
mice. € PCR analyses on genomic tail DNA of wild type. CLIP-T and -L mice. Genotyping of mutant
mice was mairly done by PCR analyses with a three primer set. Wt and CLIP-T and -L genomic DNA
is amplified by primer combination p287-p290 {wt: 325 bp), p287-p261 (CLIP-T: 500 bp) and p287-
p260 (CLIP-L: 450 bp). D Northern blot analyses RNA from wild type, CLIP-T and -L mice. Total
RNA was extracted from brains of wild type and heterozygous and homozygous CLIP-T and —L mice
and hybridized with CLIP-113 (top). B-galactosidase (LacZ) (middle) and GAPDH (bottom) probes.
GAPDH leveis indicate the amount of RINA loaded in each lane, E Western blot of brain extracts of
wild type. CLIP-T and -L mice with anti-CLIP antibodies. Protein extracts of wild type, heterozygous
and homozygous CLIP-T and —L mice were separated on a 6% SDS-PAGE gel, transferred to blot and
hybridized with anti-CLIP-115 antibedy (#2238), anti-CLIP-170 (#2360) and ant-CLIP-115/170
(#2221) antibodies. The size of the protein marker is indicated on the right. The arrows indicate the
position of CLIP-115 and CLIP-170 proteins, Wt, wild type. +/- heterozygous and -/~ homozygous,

Although it has been established that CLIP-115 is mainly expressed in the brain
[15.16], relatively little is known about regional variations in expression level of the
protein in this organ. To investigate this in more detail, we used the lacZ marker in the
CLIP-L mice as an indicator of CYLN2 gene activity, either on whole brain mounts or
on 40 um sections of the brain. These results indicate that lacZ {and by implication
CLIP-115) is most abundantly expressed in CA pyramidal neurons, but not in dentate
gyrus neurons of the hippocampus. in the amygdala and in Purkinje cells of the
cerebellum (data not shown). In the latter brain area an obviously striped pattern of
lacZ activity is observed, that resembles the functional sagittal division of the
cerebellum (data not shown). Longer periods of lacZ staining reveal that many neurons
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of the brain express this marker, albeit much less intense than the areas mentioned
above {data not shown). Notable regions, that remain weakly labeled by lacZ, despite
prolonged incubations, are the dentate gyrus and inferior olive (data not shown). The
lacZ staining data correlate well with antibody staining data using antisera against
bacterially expressed CLIP-115 [16]), but deviate somewhat from the original results
with the low affinity anti-peptide CLIP-115 antibedies [15].

Growth deficits and brain abnormalities in CYLN2 knock out mice

Both the CLIP-L and CLIP-T strains of mice are viable and fertile, whether they
are heterozygous or homozygous for the modified CYLN2 allele. Offspring derived
from of heterozygous CLIP-L. x CLIP-L and CLIP-T x CLIP-T crosses are born in a
normal Mendelian fashion (data not shown), suggesting that CLIP-115 is not essential
for life. However, adult homozygous CLIP-1, mice are lighter than their wild type
littermates, or than CLIP-T controls (Fig. 2a). The difference in weight is more
pronounced in female than in male CLIP-L mice. In the case of adult female mice the
decrease in body weight between homozygote and wild types (and CLIP-T) is
statistically significant, while in the adult males it is not (Fig. 2a). Weights of
neterozygous animals are in between wild types and homozygous. These weight
differences correlate well with a decrease in body and bone length in the adult female
CLIP-L mice (Fig. 2d), strongly suggesting that these mice have a general growth
deficit. Already, during postnatal development a growth retardation is present. From 2
weeks of age onward, the weight difference between wild type and homozygous knock
out littermates for both male and female mice are statistically significant (Fig. 2c, d).
Depending on their age, homozygous females and males between 3 and 10 weeks old
were on average 10-22% and 4-16% lighter, respectively, than their wild type
littermates and the CLIP-T mice. Again, weights of heterozygous animals are in
between wild types and homozygotes. Similar to WS patients, the growth deficit in
CLIP-115 mutant mice is already apparent at a young age and persists into adulthood.
Sectioning of the brains of CLIP-L and -T mice and staining with hematoxylin/eosin
did not reveal any gross abnormalities in brain morphology in either type of mouse
strain {(data not shown). In addition, total brain weight ¢f newborn and adult CLIP-L
and -T mice are comparable to those of wild type controls (data not shown). To
investigate whether subtle macroscopic abnormalities can be detected in these mice we
performed a MRI analysis. While the volume of the cerebellum, cerebrum,
hippocampus and amygdala do not differ among knock outs and wild types, the size of
the ventricle of CLIP-L knock-out mice is significantly enlarged as compared to that of
wild type littermates (Fig. 3a,b and data not shown). The average size of the ventricle
heterozygous animals is in between that of wild types and knock outs. These data
indicate that a reduction in normal CLIP-115 levels in the mouse causes mild growth
and brain abnormalities.
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Behavioral analysis of CLIP-L and -T mouse strains

The increased levels of lacZ in the hippocampus, amygdala and cerebellum of
CLIP-L mice suggest that neuronal functioning, pertaining to these brain areas might
be affected in these mice, due to the absence of CLIP-115. We therefore set up a
number of behavioral assays to investigate performance of the different brain areas. In
all experiments both the CLIP-T strain (which carries exactly the same, 129 ES cell
derived DNA sequences, surrounding the CYLNZ locus, as the CLIP-L strain) as well
as wild type litterrates of the CLIP-L mice, served as controls for the assays, to
circumvent potential strain background problems. Interestingly. there are a number of
gross motor function tests in which the CLIP-L mice behave like the control strains,
i.e. in open field activity {Fig. 4a), in the hanging wire (Fig. 4b), horizontal (Fig. 4c)
and vertical {data not shown) beam walk tests and in circadian rhythm experiments
{data not shown). These data indicate that general strength and circadian activity are
not affected in the CLIP-L mice. Moreover, in spite of the pronounced, striped
expression of CLIP-115 in Puwkinje cells of the cerebellum, compensatory eye
movements are not affected in CLIP-L mice as compared to CLIP-T and wild type
controls. Measurement of the compensatory eye movements is a robust and highly
accurate test for performance of the olivo-cerebellar system [19].

In contrast to the aforementioned tests, CLIP-L mice perform very poor in the
accelerating rotorod set up (Fig, 4d), which is a measure of more complicated motor
behaviors [20,21]. The rotorod test measures the ability of an animal to maintain
balance by coordinating the movement of all four feet and making the necessary
adjustments. The heterozygous and homozygous CLIP-L mice perform comparably
bad in this experiment, but both types of mice are capable of learning to stay on the
rotorod for Ionger periads of time over the 5 day training period. Since, the CLIP-L
mice improve at approximately the same rate as wild type mice during rotorod
performance, the motor learning appears not to be severely affected in CLIP-L mice.
Similar to the rotorod studies. when CLIP-L mice are monitored in a running wheel,
they initially demonstrate a very poor coordination (Fig. 4e), resulting in highly erratic
motions and occasional ejection from the running wheel (see supplement data).
However, in the course of a few days CLIP-L mice learn to tread the running wheel
normally and their circadian activity patterns (which are measured through running
wheel turns) are like wild types. Together these data are highly suggestive of a motor

coordination problem in CLIP-L mice, which reveals itself already at the heterozygous
level.
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Figure 4. Motor coordination in CLIP-115 mutant mice

A. Spontaneous locomotion in a openfield. Wild type (n = 11), CLIP-T (n = 13} and heterozygous (n =
24) and homozygous (n = 13) CLIP-L mice were tested for spontaneous locomotor activity by
monitoring their movement per 1 minute intervals (mean + SEM). No significant difference among the
mice were observed. B Hanging wire test. To measure the balance and grip strength of wild type (n =
7). CLIP-T (n = 7) and heterozygous (n = 10) and homozygous {n = §) CLIP-L mice a hanging wire
test was performed. The latency to fall was recorded with a 60 seconds cut off time. That results
ebtained are comparable between the mice. C Beam walk test. Wild type (n = 7). CLIP-T (n=7) and
heterozygeus (n = 10) and homozygons (n = 8) CLIP-L mice were tested for their basic motor
coordination and balance. The beamn walk test measures the ability of the mice to cross a wooden
beam. The time required to cross the beam was indistinguishable between the groups of mice. D
Accelerating rotored test. To measure more complicated motor behaviors and a form of motor
learning. wild type (n = 7), CLIP-T {n=7) and heterozygous (n = 10) and homozygous (n = &) CLIP-L
mice, the rotorod test was assessed. Mice were placed on the rotorod at a constant velocity, after 10
seconds the rotational speed is gradually increased up to 2 minutes. Mice were tested over five days
and the latency to fall off is measured. Both the heterozygous and homozygous CLIP-L mice have 2
significant performance deficit that is already evident from day one. The P values. compared between
+/- and wt, -/- and wt, +/- and CLIP-T. and -/- and CLIP-T at every training day iz P<0.05. Note that
there is an tmprovement of the heterozygous and homozygeus CLIP-L mice across days of training. E
The circadian running wheel test. Wild type (n = 4). heterozygous (n = 4) and homozygous (n = 4)
CLIP-L mice were tested for their 24 hour home cage activity. The running wheel activity was
measured for one week. No significant difference in circadian activity patterns between the mice was
observed, However, when CLIP-L mice are monitored in a running wheel, they show a very poor
coordination. Films were recorded for wild type {(wt}, heterozygous {data not shown) and homozygous
(~/-) CLIP-L mice. While wild type mice run in the wheel with a constant rate, both +/- and -/~ mice
kave highly variable motions. The homozygous CLIP-L krock out mice perform poorer than the
heterozygous mice and are occasional ejected from the running wheel. Both CLIP-L mice improve
throughout the week. Pictures shown here are taken at day 3.
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Since lacZ activity in the hippocampus and amygdala of CLIP-L mice is quite
striking. we next investigated whether the performance of these brain areas are
affected in CLIP-L mice, using both contextual (Fig. 5a) and cued (Fig. 5b) fear
conditioning experiments [22,23]. Both cued and contextual conditionings are
sensitive to lesions in the amygdala [24], whereas contextual fear conditioning is
though to be more sensitive to lesions in the hippocampus {24-26]. In the contextual
fear conditioning experiment mice are put into a cage and their normal freezing
behavior measured (in terms of percentage of time spent in the cage). After several
minutes the mice receive a foot shock, after which they are removed from the cage to
be put back 24 hours later. If they remember the context, the percentage freezing time
should be significantly increased. As shown in Fig. 5a this is the case for wild type and
CLIP-T mice, but not for the CLIP-L mice, whether heterozygous or homozygous for
the CYLN2 deletion. In contrast, all mice behave similar in the cued fear conditioning
test (Fig. 5b), in which mice are put in a cage and receive a tone (the conditioning
stimulus or C3) prior to the foot shock (the unconditioned stimulus or US). After 24 hr
the mice are put back in a different cage and percentage freezing time is measured
after applying the CS. Together these experiments suggests that reduction in the levels

of CLIP-115 in the CLIP-L mice affects hippocampal behavior mere than the
amygdala.
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Figure 5. Fear conditioning in CLIP-115 mutant mice.

