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Scope of the thesis

Microtubules are a part of the cytoskeleton involved in many essential processes, such as
intracellular transport of cargoes, cell migration, positioning of cellular organelles and
formation of the mitotic spindle for chromosome segregation. The fast growing end of
microtubules (the plus-end) can interact with specific microtubule plus-end binding proteins
(also known as plus-end tracking proteins, or +TIPs). +TIPs participate in microtubule
interactions with different cellular structures and control microtubule dynamics. This thesis
describes the functional analysis of protein interactions at the microtubule plus-ends.

Chapter 1 is an introduction into the cytoskeleton. It gives an overview of the three
types of cytoskeletal filaments (intermediate filaments, actin filaments and microtubules)
and diverse microtubule associated proteins (MAPs), including microtubule associated
motors, general microtubule associated proteins and microtubule plus-end binding proteins.

Chapter 2 describes the microtubule plus-end tracking protein CLIP-170
(cytoplasmic linker protein of 170 kDa), which regulates its association with microtubules
by changing its conformation. CLIP-170 possesses two NH, terminal CAP-Gly domains that
are involved in the interaction with microtubules, and two COOH-terminal metal binding
domains, which interact with various partners. The NH, terminus of CLIP-170 binds
directly to the COOH terminus through its first metal-binding domain. Also the dynactin
subunit p150°™*! and LIS1 interact with the COOH terminus of CLIP-170, but depend on
the second metal-binding domain. The folded head-to-tail conformation of CLIP-170
inhibits microtubule association and also interferes with the binding of dynactin and LIS1 to
the CLIP-170 COOH terminus.

Chapter 3 reports the functional relationship of CLIP-170 and CLIP-115 with the
three EB family members EB1, EB2 and EB3. CLIPs bind directly to the COOH terminus of
the EB proteins. This interaction contributes to CLIP-170 localization and enhances its
intrinsic affinity for growing microtubule ends.

Chapter 4 shows that the two CLIP-associating proteins, CLASP1 and CLASP2
play redundant roles in regulating the density, stability and dynamics of interphase
microtubules. CLASPs stabilize microtubules at the cell periphery, possibly through
forming a complex with EB1 at microtubule tips. The association of CLASPs with the
cortex, which is microtubule-independent, mediates interactions between microtubule plus-
ends and the cell cortex.

Chapter 5 describes the identification of two novel binding partners of CLASP1
and CLASP2 using pull down assays coupled to mass spectrometry. These partners, LL5
and ELKS, are both required for the normal cortical CLASP accumulation and microtubule
organisation. Since LL5f contains a PIP3-binding pleckstrin homology (PH) domain it is
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proposed that LL5B and ELKS can form a PIP3-regulated cortical platform, to which
CLASPs attach distal microtubule ends.

Chapter 6 describes an optimised procedure for using mass spectrometry to
identify the components of membrane-bound protein complexes. For the cortical protein
LL5B, which is involved in attaching microtubules to the membrane, it is shown that at least
one of the isolated potential partners, liprin-al, is indeed a component of the LL5p clusters
at the margin of HeLa cells.
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Introduction into the cytoskeleton






Introduction into the cytoskeleton

1.1  The cytoskeleton

Living cells are highly complex systems. Eukaryotic cells, such as human cells, have
specialized organelles and structures with specific vital functions. For instance,
mitochondria take care of the energy metabolism, the cell nucleus is the place of DNA
storage and RNA transcription, the endoplasmic reticulum and the Golgi apparatus harbour
the machinery for synthesis of glycoproteins and lipids and the cytoskeleton is necessary for
maintaining cell morphology and intracellular transport (Fig. 1). This thesis will focuss on
the last structure, the cytoskeleton. All eukaryotic cells have a cytoskeleton, from unicellular
organisms such as yeasts to multicellular organisms such as plants, flies and mammals.
Many cytoskeletal components are highly conserved in evolution, indicating that they are
essential for the normal cell functioning.