A Twenty four hour context fear test in CLIP-T {n = 10), wild type (n = 12), CLIP-L +/- (n = 14),
CLIP-L /- (n = 10) mice. Mean percentage of freezing (=SEM) of the 2 minutes context test is shown
for wild type and CLIP-T and -L mice. At day 1, mice were placed in the conditioning chamber,
assessed for 2 minutes {baseline activity), given a single foot shock and returned to their home cage.
There is no significant effect during the baseline period (all P>0.15). 24 hours later (day 2), the mice
were tested in the same conditioning chamber for a 2 minute period. Both heterozygous and
homozygous CLIP-L mice exhibit 2 significant deficit in freezing relative to wild type and CLIP-T
mice after 24 hours (all P<0.05). B Twenty four hour cued fear test in wild type (n = 7), CLIP-L +/- (n
= 11). CLIP-L -/~ (n = 11) mice. Mean percentage of freezing (xSEM) of the 2 minutes context test is
shown for wild type and CLIP-L mice at day 1, day 2 baseline (BL) and day 2. At day 1. mice were
placed in the conditioning chamber, assessed for 2 minutes, given a tone-foot shock pairing and
returned to there home cage. 24 hours later, after the mice were placed in an other chamber for a 2
minute period (day 2BL), the training tone was played for 2 minutes (day 2). There is no significant
difference in the levels of freezing between CLIP-L and wild type mice during the baseline period at
day 1 (P=0.2), day 2 (P=0.6) and the tone test (P=0.3),
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Discussion

Although the common deletion region in WS has been characterized in great
detail [8.9] and a firm linkage between mutations in the ELN gene and cardiovascular
abnormalities has been established some time ago [10,11,27,28], those genes that,
when mutated, contribute to newodevelopmental aspects of W3 have thus far
remained elusive. Because the neurological symptoms and behavioral profile in WS
patients are so reproducible, finding these genmes is of considerable interest to
neuroscience, since they might reveal molecular mechanisms underlying basic
neuronal functioning. An initial report, which suggests that the visuo-spatial cognitive
defects in WS result from hemizygosity of the LIMKI gene [12] has not been
confirmed by recent investigations {13]. Here we provide strong evidence that reduced
levels of CLIP-115 result in a mild growth deficit in mice, as well as in enlarged
ventricle size in the brains of these rmice and in specific behavioral deficits. These
phenotypes mimic part of the neurodevelopmental problems present in WS patients, in
particular the growth deficiency and the typical metor coordination defects. Together
with the fact that these phenotypes exert themselves already at the heterozygous level
in CLIP-L mice, these data strongly suggest that haploinsufficiency for the CYLN2
gene in man underlies part of the developmental, neurclogic and behavioral
abnormalitics observed in WS. This conclusion is further underscored by the studies in
rare patients with small deletions in the WS critical region [8,9,13,14].

Differences in genetic background in strains of mice are known to cause
behavioral differences [25-31]. In knock out strategies the genetic background
surrounding the knock out allele is (mostly) of the 129-derived mouse background,
while C57BI6 is often used as recipient strain. When comparing the behavior of
homozygous, heterozygous and wild type littermates, behavioral differences might be
induced by the 129-derived background surrounding the knock out gene. Even when
knock out strains of mice are crossed back for several generations into the C57BI6
background. the genetic difference between wild type animals and knock out mice at
the knock out locus can not be compensated for. This is why we have used CLIP-T
mice as another control for the CLIP-L mice, since both types of have exactly the same
129-derived genetic background at the CYLN2 locus and differ only in the fact that an
intervening sequence, containing a large part of the C¥LNZ gene, has been removed in
the CLIP-L mice. This strongly indicates that the behavioral differences reported here
are due to lack of CLIP-115 and not to strain background differences.

Growth deficiency and motor coordination problems occur in WS patients, as
they do in CLIP-L mice. The growth deficiency points to a need for CLIP-115 during
development. Hence, although this protein is not essential for life, it is required for
correct development of mice and man. The motor coordination abnormalities are
actually strikingly similar between CLIP-L mice and WS patients. The contextual fear
conditioning abnormalities have not been documented in WS patients, for obvious
reasons. However the fact that these patients score poorly on spatial cognition and
recognition of danger, suggests some kind of correlation between the deficits observed
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in CLIP-I. mice and those observed in WS patients. Furthermore, enlarged ventrical
volumes in CLIP-L mice are also reported for WS patients [32]. Although, in W$
patients the total brain volume is decreased [2,33], a phenomenon we do not observe in
our CLIP-L mice, the cercbrospinal fluid (CSF) volume in WS is significantly
increased with age [321. These observations all deserve further detailed study. Since
we have made an inducible knock out of the CYLNZ gene, it will be possible in the
future, by crossing the CLIP-T mice to specific Cre-expressing lines, to dissect the
spatio-temporal contribution of CLIP-115 to growth, brain development and behavior.

We have previously suggested that CLIP-115 is associated with dendritic
lamellar bodies [15]. This hypothesis was largely based on the observation that
immuno-EM studies with anti-peptide antibodies localized CLIP-115 to Golgi-like
structures in dendrites of the inferior olive. We also reported that expression of CLIP-
115 is abundant in dendrites of many types of neurons in the brain [15,16]. In recent
studies we were not able to clearly label dendritic lamellar bodies in the inferior olive.
using monospecific antibodies against bacterially produced CLIP-115 (#2238) [16],
suggesting that the previously used anti-peptide antisera against CLIP-115 (#2131 and
#2133) are of low affinity and are not completely monospecific, Thus. the role of
CLIP-115 in the formation and functioning of dendritic lamellar bodies remained
enigmatic. The lacZ expression data obtained here actually indicate that CLIP-115 is
neither expressed in the inferior olive (data not shown) and EM studies reveal that
dendritic lamellar bodies are normally present in CLIP-L mice, which lack CLIP-115
{data not shown). Together with the fact that CLIP-L mice have completely normal
compensatory eye movements, these data suggest that CLIP-115 does not have a
prominent role in the olivo-cerebellar system. The labeling pattern observed with the
new CLIP-115 antibedies in wild type brain sections [16] is completely abolished in
brain sections from homozygous CYLN2 knock-out mice, indicating that the new
antibodies are specific for CLIP-115. From these data we conclude that anti-CLIP
antibody #2238 reflects the CLIP-115 distribution in the brain.

CLIP-115 is similar in sequence and structure to CLIP-170, a microtubule
binding protein originaily proposed to be involved in the linking of endocytic vesicles
to microtubules [34]. However, more recent data suggest that both CLIP-170 [35] and
CLIP-115 [36] specifically associate with the growing ends of microtubules and may
have a role in regulating the dynamics of this cytoskeletal network. This is
corroborated by two recent findings. First, the homologue of CLIP-170 in fission
yeast, tiplp, is involved in preventing catastrophes at specific areas of the cell [37).
Second. both CLIP-115 and -170 interact with CLASPs, which are evolutionary
conserved proteins involved in the regulation of microtubule dynamics in specialized
areas of the cell, such as the leading edge of motile fibroblasts [38]. Thus a deficit in
CLIP-115 levels in neurons may cause alterations in microtubule dynamics and affect
important processes, for example growth cone motility and synaptic plasticity, both of
which are known to be dependent on microtubule dynamics £39-42).



Materials and Methods

Generation of CLIP-T and —L mutant mice

CLIP-115 cDNA was used to screen a cosmid library made from 2 129/sv mouse strain as described
{36]. Four overlapping cesmids were isolated, genomic fragments were subcloned, scquenced and restriction site
mapping was performed. An approximately 6.1 kb Xbal-Sal fragment ¢ncompassing exon 3 with a Xbal site in
intron 2 (5" fragment) and a 8§ kb Ncol-BamHI fragment containing exons 15, 16 and 17 with a HindIII site
downstream of the last exon (3’ fragment) was used. Two targeting veetors were made, The 5° NEO construct
was made by inserting a neomycin resistance gene (NEQ), which is driven by a TK promotor, flanked by LoxP
sequences in the unigue Xbal site. The 3° PURO construct was made by inserting a PGK puromycin cassette
(PURQO; flanked by LoxP sequences together with a HA-tagged NLS-LacZ sequence containing a 3" splice
acceptor site in the HindIlf site. In both constructs, a negative selection marker gene thymidine kinase (TK) was
inserted in the polylinker of the vector, E14 ES cells were electroporated with the 3' targeting construct and
cultured in BRL cell conditioned medium in the presence of Leukemia inhibitory factor (LIF) as described
[Jacgle, 1996 #442]. After sclection with puromyein (0.7 pg/ml), colonics were 1solated and expanded. Isolated
genomic DNA from individual ES cell lines was digested with Ncol/Pvul and analyzed by DNA blotting using
an external 3° probe (probe 1). A number of puromycin resistant ES cell lines were karyotyped and a ling with
the correct number of chromosomes was electroporated with the sccend (57) targeting construct. After selection
with G418 (200 pg/ml). correct replacement events were identified by Southern blot analyses of EcoRI digested
gcnomic DNA probed with an external 3° probe (probe 2). FISH analyses was performed using the NEO and
PURQ-LacZ casscttes as probes, to determine the localization of beth constructs on chromosome 3. A cell line
with correct karyotype were beth constructs targeted to the same zllele, the CLIP-T cell line, was injected into
C57Bl/6 mice. Male chimeric mice were mated with female C57B1/6 mice to transmit the CLIP-T allele to the
germline,