The cytoskeleton is involved in specialized functions of diverse cell types. For
example, cell migration during embryonic development, sperm cell motility, chromosome
segregation during cell division, muscle contraction, intracellular vesicle transport, cell
morphology and strength all depend on the cytoskeleton (Janmey 1991). Because the
cytoskeleton is involved in so many essential processes, it is not surprising that its
malfunctioning causes cell disorders and human diseases. Today, many diseases, such as
cardiovascular syndromes, liver cirrhosis, neurodegeneration, pulmonary fibrosis, blistering
skin diseases and cancer have been associated with abnormalities in cytoskeletal proteins.
Research into the function, control and maintenance of the cytoskeleton is therefore of great
interest. For instance, frequently used cancer therapies are based on application of anti-
cytoskeletal drugs that inhibit cell division. In future, the basic knowledge about the
cytoskeleton might lead to more specific drugs (Fuchs and Cleveland 1998; Benitez-King et
al. 2004; Ramaekers and Bosman 2004).

Figure 1: The major features of
eukaryotic cells.
—— Microvilli The drawing depicts an intestinal
vd animal cell with its major organelles
Cytoskeleton ————— . fe and structures. Microvilli and cilia,
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Mitochondrion = " Golgi apparatus i .
dense with cytoskeleton filaments,
~— Smooth endoplasmic especially abundant on the
Nudleus —— petieuyim absorptive surface of intestinal
T Lysosome epithelial cells.

Rough endoplasmic = 7
reticulum

(Fundamentals of General, Organic, and

Biological ~ Chemistry; McMurry and

Ribosomes — o Castellion; 1999)
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Chapter 1

There are three types of cytoskeletal structures or filaments: the intermediate
filaments, the microfilaments (or actin) and the microtubules (Fig. 2). All these filaments,
which are constructed from smaller building blocks, play various roles within the cell. What
makes them all highly important are their dynamics, their multi-functionality and their
ability to cooperate with each other in different parts of the cell. Interplay between different
cytoskeletal elements is regulated by a variety of proteins, protein complexes, organelles
and other specific targets within the cell. Next, the cytoskeletal structures will be discussed
in more detail.

Actin
filaments Tubulin

Microtubules molecule

— Actin
molecule

Centrosome A
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==

intermediate filaments

Intermediate & .ﬁ‘.:___.‘. { :

filaments

Cell nucleus
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Figure 2: Components of the cytoskeleton.

(A) The cytoskeleton of a cell is constructed from three major networks: actin filaments, intermediate
filaments and microtubules. Each one has its own specific function and localization within cells.

(B) Schematic representation with electron micrographs of the three types of filaments. Microtubules
have the largest diameter of about 25 nm, the rope-like intermediate filaments about 10 nm and the actin
filaments about 5 nm in diameter. (Neuroscience: Exploring the Brain, 2nd Edition 2000; http://www.imb-
Jjena.de/~kboehm/mt-neg.html; http.//www.borisylab.northwestern.edu; http://www.sparknotes.com/biology/cellstructure/
intracellularcomponents/section1.html)

1.1.1 Intermediate filaments

Intermediate filaments are rope-like fibres with a diameter of around 10 nm (Fig. 2B). The
main function of these filaments is to give cells mechanical stability and strength. A diverse
group of intermediate filaments are expressed in different cell types: nuclear filaments,
epithelial filaments (cytokeratins) or neurofilaments. The fibres are constructed by a large
and heterogeneous family of proteins, which includes lamins, keratins and vimentins. The
proteins of this family can dimerize by their extended central a-helical domains to form

12
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parallel coiled coils. Subsequently, these dimers form anti-parallel tetramers that pack
together laterally to shape a filament without polarity (Stewart 1993; Helfand et al. 2004;
Herrmann and Aebi 2004; Lariviere and Julien 2004). In contrast to microtubules or actin,
intermediate filaments are very stable structures that display little dynamic behaviour. This
property is extremely well suited to provide mechanical strength to cells and tissues.
Cytoplasmic intermediate filaments, composed of keratin and vimentin, form a complex
network, which extends from the plasma membrane to the cell nucleus and is important for
proper nuclear positioning and anchoring. Intermediate filaments can interact with different
cellular components. A number of proteins, including plectin, bulbous pemphigoid antigen 1
(BPAGTI) and desmoplakin, binds specifically to these filaments (Bousquet and Coulombe
1996). Moreover, intermediate filaments can interact with microtubules as well as actin
fibres to form an integrated cytoskeletal network, which plays a role in cell migration and
cell-substratum contacts (Fuchs and Yang 1999).