Furthermore, the ES cells of the CLIP-T line were ¢lectroporated with a Cre-recombinase gene driven
by a TK promotor in a vector with a PGK hygromyein cassette, After selection with hygromycin B (100 pg/mi),
deletion of the CYLNZ2 region between the outer most LoxP sites was detected on Southern blot of EcoRI
digested DNA with probe 2. A cell line, which carries the disrupted CYLN2 and the correct karyotype, the CLIP-
L cell line, was injected intc C57BY6 mice. Male chimeric mice were mated with female C57Bl/G mice to
transmit the CLIP-L allele to the germline. All CLIP-T and -L mice were backerossed in C57Bl/6, The mice used
in behavioral studies were at the F3 and F4 generation, As a control, wild type littermates and CLIP-T mice are
used, If no genotype is indicated for CLIP-T mice, both heterozygous and homozygous CLIP-T mice are used in
the experiment. Genotyping of the CLIP-T and -L mice was done with the flanking probes 1 and 2 or with PCR
analyses  with a three primer sct p287 (5ATGTAGCCCAGGCTGGCTCTAG3') (ot p288
{CTTTGAGACAGGTTCTTATGTAGC)) /p290 (5'GTAACACACTGGCCAGGCTTTC3") /p261
(CGGCATCAGAGCAGCCGATTG) to amplifiy the CLIP-T or wt allele and p287 (or p288) / p290 / p260
(TGGTCACTAATCTCCACCTCACAG) to amplify the CLIP-L or wt allele.

RNA and protein analyses

Total RNA and protein from mouse brain was isolated as described [15.36). Northern and Western blot
analyscs were done as using standard protocols [43]. The CLIP-115, LacZ., GAPDH. EIF4H, RFC2 and
GTFIRD1 probes hybridized on Northern blot were labeled by PCR or randem priming, The EIF4H, RFC2 and
GTF2IRD1 probes used here were obtained from ESTs sequences (IMAGE clone 1276723, 1396169, 555547).
The anti-CLIP-113 (#2238), anti-CLIP-170 (#2360) and anti-CLIP-115/170 (#2221) antibodics used for Western
blotting are described [16.36).

Histology and Electron microscopy

Immunohistochemistry and electron microscopy were performed as described [15], Brain sections and
total brains from adult mice were processes for X-gal staining. Dissected braing were fixed for 30 minutes at RT
in 2% paraformaldehyde, 0.2% glutaraldehyde, 2 mM MgCl, 5 mM EGTA pH 8.0, 0.02% NP-40 in PBS,
Subscquently, braing were washed 3 times for 10 minutes at RT in 0.02% NP-40 in PBS. Staining of whole
mount brains and sections was done for 2 hours or overnight at 37° in PBS containing 1 mg/ml X-gal, 5 mM
K3Fe(CN),. 5 mM K Fe(CIN},, 2 mM MgCl,. 0.01% SDS and 0.02% NP40, Stained embryos were washed and
post fixed in 2% paraformaldehyde.

Magnetic resonance imaging (MRI)

CYLNZ homozygous (4 animals) and heterozygous (4 animals) knock out mice and 4 control littermates
(5 months cld) were submitted to an MRI protocol. Animals were anacsthetized with 5% isoflurane induction
and 1.5 to 1 % isoflurane maintenance. Isofiurane was administrated in a mixture of 30% oxygen and 70% NO,.
The head of the mouse was firmly fixed in a stereotactic device consisting of ear plugs and a tooth bar, During
MRI, the temperature of the mouse was kept constant at (37.0 £ 0.5) °C. Using Visual Basic code, the
temperature was moenitored with a reetal probe (PT100) and fed back to a temperature-controlled electrical
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heating pad (Uty Nelson). MRI imaging was performed at 300 MHz on an SMIS MR microscope (SMIS,
Guildford, UK} with a 7T horizontal bore magnet and 8 cm aperture self-shiclded gradients with a strength of 0.1
T/m (Oxford Instruments). The stereotactical apparatus was positioned in the centre of a 30 mm wide RF bird
cage coil - used for both transmitting and receiving. Scouting gradient echo images in the 3 orthogonal directions
were acquired to guide the reproducible positioning of the 3D slab of the mouse head. High resolution ceronal
slices of the mouse brain were obtained using a 3D Fast Spin Echo [44-46] sequence with an ¢cho train length of
four, reducing the imaging time by a factor of 4,

MR signals of 2 3D volume of (20 x 20 x 20} mm” were acquired within a (256 x 128 x 64) matrix. The
images were taken with a repetition time (TR) of 2500 ms and a first echo time (TE) of 35 ms with an inter echo
delay of 25 ms {ccho times=35.60,85.110 ms). The central line of the k-space was sampled at the first echo.
These parameters were chosen to obtain 3D images of the brain with optimal contrast between the ventricles and
the gurrounding brain tissuc, within an acceptable time. The imaging procedure took about 85 minutes and
allowed a short anaesthesia period. The MR data was reconstructed to an image matrix of (236 x 256 x 256)
containing 236 coronal slices of 78 pm with spatial resolution of (78 x 78) um’. Volumes from different brain
structures were estimated to find differences between wild type. CLIP-L +/- and CLIP-L -/~ mice. Brain and
ventricular structures were defined on coronal MR images, according to the Mouse Brain atlas, Their positions
were defined as antero-posterior distance to the interaural line (LA} in accordance to the Mouse brair atlas.

All image processing was performed on a PC workstation, To extract quantitative velume of the total
brain, the cercbellum (started from 1A —2.00 mm) from a sct of in vivo obtained images of the mouse, a semi-
autornatic 3D scgmentation technique [47] was applied on the 3D MR images data set using visual C routines
and Interactive Data Language (IDL. Research Systems), The volumes of the hippocampus (located from TA 2.86
mm to IA 0.72 mm), amygdala (located from LA 2.86 to 1.26 mm) and ventricular system were segmented using
Surfdriver software. MRI parameters were chosen such that an apparent intensity distinction existed between the
ventricles and its surroundings which allowed segmentation for these structures: cerebrospinal fluid in the
ventricular system was white on the T,-weighted gradient ccho images. The entire ventricular system, when
visible on the coronal images, was segmented, Later on the entire ventricular system was divided into the fourth
ventricle, the aquaduct of Sylviug, the third ventricle and the lateral ventricles according to the sterectactic atlas
of Paxinos. Values are indicated as means £ SEM, and statistical analyses were performed with a two-tailed
Student’s t-test,

Behavioral iesting

Wild type and mutant mice were analyzed for motor coordination as described [20,21]. All behavioral
experiments were carried out double blind, Openfield behavior were performed to asses the spontancous motor
activity in a open ficld (50x50 cnt). Mice always started from the same corner of the arena and were recorded for
5 minutes using a computerized video tracking system to measure the walking distance, meving cpisodes and
moving time at the horizontal plane, moving episodes and moving time at the vertical plane and entrics of the
mice in different imaginary parts of the ficld. Motor coordination and balance of mice were assessed by
measuring the ability of the mice to cross a wooden beam of | cm wide and 30 cm long, placed horizontal above
the bench surface. During training the mice were allowed to explore the beam for 5 minutes. During the test the
mice were placed on one end of the beam and the time to walk across the beam was recorded up to a maximum
of 60 scconds. Four trails were carried out four cach mice, If a mouse fell off the beam, the trail was scored as G0
seconds. In the hanging wire test {to measure balance and grip strength) a wire cage lid is used that is taped
around the edge of the lid. The mice are place on top of the 1id 30 ecm above the cage, The 1id is shacked three
times and turned upside down. The latency to fall was recorded with a 60 seconds cut off time. The aceclerating
rotorod test determines more complicated motor behaviors and motor learning. The rotored consists of a smooth
plastic reller (8 em diameter; 14 cm Jong) flanked by two large round plates (30 ¢m) to prevent animals from
cscaping. Mice were placed on the roller for 10 gcconds at a constant velocity (2 rpm). The rotational speed is
gradually increased up to 2 minutes (12 rpm). Mice were trained at day onc {on a stationary rotorod) and tested
over the next five days, Three trails were carried out for cach mice every day. The latency to fall off is mecasured.
The circadian running whee! test measures the 24 hour home cage activity. Mice were placed in cages with
running wheels for one week and the running wheel activity during 24 hours was analyses as deseribed by [48].
Statistics was performed with a two-tailed unpaired Student’s t-test

Computer-assisted Paviovian Fear conditioning

Computer-assisted 24 hours contextual fear and cued (tone) conditioning was performed as described by
Anagnostaras et al, (2000) [22], with slight modifications, 24 hours contextual fear: Mice (5-6 moenths old
littermates) were placed into the conditioning chamber and after a 2 minute bascline period, received a 2
sceonds, 1.0 mA foot shock, One day later, the mice were placed back into the same conditioning chamber for a
2 minute contextual freezing test. 24 hours tonc fear: A separate group of mice was subjecied to tone
conditioning. On the first day. the mice were placed into the conditiening chamber and after 2 minutes received a
10 scconds, 75 dB, 2.8-kHz tone coterminated with a 2 seconds. 1.0 mA foot shock. On the next day the were
brought inte a novel chamber and after a 2 minute baseline, the original training tone was played for 2 minutes.
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The freezing was scored by computerized technics using a creative webcam at 5Hz and customary written
software (Matlab) to score freezing and activity on a frame to frame basis similarly as described by [22]. Values
were means of percentage of freezing = SEM, and statistical analyses were performed with a two-tailed Student's
t-test.
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Chapter 11

GENERAL DISCUSSION AND FUTURE DIRECTIONS






Over the past few years, insight into the role of microtubule associated proteins
has increased enormously. The work has been greatly facilitated by the use of green
fluorescent protein (GFP) as a tag, which has allowed microtubule associated proteins
to be visualized in real time. Several groups have reported on the identification of
proteins, which specifically concentrate at the tips of microtubules. For example, EBI,
APC. CLIP and CLASP family proteins have recently been observed to be present at
growing ends of microtubules. These microtubule plus end binding proteins could
serve a number of purposes, such as to initiate the interaction of microtubules with the
cell cortex. to prepare local sites on microtubules for specific organelle binding, or to
regulate microtubule dynamics. In addition to their role in interphase, microtubule plus
end binding proteins have been shown to be very important doring mitosis [5-8].
Several experiments suggest that, indeed, microtubule plus end binding proteins play
an important role in these processes. For example, in yeast, the EB1 homologue,
Bimlp, and the CLIP-170 homologue, tiplp, affect microtubule dynamics and are key
regulators of the interaction between microtubules and the cortex [1-3]. CLASPs are
responsible for local effects on microtubule dynamics and some CLASP isoforms bind
directly to membrane compartments in the cell [4]. Furthermore, CLIP-170 has been
implicated in the binding of endosomes and is able to relocalize the dynactin complex
to microtubule plus ends. Several models have been proposed to describe the role of
microtubule plus end binding proteins in micrombule dynamics and microtubule-
membrane interactions [8-11]. However, many fundamental issues are still unresolved.
Some of these issues directly related to the experimental work presented in this thesis,
will be addressed in this chapter

11.1 CLIPs, CLASPs and microtubule dynamics

As mentioned earlier (section 2.5.1), experiments suggest that some CLIP
family proteins are involved in the regulation of microtubule dynamics. For example,
disruption of tiplp and Biklp in yeast, results in aberrant microtubule dynamics
[3,12]. With the identification of the CLIP associated proteins (CLASPs) in chapter 5
we provide further evidence that CLIPs, in association with other proteins, are
important in microtubule turnover [4]. Overexpression and antibody injection
experiments suggest that CLASPs are involved in the stabilization of microtubules.

Although these studies provide some clues about the roles of CLIPs and
CLASPs in microtubule dynamics, the biochemical details of the interaction of these
proteins with the microtubule tip are not yet known. For example, it is not clear which
mechanisms are responsible for binding to microtubule plus ends. We and others have
shown that the complete N-terminal domain of CLIPs, containing two microtubule
binding CAP-Gly motifs surrounded by basic serine-rich regions, is sufficient for
microtizbule plus end binding [13,14]. We further have demonstrated that one CAP-
Gly motif, together with one basic serine-rich region, binds microtubules along their
length. However, whether this minimal domain is sufficient for efficient binding to



microtubule plus ends needs to be investigated. In this respect it is noteworthy that not
all CLIP family proteins have a basic serine-rich region next to their CAP-GLY muotif.
For example, both tubulin folding factors (class II CLIP family proteins) lack such a
region. These proteins are not associated with microtubules but bind free o-tubulin
[15]. Therefore, it could be that CLIP family proteins which do have a basic region
adjacent to their microtubule binding domain, possess a higher affinity for the
microtubule polymer than for monomeric tubulin. Alternatively, some minor amino
acid modifications' of the conserved CAP-Gly may have conferred the ability to
discriminate between monomeric and polymerized tubulins in the cell. Detailed
domain analysis or domain swapping experiments between different classes of CLIP
proteins will be required for further clarification of the role of the CAP-Gly domain
and basic serine-rich regions in tubulin and microtubule binding. CLASP family
proteins do not have a microtubule binding CAP-Gly motif but do contain a basic
domain, which shares only limited homology with other microtubule binding proteins
[4,6.7]. Since CLASPs bind microtubule plus ends independently of the CLIPs it will
be interesting to determine which amino acids of CLASPs are involved in the dynamic
localization of these proteins to the microtubule tip. Identification of the plus end
microtubule binding domain of CLASPs would allow DNA/protein database searches
to define other putative plus end binding proteins. Like for most CLIPs, it is unclear
whether CLASP family proteins have a preference for binding to o~ or B-tubulin.
Competition of purified CLASPs and CLIPs for microtubule binding, or of CLASP
and other MAPs (with known tubulin binding sites, such as classical MAPs or kinesin
motor proteins) may resolve this question. On the other hand interaction studies
between CLASPs and mutated o~ or [B-tubulin  molecules would define a more
detailed map of the binding site for CLASP on the tubulin dimer.

It is currently not clear how CLIP and CLASP family members assemble on
growing microtubule plus ends. The simplest assumption is that CLIPs and CLASPs
either bind to a unique structure at the microtbule plus end (tubulin sheets) or to a
specific nucleotide bound state of tubulin (GTP-cap) (chapter 2, Fig. 3). However, it
has been shown by in vitro microtubule polymerization experiments that CLIP-170
does not have a preference for a specific conformation change of the microtubule [13].
Instead, CLIP-170 has been shown to bind to tubulin oligomers and may associate
with growing microtubules by copolymerization with tubulin [13]. Although this
mechanism is currently favored in the literature, it remains possible that the in vitro
microtubule experiments with CLIP-170 do not exactly mimic the correct microtubule
conformational change in vivo. Cryoelectron microscopy or atomic force microscopy
of microtubules incubated with purified CLIPs and/or CLASPs, may provide further
insight into the structure of the protein complexes at the microtubule plus ends. Crystal
structures of CLIP- and CLASP-tubulin complexes may give a more detailed
description of their specific microtubule interactions.

It is currently also unknown what is the mechanism which releases CLIPs and
CLASPs from the microtubule plus ends. Other MAPs, such as tau and XMAP-215



[16,17] also bind microtubules by copolymerization at the growing end. These proteins
are subsequently not released from the microtubule and therefore localized along its
entire length. Since the CLIP and CLASP binding to microtubules is inhibited by
phosphorylation [4,14,18], the dissociation of these proteins from microtubules could
be regulated by associated kinases. For CLASP it has been shown that a constitutively
active form of GSK30 inhibits the plus end microtubule binding of CLASP. Whether
GSK3J directly phosphorylates CLASP needs to be further investigated. For CLIPs it
is unknown which kinase is involved in the release of the protein from the microtubule
ends. Since the microtubule binding of CLIP-115 and CLIP-170 is sensitive to the
serine phosphatase inhibitor okadaic acid, it is likely that the basic serine-rich regions
are involved the regulation of microtubule binding. This is in line with the evidence
presented in chapter 4, Interestingly, in budding yeast the TOR (target of rapamycin)
serine kinase, is associated with the CLIP-170 homologue Biklp [19]. Inhibition of
TOR affects microtubule dynamics. Thus, in yeast TOR might regulate the selective
release of CLIPs from the microtubule plus ends and thereby influence microtubule
dynamics.

Although several models could be proposed to explain the role of CLIPs and
CLASPs in the regulation of microtubule dynamics at the microtubule tip, two
mechanisms can be considered that are based on the function of only CLIP and
CLASP (Fig. 1). In these models, CLIPs may stimulate the loading of CLASPs onto
the microtubule plus ends and/or vice versa. In the first model, CLASPs act as
catastrophe-inhibiting factors. CLIPs may be involved in attracting the catastrophe-
inhibiting factor CLASP to the microtubule plus ends, which results in a more stable
microtubule (Fig. la). In the second model, CLIP themselves are anti-catastrophe
factors, which may rescue the pausing of CLASP-positive microtubules and induce
them into a growing state (Fig. 1b). This also results in the formation of stabilized
microtubules. The last model is in line with the anti-catastrophe role of tiplp in fission
yeast [3].

A . increased Figure 1. The CLIP-CLASP
i CLASP binding interaction at the microtubule tip
affects microtubule dynamics.

Both CLIPs and CLASPs bind to
microtubule plus ends. The affinity of
CLIPs and CLASPs for microtubule
plus ends is not dependent on the

B o~y CLASP interaction with each other, However,
’
- N - 4 CLIPs and CLASPs may change the
Y CIEa s . . .
oy l(?},ﬁab?ndgng binding capacity of each other for
~

] microtubule plus ends. A CLIPs may
: \“\) promotes polymerization  Stimulate the loading of CLASPs onto

the microtubule plus ends. CLASPs
may act as carastrophe-inhibiting factors and could be attracted by the CLIP positive microtubule tip.
B CLASPs may stimulate the loading of CLIPs onto to the microtubule plus end. CLIPs may act as
anti-catastrophe factors and could be attracted by a CLASP positive microtubule tip. Both models
promote the polymerization (or rescue) of microtubules, which may result in a more stable
microtubule network.



One interesting line of experiments will be to examine how CLIPs and CLASPs
affect microtubule dynamics. A standard in vitro approach is to measure microtubule
dynamics in centrosomal extracts prepared from Xenopus eggs. Purified CLIP and
CLASP can be added alone or together to these extracts and the microtubule
(de)polymerization rate and catastrophe and rescue frequencies could be defined. An
alternative approach is to use single or double inducible knock-out cells of CLIPs and
CLASPs and measure microtubule growth and shrinkage in vivo. Although very
laborious and time-consuming. this approach would provide the most compelling
evidence for the role of CLIPs and CLASPs in microtubule dynamics.

Future progress on the regulation of microtubule dynamics will also come from
studying the interaction between CLIPs and/or CLASPs with EB and APC family
proteins. Since EB-related proteins exhibit the same treadmilling behavior on growing
microtubules and are present on the same microtubule plus ends as CLIP and CLASP,
these proteins may function cooperatively in a “plus end complex’. Alternatively,
competition between the CLIP/CLASP and EB/APC protein families may also occur.
Interestingly, Bimlp (EB1) in yeast has been suggested to bind to Biklp (CLIP-170)
in a yeast two hybrid system [20]. All proteins found to asscciate with CLIP-113
and/or CLIP-170 homologues are shown in figure 2a.

A ~~ Figure 2. Overview of CLIP and
Bimip (EB1)  Sw2p (XMAP-21S) BICD associated proteins.