1.1.2  Actin filaments

Another essential component of the cytoskeleton is actin, which plays a crucial role in
eukaryotic cells. Actin consists of two different forms: globular monomeric (G) actin and
filamentous polymeric (F) actin. Actin monomers assemble into a polarized two-stranded
rod-like helical filament of 5-7 nm in diameter (Fig. 2B). Actin polymerization can take
place at a fast-growing plus-end (the barbed end) and at a slow-growing minus-end (the
pointed end) and is facilitated by specific proteins that bind to the free monomers. The actin
subunits are bound to adenosine triphosphate (ATP), which controls the binding affinity for
the neighbouring actin subunits within filaments. As the filament matures, actin-bound ATP
is hydrolysed into adenosine diphosphate (ADP), which reduces the binding affinity of actin
monomers and makes them more likely to disassemble from the pointed end (Reisler 1993).
Subsequently, actin monomers undergo recycling by nucleotide exchange that regenerates
ATP-bound monomers for new rounds of polymerization. The continued process of G-actin
assembly and disassembly at the ends of actin filaments results in a constant size of the
filament. This steady state with a net flux of actin subunits through the polymer is also
known as treadmilling (Cleveland 1982; Carlier 1990; Carlier 1992).

The function of actin filaments (or microfilaments) is quite diverse. For instance,
they are involved in the generation and maintenance of cell morphology and polarity,
endocytosis and intracellular trafficking, in motility and cell division (Furukawa and
Fechheimer 1997). Actin filaments are very dynamic; they are often closely located near the
plasma membrane, where they induce structures like the lamellipodia and filopodia (Luna
and Hitt 1992). They can form different arrays in cells: a weblike (gel-like) network at the
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cell cortex, and two types of bundles, such as the contractile stress fibres and the tight
parallel bundles in filopodia. In muscles, actin filaments are the most abundant cytoskeletal
structures, which together with myosin motors are responsible for the muscle contraction.
They are arranged in parallel arrays and, in contrast to similar structures in non-muscle cells,
are unusually stable (Rayment et al. 1993). There are also many other proteins which
specifically bind to actin monomers and filaments (Hartwig and Kwiatkowski 1991;
Cunningham et al. 1992; Winder and Ayscough 2005). These actin-binding proteins (or
ABPs) can use microfilaments as a scaffold or regulate their dynamics. To start, there is a
whole group of motors, myosins, which can move along the actin filaments using ATP
hydrolysis. With the aid of myosin motors, specific cargoes can be transported or adjacent
actin filaments can be moved against each other. The human genome contains almost 40
myosin genes, representing 12 different myosin classes (Mermall et al. 1998; Hodge and
Cope 2000; Sellers 2000; Krendel and Mooseker 2005).

ATP-actin ADP-actin

Figure 3: Treadmilling. ATP-bound actin assembles at the barbed (plus) end of the actin filament, while
ADP-bound actin is released from the pointed (minus) end. This continued process results in a constant
size of the filament, which means that any particular monomer recycles between the barbed end and the
pointed end. This mechanism takes place in cells and is for instance responsible for the protrusion of the
leading edge of moving cells.