- T A FPutative binding partners of CLIP-

Biklp 115 and CLIP-170 homologues from

T S yeast (Biklp), fly (CLIP-190) and

_ g mammals (CLIP-170). Bimlp and
CLIP-tep (B T ERSSSINISRRNEE S S| Stu2p may interact with Biklp

(unpublished results [20,21]). Myosin
Matalian VI has been shown to associate with
CLpmo LI EL SNSRI CLIP-190 [22]. CLIP-170 has a

&N dvnncin) functional interaction with dynactin and

CLASPIR presenilin  complex LIS1 and binds directly to presenilin

i 3 [23-25]. Both CLIP-115 and CLIP-170
CLIP-: 1S bind directly to CLASP [4]. CLIP-115
‘T interacts with BICD1/Z (chapter §). B

BCDIA Putative binding partners of Drosophila

and mammalian BICD. BICD from fly
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Beb - (EESE E RS ESERCy] itsel# (middle with C-terminal part) and
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dynein dysomitip  CLIP-I15 and a factor present on the Golgl

somles (S membrane (chapter 7). Arrow with two
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11. 2 CLIPs and membrane traffic

As described in the introduction in section 2.5.1, several studies suggest that in
addition to their role in microtubule dynamics, CLIPs might also link membranes to
microtubule plus ends. For example, CLIPs may represent the endpoint of plus-end
directed membrane transport, or specify local microtubuie binding sites for organelles
to direct minus-end driven motor protein transport. Alternatively, CLIPs may be
involved in a search and capture mechanism by promoting the interaction with the
plasma membrane. Although we believe that CLIPs (indirectly) associate with
membranes, we raise considerable questions concerning the validity of the claims
made in some of the initial CLIP papers [22,28,29]

First, CLIP-170 was reported as a linker between endocytotic vesicles and
microtubules by Plerre et al. (1992) [28]. This theory was based on two lines of
evidence: CLIP-170 antibodies inhibited the binding of endosomes to microtubules in
vitro and CLIP-170 partially colocalized with early endosomes in cultured cells,
However, no further evidence has been presented that CLIP-170 is directly and/or
stably associated with endosomes. Furthermore, there is no data that shows that CLIP-
170 binds to membranes in general or that this protein is enriched in the endosomal
fraction and no eclectron microscopy study has shown that CLIP-170 localizes to
endosomes or other membrane organelles. Finally, there is no in vive evidence for an
interaction between CLIP-170 and endosomes. Since the role of CLIP-170 during
endocytosis remains controversial, we stained for endosomal markers in CLIP-170
overexpressing COS-1 cells and in cells where CLIP-170 is removed from the
microtubule plus ends. Both treatments had no effect on the localization of endosomes
{Akhmanova A, Hoogenraad CC and Galjart N, unpublished results). Although, these
experiments also have their limitations, they suggests that CLIP-170 is not essential
for the proper distribution of endosomes. A conclusive answer will come from
experiments in CLIP-170 knock-out cells.

Lantz and Miller, (1998) [22] have shown that Drosephila CLIP-190 associates
with the vesicle motor myosin V1. Based on this, it has been speculated that CLIPs
may act to coordinate actin- and microtubule based organelle movements or to target
microtubules to cortical actin [30,31]. In chapter 6, we Investigated whether there is an
interaction between CLIP-170 and the myosin VI homologue in vertebrates. Results of
our cotransfection and coimmunoprecipitation experirents provide no evidence for a
direct association between myosin VI and CLIP-170. In addition, no colocalization is
detected in cultured cells or in chicken cochlea, where myosin VI is highly expressed.
These findings could be explained by the fact that the binding between myosin VI and
CLIP-170 is not conserved in mammals. However, since the interaction between
Drosophila myosin VI and CLIP-190 has only been shown by coimmunoprecipitation
experiments, its direct nature has not been established. Additional proteins could link
actin filaments to microtubules and may cause the association of myosin VI and CLIP-
190 in Drosophila.
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We have previously suggested that CLIP-115 is associated with dendritic
lamellar bodies {DLBs) [29]. This hypothesis was based on the isolation of CLIP-115
cDNA from an expression library, screened with an antiserum against DLBs, and on
immuno-glectron microscopy experiments, using newly raised anti-peptide CLIP-115
antibodies. Recently, we made new antibodies against bacterially produced CLIP-115
and showed that they specifically recognize CLIP-115 on Western Dblot.
Immunohistochemistry studies on brain sections with the new antibodies only reveal
partial overlap in staining pattern, compared to the peptide antibodies (chapter 6) {25].
Most notably DLBs in the inferior olive and Bergmann glia cells in the cerebellum are
not stained using the new CLIP-115 antibodies. These data suggest that CLIP-115 is
not present in DLBs and that the proposed direct role for CLIP-115 in mediating the
structure and localization of this organelle is unlikely. This conclusion is consistent
with the observation that in CLIP-115 knock-out mice DLBs are normally present
{chapter 10). Since CLIP-115 therefore appears not to be the protein constituent of
DLBs. it remains interesting to determine which protein is recognized by the original
«12B/18 antibody [293 and what is the DLB. A proteomic approach is well suited to
answer this question. Purification of membranous organelles with the use of sucrose
gradients or immunoisolation of DLBs with the «t12B/18 antibody and subsequent
analysis of the isolated proteins by mass spectrometry may identify the molecules
associated with the DLBs.

Although the claims made in these initial CLIP reports seem to be unconvincing
for a role of CLIP-115 and CLIP-170 in membrane transport, compelling evidence
comes from some recent observations. First, CLIP-115 and CLIP-170 associate with a
membrane bound form of CLASP, CLASP2B, which is palmitoylated [4].
Furthermore, CLASPs are observed at the Golgi apparatus and the cell cortex,
suggesting that CLIP-CLASP interactions might regulate vesicle transport or initiate
the interaction between microtubules and the plasma membrane. Moreover, CLIP-170
directly interacts with presenilin £32], which is a transmembrane protein localized to
the Golgi apparatus, endoplasmic reticulum and cytoplasmic vesicles and which is
involved in amyloid precursor protein metabolism and the activation of Notch [23].
Mutations in presenilin are linked to familial Alzheimer's disease. The interaction of
presenilin with CLIP-17Q may therefore allow attachment of presenilin containing
vesicles to microtubule plus ends. In this way presenilin might act as a membrane
receptor for CLIP-170. Interestingly, Ca®* is required for the binding of presenilin to
CLIP-170, suggesting that changes in Ca®* concentrations in the cell could modulate
this interaction. However, since all these data are based on in vitro experiments further
studies are required. Finally, CLIP-170 associates with both dynactin and LIS1
(chapter 6 [25] and 24,33]). CLIP-170 colocalizes with the minus end directed motor
protein dynein and its regulator dynactin at microtubule plus ends and overexpression
of CLIP-170 relocalizes dynactin to CLIP-170 positive structures. It has been proposed
that CLIP-170 is involved in vesicle docking at microtubule plus ends and the
izitiation of motor protein based motility (Fig. 3) [24,33]. CLIP-170 may initially load



dynactin and vesicles to the microtubule tip and mediate the recruitment of dynein to
power transport of the vesicles. How CLIP-170 associates with dynactin and how
these proteins recruit membranous vesicles is unknown. Since both dynactin and
dynein are able to bind to wvesicles, both complexes are candidates to recruit
membranes to the microtubule plus end. Thus, CLIP-170 may only function as a
scaffold to load dynactin/dynein/vesicles to the microtubule plus end. In addition, we
suggested that LIS has a function in the CLIP-170/dynactin/dynein pathway at the
microtubule plus end (chapter 6} [25]. Similar to the effect on dynactin,
overexpression of CLIP-170 relocalizes LISI to the microtubules plus ends. Since
LIS1 binds to dynactin and dynein and its overexpression abolishes the dynactin
localization at microtubule plus ends [34,35], LIS1 may act together with CLIP-
170/dynactin/dynein to regulate motor protein transport. Alternatively, since LIS has
been shown to affect microtubule dynamics [36], the putative CLIP-170-LIS1
interaction may modulate the microtubule network.

Figure 3. Model for CLIP-

nelr 170/dynactin  dependent vesicle

o docking at microtubule plus ends

and the initiation of motor protein

e e e based r‘noﬁlitj_f. The model is based

on the interaction between CLIP-170

and dynactin at microtubule plus ends

[24.33]. Since CLIP-170 and dynactin

\l 40) colocalize at microtubule plus ends

<« @ and dynactin binding is CLIP-170

¥ G dependent, CLIP-170 may load

® dynactin to the microtubule tip.

Subsequently dynactin may provide 2 dynein binding site at microtubule plus ends, Phosphorylation of

CLIP-170 releases their micrombule binding and minus end directed transport could occur. In this

model, loading of vesicles to the microtubule tip occurs by the association of vesicles with the

dynactin complex. Since. dynein has been shown to bind membranes [37] and CLIP-170 might

associate with a receptor on the endosomal membrane [38]. other models are possible as well. In
addition, function of the CLIP-170-LIS1 interaction at microtubule plus ends remains unclear,
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A role for CLIP-115 in membrane-microtubule interactions is suggested
through its direct interaction with both mammalian Bicaudal-D proteins. In chapter 7,
we have shown that mammalian BICD?2 is associated with the dynactin and dynein
complexes and is localized to the trans-Golgi network and cytoplasmic vesicles. The
dynamitin subunit of dynactin interacts with the C-terminal part of BICD2, while
dynein associates with the N-terminal part. On the basis of these observations, we
hypothesized that BICD might regulate the interaction between dynactin, dynein and
{membranous) cargo (chapter 7 and Fig. 4a-c). The role of the CLIP-115/BICD
association remains unclear but it is tempting to speculate that it may be an alternative
mechanism to the CLIP-170/dynactin model (Fig. 3), to recruit vesicles to
microtubules (Fig. 4d). While CLIP-115 may be specific for loading BICD coated
vesicles to microtubules in neurons, CLIP-170/dynactin may be a more ubiquitous
cargo loading mechanism. A central assumption in the CLIP-115/BICD model is that
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dimeric BICD must be able to unfold its C-terminal demain in order to interact with
both the vesicle surface and CLIP-115. Since dynactin also binds to the C-terminal
part of BICD, a key question is, whether CLIP-115 works together with dynactin to
activate dynein or that the action of CLIP-115 alone is sufficient to drive dynein
mediated membrane transport. In figure 4d a model is shown where dynactin is
involved in CLIP-115/BICD dependent vesicle docking. Here, dynactin may compete
with CLIP-115 for the same BICD molecule or CLIP-115 and dynactin may interact
with different BICDs on the same membranous surface. Since many aspects of the
CLIP-115/BICD/dynactin/dynein/vesicle interaction remain to be resolved, all models
concerning the CLIP-BICD and BICD/dynactin/dynein association are highly
speculative. In addition, BICD has been shown to interact with other factors. All
proteins known to associate with Drosophila and mammalian BICD are summarized in
figure 2b. These interactions may also be relevant to the BICD-CLIP-vesicle pathway.