(http.//www.bms.ed.ac.uk/research/others/smaciver/lectures/Cs2.htm)

Another group of ABPs are proteins involved in regulating actin monomer assembly.
Thymosin, for instance, binds to actin monomers and thereby prevents the assembly of the
polymer. This is necessary because of the high concentration of actin monomers in the
cytoplasm. Profilin, in contrast, promotes the assembly of ATP-bound actin monomers into
polymerized filaments, and cofilin enhances the rate of disassembly of ADP-actin from the
minus end of actin filaments (Carlier and Pantaloni 1994; Ono 2003). Finally, to start
making new filaments, the Arp2/3 protein complex is involved in the nucleation of actin.
When the Arp2/3 complex binds G-actin, it acts as a pointed-end-capping protein which
promotes rapid growth of the filament from its barbed end (Pollard and Beltzner 2002; dos
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Remedios et al. 2003; Winder and Ayscough 2005). Another family of proteins, involved in
actin nucleation, are formins. This group of multi-domain proteins is defined by strongly
conserved FH2 domains, which dimerize to induce nucleation of actin filaments. In contrast
to the Arp2/3 complex, which is activated by existing filaments to nucleate branches from
parent filaments, formins nucleate from monomers alone and generate straight filaments
(Pring et al. 2003; Zigmond 2004).

Furthermore, there is a whole list of proteins involved in actin cross-linking,
membrane-anchoring, filament stabilization or bundling and linking it to other cytoskeletal
structures. Clearly, the actin network and its binding partners are of great importance for the
regulation of cell structure and polarity.

1.1.3  Microtubules

The third cytoskeletal structure that will be discussed are microtubules. Microtubules are
involved in a lot of essential processes, like intracellular transport of cargoes, cell migration,
positioning of cellular organelles and formation of the mitotic spindle for chromosome
segregation. Microtubules were first discovered in unicellular eukaryotes as the main
component of flagella, which enable these cells to swim. Like actin filaments, microtubules
are dynamic structures, which are formed by polymerization of specific monomers, tubulins.
Two closely related tubulin monomers, o-tubulin and B-tubulin, can assemble into
heterodimers with the help of several tubulin folding cofactors (Tian et al. 1997; Nolasco et
al. 2005). The heterodimerized tubulins can subsequently polymerize in a head-to-tail
fashion into linear protofilaments. Generally, 13 of these protofilaments associate laterally
and with the same polarity to shape a hollow tube, the microtubule. Microtubules have a
polarized structure with a diameter of 20-25 nm and, like actin, they have a fast growing
plus-end and a slow growing minus-end, where the tubulin heterodimers can be incorporated
(Fig. 2B) (Wade and Hyman 1997). Both a- and B-tubulin contain guanosine triphosphate
(GTP), but only the B-tubulin-bound GTP can be hydrolysed. Microtubule plus-ends, the
place of tubulin dimer addition in vivo, have B-tubulin subunits facing outside. In freshly
assembled tubulin heterodimers, B-tubulin is in the GTP form. In this way the growing end
of the microtubule is provided with a GTP-cap, which prevents it from shrinking. During
polymerization, the a-tubulin part of the heterodimer binds to the B-tubulin at the
microtubule plus-end. This binding triggers hydrolysis of B-tubulin-bound GTP to
guanosine diphosphate (GDP) (Erickson and O'Brien 1992; Anders and Botstein 2001). If
hydrolysis is faster than polymerisation, the microtubule will lose its GTP-cap; it will then
become unstable and will start to depolymerise from the plus-end. On the other hand, if
hydrolysis lags behind polymerization, the GTP-cap will form and make the microtubule
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more stable. In certain cases GTP-bound heterodimers will assemble at the plus-end, while
GDP-bound heterodimers are released from the minus end: a process which is comparable
with treadmilling of actin filaments (Fig. 3) (Howard and Hyman 2003). Since microtubules
can grow (polymerize) or shrink (depolymerize) very rapidly, the cell is able to re-arrange
its microtubule network very rapidly. When a microtubule shifts from a growing phase to a
shrinking phase, this is called catastrophe. The opposite transition, when a microtubule starts
growing again after a phase of shrinking, is called rescue. The process of switching between
these different microtubule states is called dynamic instability (Cassimeris 1993; Desai and
Mitchison 1997).