A B C _ Figure 4. Model for CLIP-
vesicle S 810D Ben N 115/BICD dependent vesicle
5* ﬁé“mc‘c ' docking at microtubule plus

dymactin Y1 e dymactin ends and the initiation of

dynein

cotplex
complex P

complex

dyngjn  ® dgm:‘k ,
compics compiex Ji_

D dynactin
wesicle somplex.
B ECD% vesicie veaicle
= _ 7. s

motor protein based motility.
A-C Model for the BICD
interaction with dynactin, dynein
o v and vesicles. Since BICD binds

campiex to dynactin and dynein, and
BICD, dynactin and dynein are

vesicle

minus end able to agsociate with

_\: r’c : _: di’ffg‘_‘-’““""” membranes, different mecha-
nisms could account for the

A P 01 binding of all proteins to the
AR TEIEREA AL ELAALEERE - vesicle surface. For example,

L@ dynein (A) or dynactin (B) might

* - ‘ "““W bind to membranes and BICD
Cb ¥ g? Zlen, EE middle pant regulates the interaction between
& Crterminas dynein and dynactin (chapter 7).

Alternatively, BICD binds to
membranes and might link
dynein and dynactin to the same vesicles (C). In these models dimeric BICD is unfolded. However
multimerization may also account for the interaction of BICD on one vesicle with both dynein and
dynactin. D Model for CLIP-115 in loading BICD positive vesicles to microtubule plus ends in
neurons. The model is based on the direct interaction between CLIP-115 and BICD. The C-terminal
tail of BICD also mteracts with dynactin. Dynactin may compete with CLIP-115 for the same BICD
molecule. Alternatively, CLIP-115 and dynactin may interact with different BICDs on the same
vesicle (not shown). When dynactin is bound to the microtubule, it may provide a dynein loading site
and stimulate minus end directed transport. Phosphorylation of CLIP-115 removes the protein from
the microtubules, In theory, CLIP-115 could also 1oad dynein (A) or dynactin (B) coated vesicles via
an interaction with BICD.

One way to address these questions, is to use an in vitro motility system. By adding
purified dynactin, CLIP-115 and/or isolated BICD vesicles to this in vitro system, the
effect on minus end directed mobility could be tested. Alternatively, homozygous



CLIP-115 (CLIP-L) knock-out mice, may provide an excellent tool to study BICD
associated vesicle transport in neurons. Another interesting line of experiments will be
to examine what is transported by BICD coated vesicles and in which transport
pathway BICD is involved. Identification of constituent proteins of the BICD positive
vesicles will provide clues to the role of BICD in membrane transport.

11.3 CLIP-115 and Williams syndrome

The CYLNZ gene, encoding CLIP-115, is one of the 16 genes shown to be
hemizygously deleted in patients with Williams Syndrome (WS) (chapter 9 [39] and
[40]). WS is a developmental disorder involving vascular, connective tissue and
central nervous system abnormalities. The complex neurclogical features of this
disorder include mental retardation, visuospatial cognitive deficits, relatively preserved
language development, yet poor motor coordination and balance [41]. In chapter 10,
we demonstrate, through targeted deletion of the CYLN2 gene in mice, that the lack of
CLIP-115 is likely responsible for some of the neurological aspects of WS, Both
heterozygous and homozygous CYLNZ? knock out mice show a mild growth deficiency,
enlarged ventricular system in the brain, motor coordination deficits and are disrupted
in a hippocampus-dependent learning task. In addition, -electrophysiological
measurements in hippocampal slices from homozygous and heterozygous CYLN2
knock out and wild type (and CLIP-T) control mice clearly suggest that LTP is
affected in mice deleted for CLIP-115 (Krugers H, Hoogenraad CC, Galjart N,
unpublished results).

The mechanism by which reduced levels of CLIP-115 might contribute to the
neurological phenotype of WS is not clear, Since CLIPs are implicated in microtubule-
merbrane inieractions, a deficit in CLIP-115 levels in neurons may cause altered
vesicle transport. Alternatively, it is plausible that CLIP-115 is required to regulate
microtubule dynamics. In neurons, dynamic microtubules may participate in important
neuronal processes, such as growth cone motility and synaptic plasticity. Recent
studies indicate that sprouting of new dendritic spines may be correlated with long-
term synaptic plasticity [42,43]. It has been suggested that microtubule dynamics
could contribute to some of the morphological adaptations of dendritic spines [44].
CLIP-115 may regulate local microtubule assembly and stabilization within the spines
either directly or through its CLASP interaction. In CYLNZ knockout mice and WS
patients, the structural remodeling of synapses and the formation of new synaptic
contacts might be altered. On the other hand, microtubules (and associated) proteins
are believed to generate a scaffold for certain isoforms of GABA and glycine receptors
at postsynaptic membranes [45]. Reduced levels of CLIP-115 might lead to a aberrant
targeting and clustering of these receptors. Both hypotheses correlate well with the
observed -electrophysiological abnormalities in the hippocampus and specific
behavioral deficits in CYLN2 knock out mice. Electron microscopy studies to analyze
the morphology of synapses and a more detailed cell physiological investigation of



CYLN2 knock out mice may give a conclusive answer about the (cell biological) effect
of a CLIP-115 deletion. In addition, measurements on microtubule dynamics in
cultared hippocampal neurons of CLIP-115 deleted mice could lead to a deeper
understanding of the role of CLIP-115 in WS.
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cDNA complementary deoxyribonucleic acid
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TAC tip attachment complex
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SUMMARY

Microtubules are polar structures composed of o/B-tubulin heterodimers and are
found in all eukaryotic cells. In interphase cells, microtubules form a dynamic network
and play a major role in intracellular movement and positioning of organelles. The
polarity of microtubules is relevant for the transport properties of microtubule motor
proteins. Some organelles are transported preferentially toward the plus end of the
microtubule while others are preferentially transported toward the minus end. When
the cell enters mitosis, the interphase network disappears and microtubules start to
assemble the mitotic spindle. which segregates the chromosomes between the two
daughter cells. Therefore, one of the most important functions of microtubules, in
interphase as well as in mitosis, is to guide and orient intracellular movements.
Microtubules are also identified as the most prominent component of flagella and cilia.
Flagella provide the means for locomotion of single eukaryotic cells, like flagellated
protozoa. In mammals, many epithelial cells are ciliated in order to move material
across the tissue surface. Microtubules are also involved in the migration of cells
which do not have flagella or cilia, like fibroblasts and macrophages. In this way,
microtubules are crucial for many migration dependent processes, such as embryonic
development, inflammatory immune response, wound repair, growth cone pathfinding
and tumor metastasis.

Microtubules are dynamic polymers with a slow growing minus end and fast
growing plus end. There are three distinct steps in the life of dynamic microtubules,
namely nucleation, asserbly (polymerization) and disassembly (depolymerization).
The dynamic microtubule array usually originates at the centrosome. The centrosome
anchors microtmbules at their minus ends and organizes the microtubule network by
initiating microtubule assembly. During polymerization, free o/-tubulin heterodimers
are added to the microtubule plus-ends. Subsequently the microtubules grow from the
centrosome and extend distally to the periphery of the cell. Disassembly of the
microtubule occurs by loss of o/f-tubulin heterodimers at the plus ends. The dynamic
behavior of microtubules is regulated by GTP hydrolysis and is essential for their
biological function. Since microtubules grow randomly to the periphery of the cell,
they are able to explore the intracellular space while they polymerize. This enables
microtubules to capture specific targets within the cell. As the growing microtubule
contacts the target site, the microtubule does not depolymerize but is stabilized.
Several studies have shown that a selective capture (and stabilization) of individual
microtubules in specific regions in the cell promotes the establishment of cellular
agymmetry. Since the tip of growing microtubules will be the first to contact the
capture region, microtubule plus ends are one of the primary sites for regulating
microtubule-target interactions and microtubule dynamic behavior. Various plus end
binding proteins have been implicated in these phenomena. In this thesis, experiments
are described that study the role of microtubule plus end binding proteins, especially
cytoplasmic linker proteins (CLIPs) in microtubule dynamics and membrane transport.



Generally, three main experimental approaches have been taken to investigate the role
of CLIP-115 in the cell; 1) isolation and characterization of CLIP-115 and functional
analyses of GFP tagged CLIP-115, 2) identification of proteins that interact with
CLIP-115 by a yeast two hybrid screen and 3) the generation of CLIP-115 knock-out
mice by homologous recombination.

In these studies, we isolated and characterized a new member of the CLIP-
family, CLIP-115. CLIP-115 is predominantly expressed in the brain and abundantly
present in the dendritic compartments of neurons. Video microscopy of GFP-CLIP-
115 in living cells showed that it is dynamically localized to the tip of growing
microtubules. The CLIP-115 protein structure consists of an N-terminal domain, with
two microtubule binding domains and basic serine-rich regions, followed by a long
coiled-coil region. Truncation of the CLIP-115 protein revealed that the microtubule
binding domains together with the serine rich regions are involved in efficient
microtubule binding. A yeast two hybrid screen has identified proteins that interact
with CLIP-115. Among these, the CLIP associated proteins {CLASPs), bind to both
CLIP-115 and CLIP-170 and associate with microtubule plus ends. CLASPs are
asymmetrically distributed in motile fibroblasts and have a microtubule stabilizing
effect. In contrast to CLIPs, CLASPs localize asymmetrically to the leading edge of
fibroblasts. The other proteins isolated from the yeast two hybrid screen are the
mammalian homologues of Bicandal-D, a well studied protein in Drosophila.
Mutations in Drosophila Bicaudal-D show a developmental defect, which results in
symmetric fly embryos containing two tails (bicaudal). In mammals there are two
Bicaudal-D genes, Bicaudal-D1 and 2. Bicaudal-D2 is associated with the Golgi
apparatus and cytoplasmic vesicles. In addition, we show that Bicandal-D2 binds to
both the dynein and dynactin complexes and might be involved in the microtubule
minus end directed dynein motor protein pathway. Since Bicaudal-D is associated with
vesicles and is identified as a CLIP-115 binding protein, we suggest that Bicaudal-D
and CLIP-115 act together in a microtubule transport pathway in neurons. The third
approach was to determine the biclogical effect of deleting the CLIP-115 gene. We
generated CLIP-115 inducible knock-out mice by using homologous recombination
and the Cre-Lox system in embryonic stem cells. CLIP-115 knock-out mice are born in
a normal Mendelian fashion, they are apparently healthy and fertile and do not show
any macroscopic abnormalities. These data indicate that CLIP-115 is not essential for
life. The gene for CLIP-115, named CYLN2, is located on human chromosome
7q11.23 and is one of the sixteen genes that are hemizygously deleted in Williams
Syndrome patients. Since these patients have both physiological and neuroclogical
defects, we tried to identify the comesponding symptoms in our knock out mice. Both
heterozygous and homozygous CLIP-115 knock-out mice show growth deficiency and
neurological deficits, including problems with motor coordination and memory. These
phenotypes are comparable to some of the symptoms observed in Williams Syndrome
patients. The results show that CLIP-115 is one of the proteins that, when deleted,
contributes to the neurological abnormalities in Williams Syndrome patients.
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POPULAIRE SAMENVATTING

Gewervelde dieren, zoals de mens, zijn opgebouwd uit een higrarchie van
structuren. De kleinste structuren zijn de cellen. Cellen zijn de basale bouwstenen van
het organisme en bevatten het genetische materiaal in de vorm van DNA. Er zijn
ongeveer twee honderd verschillende soorten cellen aanwezig in het menselijk
lichaam. zoals zenuwcellen, spiercellen en bloedcellen. Uiteenlopende cel types samen
vormen een hogere orde structuur, de weefsels en organen. Deze weefsels en organen
zijn gespecialiseerd in het uitvoeren van een bepaalde taak. De maag, darmen en
galblaas hebben bijvoorbeeld elk een eigen functie bij de spijsvertering. Naast
verschillende weefsels en organen hebben gewervelde dieren een skelet, ook wel
geraamte genoemd, gemaakt van botten en kraakbeen. De functie van het skelet is om
stevigheid en vorm te bieden aan het lichaam. Qok beschermt het skelet de vitale
organen tegen inviceden van buiten af. De schedel beschermt, bijvoorbeeld, de
hersenen en de ribben vormen een soort kooi om het hart en de longen. Van groot
belang is ook de interactie tussen het skelet en de spieren. Het skelet geeft de spieren
een stevige aanhechting en afzet mogelijkheid waardoor gewervelde dieren zich
kunnen bewegen.

Elke cel in het lichaam heeft ook een intern geraamte, het zogeheten celskelet.
Dit celskelet is opgebouwd uit een fijnmazig vlechtwerk van eiwitdraden en bepaalt,
net als het beenderskelet van het menselijk lichaam, de vorm en stevigheid van de cel.
Ook zorgt het celskelet er voor dat alle onderdelen binnen in een cel op hun plaats
blijven zitten. Het celskelet doet echter nog veel meer. Ten eerste is het celskelet heel
dynamisch, het wisselt voortdurend van opbouw en samenstelling. De vorm van de cel
kan hierdoor heel snel ingrijpend veranderen, bijvoorbeeld bij celdeling of
celspecialisatie. Als een neuronale stamcel zich gaat differentieren tot een zenuweel,
legt het celskelet de basis voor de karakteristicke vertakkingen die vervolgens de
zenuwuitlopers, het axon en de dendrieten vormen. Ook bepaalt het celskelet de dikte
en lengte van de zenuwuitlopers. In de tweede plaats zijn sommige van de “botten’ van
het celskelet tegelijkertijd ‘spieren’. Dit stelt de cel in staat om zich te bewegen.
Dankzij het celskelet kunnen immunologische afweercellen zich verplaatsen naar de
plek van infectie in het lichaam en kunnen zenuwcellen de juiste contacten vinden. Ten
derde zorgt het celskelet voor het transport van verschillende bestanddelen in de cel.
Het is bijvoorbeeld betrokken bij het verplaatsen van de chromosomen gedurende de
celdeling en het transport van cel materiaal van de ene kant van de cel naar de andere
kant.

Steeds meer zickten blijken (mede) veroorzaaki te worden door veranderningen
in het celskelet. Fouten in het celskelet kunnen leiden tot karakteristicke spierziekten,
huidaandoeningen en neurologische afwijkingen. De ziekte van Alzheimer wordt
bijvoorbeeld gekenmerkt door ophoping van het celskelet bindend eiwit ‘tau’.
Specifteke veranderingen in het celskelet kunnen zelfs bijdragen in de diagnose van
sommige ziekte beelden. De identiteit van bepaalde uitgezaaide tumoren kan
bijvoorbeeld worden bepaald aan de hand van specifieke celskelet markers.
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Het celskelet is opgebouwd is uit drie verschillende soorten eiwitdraden: de
intermediaire filamenten, de actine filamenten en de microtubuli. Alle drie de soorten
zijn lange aaneengeregen ketens van duizenden afzonderlijke eiwitten. Elke van de
onderdelen van het celskelet heeft zo zijn eigen specificke functie. De intermediaire
filamenten zorgen vaak voor de stevigheid en stabiliteit in de cel en benaderen
daarmee het dichtst de structuur die bij de eigenschappen van een skelet horen. Naast
elkaar ligeende epitheelcellen in de huid bezitten veel intermediaire filamenten die met
elkaar contact maken. Hierdoor ontstaat een stabiele en goed gehechte cellaag die
zorgt voor de stevigheid van de huid. Veranderingen in intermediaire filament eiwitten
leiden soms tot ernstige erfelijke huidaandoeningen. Het tweede type celskelet, de
actine fllamenten vormen de spierbundels van het cel. Ze komen vaak voor net onder
de celmembraan en zorgen voor de beweging van de cel. Het voortbewegen van
bijvoorbeeld primitieve eencellige organismen, zoals amoeben, wordt geheel verzorgd
door het actine celskelet. Het derde, zeer belangrijke, bestanddeel van het celskelet is
het netwerk wvan microtubuli. Microtubuli zijn buisvormige structuren met een
doorsnede van 25 nm en zijn opgebouwd uit twee type eiwitten. Deze eiwitten worden
o en P tubuline genoemd. Dankzij de oriéntatie waarmee de o en § tubuline worden
ingebouwd bezitten microtubuli een polariteit, met een min en plus kant. De min kant
van de microtubuli is verankerd in een centraal punt bij de celkern. Dit punt wordt het
microtubuli organisatie centrum of centrosoom genoemd, Doordat de min kant stevig
vast zit, kan de microtubulus aan het plus einde nieuwe tubuline moleculen inbouwen.
Dankzij deze eigenschap kunnen microtubuli vanuit het midden van de cel naar de
buitenkant (de celmembraan) groeien.

Alle eukaryoten organismen, zoals gisten, vliegen, wormen, planten en dieren
gebruiken microtubuli voor het sorteren en verdelen van de chromosomen tijdens de
celdeling. Als tijdens de deling de microtubuli functie verstoord wordt kan de cel zich
niet meer vermenigvuldigen. Dit heeft tot gevolg dat het organisme zich niet meer kKan
ontwikkelen en voortplanten. Microtubuli zijn dus essentieel in het leven van zowel
eencellige als meercellige organismen. De meeste cellen in het menselijk lichaam zijn
niet bezig met delen maar bevinden zich in een rust fase. Microtubuli hebben ook dan
belangrijke functies. Microtubuli kunnen heel stabiel zijn en gebruikt worden als een
soort transportrails. Langs deze rails vervoeren motor eiwitten diverse materialen
{bijvoorbeeld celorganellen of eiwit moleculen) binnen in de cel. Kinesine motor
elwitten vervoeren materiaal van het microtubuli min einde (het centrosoom) naar het
plus einde (de celmembraan). Dyneine motor eiwitten doen dit juist andersom en
transporteren materiaal van de plus naar de min kant. Motor eiwitten zijn ook
betrokken bij het transport van celmateriaal in zenuwcellen. Aangezien zenuwcellen
wel een meter lang kunnen worden, is er een zeer ontwikkeld regulatie mechanisme
nodig cm de motor eiwitten, letterlijk, in goede banen te leiden.

Zoals hierboven al is beschreven zit de min kant van de microtubuli verankerd
in het centrosoom en is het plus einde vrij om nieuwe tubuline eiwitten in te bouwen.
Op deze manier groeien de microtubuli vanuit het midden van de cel naar de



celmembraan. Als microtubuli tegen de celmembraan aan groeien of op een andere
manier lang genoeg zjn, krimpen ze weer. Het voortdurend groeien en afbreken van
microtubuli wordt dynamische instabiliteit genoemd. Dankzij deze eigenschappen
kunnen microtubuli de drie dimensionale ruimte van de cel 'doorzocken’ en interacties
aangaan met verschillende  bindingsplaatsen. Als de microtubull eenmaal een
bindingsplaats gevenden hebben krimpen ze niet meer en zijn ze tijdelijk stabiel. Met
andere woorden, de microtubuli die 'gevangen' zijn genomen door de bepaalde
bindingsplaatsen zijn in rust en pauzeren even. Het systeem van locale stabilisatie van
microtubuli wordt dan ook wel het 'zoek en vang' mechanisme genroemd. Dynamische
instabiliteit en het 'zoek en vang' mechanisme zijn verantwoordelijk voor de opbouw
van een asymmetrisch microtubuli netwerk in de cel. De asymmetrische oriéntatie van
microtubull in de richting van de membraan is cruciaal voor vorm en structuur van de
cel. Een cel kan hierdoor bijvoorbeeld bepalen wat zijn ‘voor” en ‘achterkant’ is. Op
deze manier kunnen zenuwcellen uitgroelen in de gewenste richting, fibroblasten over
een ondergrond lopen en macrofagen in het lichaam zich voortbewegen in de richting
van de infectie. Een asymmetrisch netwerk van microtubuli wordt experimenteel
zichtbaar door in het laboratorium uitgevoerde 'wond heling' experimenten. Hierbij
wordt in een volle schaal met fibroblast celien een dunne streep getrokken. Een aantal
cellen wordt hierdcor van het schaaltje afgeschraapt en een zone zonder cellen, de
‘wond' blijft achter. De cellen aan de rand van de wond gaan zich nu zo ontwikkelen
dat hun ‘voorkant’ in de richting van de wond gaat wijzen. Hierdoor kunnen de
fibroblasten zich in die richting bewegen. De meeste microtubuii in de fibroblast cellen
zijn nu georiénteerd naar de kant van de wond toe en worden gestabiliseerd in die
bewegingsrichting. Uit de 'wond heling’ blijkt dat de dynamieck van de microtubuli en
de interacties die de microtubuli aangaan met de bindingsplaatsen aan de ‘voorkant’
van de cel gereguleerd worden door verschillende factoren. Deze factoren bevinden
zich xowel buiten de cel (zoals groeifactoren) als binnen de cel (zoals bijvoorbeeld
membraan eiwitten en microtubuli bindende factoren).

Dit proefschrift tracht inzicht te verschaffen in de rol die de zogenaamde CLIP
eiwitten spelen bij verschillende cellulaire processen. CLIP is de (Engelse) afkorting
voor ‘cytoplasmatisch linker eiwit’. Aangezien CLIPs zich specifiek bevinden aan het
uiteinde van groeiende microtubuli, is het zeer aannemelifk dat ze betrokken zijn bij de
regulatie van de groei van microtubuli. Ook is het mogelijk dat CLIPs het einde van de
microtubuli definiéren. Ze hebben als het ware een signaalfunctie. Hierdoor kan de
plus kant van de microtubultus, via de CLIP eiwitten, een interactic aangaan met
membraanachtige celorganellen, of met specifieke delen van de celmembraan. De titel
van dit proefschrift luid dan ook; De rol van cytoplasmatische linker eiwitten (CLIPs)
bij microtubuli dynamiek en membraan verkeer.

In de eerste twee inleidende hoofdstukken wordt de huidige kennis omtrent het
cytoskelet samengevat. In hoofstuk 1 word voornamelijk de structuur van microtubuli
en hun dynamiek beschreven. Vervolgens worden enkele voorbeelden genoemd van
processen in de cel waarbij microtubuli betrokken zijn. In hoofstuk 2 worden vier



verschillende soorten microtubuli bindende eiwitten behandeld; de klassieke
microtubuli geassocicerde eiwitten, eiwitten die de microtubuli dynamiek reguleren,
microtubuli motor eiwitten en microtubuli plus cind bindende eiwitten. Van deze
laatste groep worden de CLIP en EB1 families gedetailleerd besproken. Er wordt
duidelijk gemaakt dat de leden van deze families voorkomen in zowel lagere als
hogere organismen. CLIP-115 en CLIP-170 zijn onderdeel van de CLIP familie die
voorkomen bij zoogdieren.

De hoofstukken 3 tot en met 10 vatten het praktische werk van dit
promoticonderzoek samen. De vraag die centraal stond bij dit onderzoek was: wat is de
functic van het CLIP-115 eiwit. Om een antwoord te krijgen op deze vraag zijn
verschillende experimentele benaderingen gebruikt. Zo werd er bijvoorbeeld in
gekweekte cellen gekeken naar de lokalisatie van CLIP-115 eiwitten die gekoppeld
zijn aan een groene fluorescente stof, GFP genaamd. Omdat dit GFP-CLIP-115 fusie
eiwit ook in levend materiaal zichtbaar is, kan de dynamiek van CLIP-115 onderzocht
worden. Ook is er gebruik gemaakt een bepaalde techniek. de “yeast two hybrid assay’,
die het mogelijk maakt om de eiwitten te identificeren die een interactie aangaan met
CLIP-115. Daarnaast is met behulp van een andere techniek, homologe recombinatie,
het CLIP-115 coderende gen verwijderd uit het DNA van alle cellen van de muis.

In hoofdstuk 3 wordt beschreven op welke manier CLIP-113 is geisoleerd en
dat het eiwit voornamelijk in de hersenen blijkt voor te komen. Dit is in tegenstelling
tot CLIP-170, wat in alle weefsels tot expressie komt. In hoofdstuk 4 wordt CLIP-115
meer in detail bestudeerd. Hier wordt aangetoond dat het eiwit aan plus eindes van
microtubuli bindt. Verder is in kaart gebracht welke aminozuren van CLIP-115
belangrijk zijn bij de binding aan microtubuli en laten we zien dat twee CLIP-115
monomeren met elkaar associdren en gestabiliseerd kunnen worden door cysteine
bruggen. In hoofdstuk 3 onderzocken we waar CLIP-115 en CLIP-170 voorkomen in
de hersenen. Ook laten we zien dat CLIP-170 een interactie heeft met de eiwitten
dynactine en LIS1. Dynactine en LIS zijn beschreven als eiwitten die binden aan het
motor eiwit dyneine. CLIP-170 speelt dus mogelijk een rol bij het dyneine afhankelijk
membraan transport. In hoofdstuk 6 wordt de isolatie en karakterisatie van CLASP,
een nieuw microtubuli plus eind bindend eiwit beschreven. CLASP bind zowel aan
CLIP-115 als aan CLIP-170 en in bewegende fibroblasten is het eiwit voornamelijk
aanwezig aan de ‘voorkant’ vam cel. CLASP is betrokken bij de stabilisatie van
microtubuli aan de “voorkant’. In hoofdstuk 7 wordt het eiwit Bicaudal-D (BICD)
geintroduceerd. BICD is voornamelijk bekend van studies in het fruitvliegje,
Drosophila. Mutaties in het BICD gen veroorzaken een defect in de ontwikkeling van
het fruitvliegje: in plaats van vliegjes met een kop en staart hebben deze mutanten twee
staarten {bicaudaal). In mensen zijn twee BICD eiwitten aanwezig, BICD1 en BICD2.
Wij laten zien dat BICD?2 is geassocicerd met Golgi membranen en cytoplasmatische
blaasjes en dat het direct bindt aan een van de onderdelen van het dynactine complex.
Overexpressie van een gedeelte van het BICD2 eiwit beinvioed dyneine transport. In
hoofdstuk 8 bestuderen we de interactie tussen beide CLIP eiwitten en BICD. We



vinden dat terwijl CLIP-170 niet associeert met BICD1/2, CLIP-115 aan zowel BICD1
als BICD2 bindt. Dit suggereert dat CLIP-115 is betrokken bij membraan transport. In
hoofdstuk 9 wordt de genomische organisatie en de chromosoom positie van het
muizen CYLNZ? gen beschreven. Het CYLN2 gen codeert voor het CLIP-115 eiwit en
ligt op chromosoom 7q11.23 van de mens. Een van de allelen van het CYLNZ gen is
afwezig bij Williams Syndroom patignten. In hoofdstuk 10 wordt beschreven hoe met
een bepaalde techniek, homologe recombinatie, het CLIP-115 gen uit het DNA van
alle cellen van de muis is verwijderd. Deze muizen kunnen geen CLIP-115 eiwit meer
aanmaken. Uit ons onderzoek is gebleken dat deze muizen kieiner zijn en bepaalde
gedragsafwijkingen vertonen. Muizen die geen CLIP-113 meer aanmaken hebben
problemen met hun balans en codrdinatic en hebben een minder goed geheugen in
vergelijking met muizen die wel CLIP-115 eiwit aan kunnen maken. Deze afwijkingen
zijn vergelijkbaar met sommige symptomen van Williams Syndroom patiénten. Deze
resultaten duiden er op dat een reductie in het CLIP-115 eiwit (mede) verantwoordelijk
is voor de afwijkingen in Williams Syndroom patiénten. In hoofdstuk 11 worden de
resultaten van het in dit proefschrift beschreven onderzoek besproken en bekijken we
waar toekomstig onderzoek zich op zou kunnen richten.
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DANKWOORD

Dankzij bemoeienissen, suggesties, hulp, steun en gezelligheid van velen ben ik
in staat geweest dit proefschrift te schrijven. Daarom wil ik iedereen bedanken die op
één of andere manier een bijdrage heeft geleverd aan het tot stand komen van dit
boekje. Enkele van hen wil ik hier graag noemen. Aan mijn promotoren, Frank
Grosveld en Chris de Zeeuw de bijzondere eer om dit rijtje van mensen e openen.
Frank, graag wil ik je bedanken voor het scheppen van een perfect wetenschappelijk
klimaat op de afdeling. Vooral je kritische vragen en opmerkingen tijdens de
werkbespreking hebben het onderzoek de goede kant opgestuurd. Is het trouwens echt
70 vreselijk daar op de 12e? Chuis, het is een eer de eerste promovendus te zijn waar je
als promotor fungeert. Hoewel CLIP-115 niks te maken lijkt te hebben met DLBs,
blijft het toch een interessant organel. Zullen we op een onbewaalt ogenblik nog een
keer een ‘hoost-18" gokje wagen? Verder bedankt voor je vertrouwen en de
mogelijkheid onderzoek te doen in de niguwe neuroscience-tent.

Mijn grootste dank gaat uit naar mijn co-promotor Niels Galjart. Niels, ik ben je
zeer dankbaar voor je inspirerende begeleiding en het overbrengen van je
enthousiasme voor fundamenteel wetenschappelijk onderzoek. Ik waardeer het zeer dat
je altijd weer tijd wist vrij te maken om over de nieuwste proeven te praten. We
hebben wat afgewed de afgelopen jaren ('wat was cok al weer de inzet?'). Toch geinig
wat zo'n microtubuli bindend eiwit te weeg kan brengen. Ik hoop dat ik je een beetje
van je knock-out-zonder-fenotype-syndroom afgeholpen heb. Hoe zit het eigenlijk met
#p-377 Ook de gezelligheid tijdens de congressen mag niet onvermeld blijven; rood
koffertje, Nederland-Belgie, hasjhonden, terugtreldken, cous cous en heb jij nog dorst?
Om de afgelopen jaren in je eigen woorden samen te vatten: BEDANKT VOOR DE
LES! En oh ja, vergeet je stropdas niet op de dag zelf.

Vervolgens wil ik de CLIPers en C(L)ASPers ontzettend bedanken voor hun
bijdrage aan dit promoticonderzock. Anna, jij en ik hebben samen een paar gave
experimenten gedaan. Die ene yeast-two hybrid screen moeten we eigenlijk heilig
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