In many cell types, microtubules are nucleated at the centrosome, or the
microtubule organizing centre (MTOC) near the cell nucleus (Fig. 2a). The MTOC contains
Y-tubulin protein complexes that form a ring-like structure and serve as templates to nucleate
microtubules with 13 protofilaments. All microtubules are attached to the MTOC with their
minus-ends, while the plus-ends point outward and grow toward the cell periphery (Job et
al. 2003; Aldaz et al. 2005). There the microtubules can search and capture different targets
within the cell. This search-and-capture process can be random in the cytoplasm, but can
also be regulated by specific proteins which guide the microtubule to certain contact sites
like the cell cortex (Mimori-Kiyosue and Tsukita 2003).

e Kinetochore

Uy

Mitotic center
{centrosome)

Aster

Polar
microtubule

Centriole

A

Figure 4: Mitotic spindle

(A) Diagram of the mitotic spindle in a eukaryotic cell in metaphase. The spindle consists of two
opposing centrosomes or spindle poles, where the minus ends of the microtubules are anchored. The
astral microtubules radiate in all directions from the centrosomes; they position the spindle and
contribute to the forces that separate the poles. Polar microtubules can either be attached to
chromosome kinetochores or stay unbound at the equator of the spindle to be responsible for the
symmetrical, bipolar shape of the spindle. (B) A picture of a metaphase cell stained for tubulin and DNA.
(Sinauer Associates 1998; http://raven.zoology.washington.edu/celldynamics/events/workshops/archive/2003/ cytomod
_abstracs/ DCompton)
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The microtubule network can also be dramatically reorganized into an important
machinery that is essential for chromosome segregation during mitosis and meiosis. This so
called mitotic spindle is a structure where the microtubule minus ends are centred into two
spindle poles at the opposite sites of the former nucleus, while the plus-ends can be attached
to chromosomes at specific binding sites, the kinetochores (Fig. 4) (Gadde and Heald 2004).
Besides chromosome-bound microtubules, there are also free overlapping microtubules,
which form opposite poles across the equator. These microtubules give the mitotic spindle
its symmetry and provide sliding forces to push spindle poles apart during the anaphase.
Outside the spindle, astral microtubules grow out of the spindle poles in all directions; they
can become anchored at the cell membrane and aid the separation of the opposite poles.
When all chromosomes are attached with their kinetochores to the spindle, the microtubules
start to depolymerize. This process, which is under the control of specific motors and
microtubule stabilizing and destabilizing proteins, finally results in the separation of the
sister chromatids (Kline-Smith and Walczak 2004).

1.2 Microtubule associated proteins (MAPs)

A lot of proteins can bind specifically to microtubules to regulate dynamic instability,
capture, mitotic chromosome segregation and transport along the microtubules. Proteins that
specifically attach to microtubules in vitro as well as in vivo are called microtubule
associated proteins (MAPs). They can be divided into two groups: motor MAPs and non-
motor MAPs. In this part different MAPs will be discussed in more detail.

1.2.1  Microtubule associated motors

One of the main functions of microtubules is to aid intracellular transport of vesicles and
cargoes from one part of the cell to another or from organelle to organelle. Vesicles and
other cargoes are bound to specific motor proteins, which carry them along the microtubules
in a specific direction (Schroer 2000). Besides intracellular transport, these motors also play
a key role in chromosome movement during mitosis and meiosis (Endow 1999; Cassimeris
2004). To enable movement in two directions along microtubules, there are two different
types of motor proteins (Fig. 5): dyneins, which are minus-end directed (retrograde) motors
and kinesins, which are mainly plus-end directed (anterograde) motors, with the exception
of KIFC kinesin motors that move oppositely (Mallik and Gross 2004). Both dynein and
kinesin motors have a globular head domain, containing a microtubule binding motif with
ATPase activity.
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All kinesins are distantly related to myosins and show several structural similarities
to these motors (e.g. kinesin-1 and myosin-V, which have a single ATP-binding site per
head and hydrolyze a single ATP molecule per step during motion) (Vale and Milligan
2000; Mallik and Gross 2004). One of the best-studied members of the family, conventional
kinesin (kinesin-1) is a dimer, which consists of two heavy chains containing the NH,
terminal motor domain, central coiled-coil regions responsible for oligomerization and a tail
that can interact with the light chains to enable cargo binding (Howard 1997). The position
of the motor domain can vary between different kinesin superfamily proteins (KIFs): it can
be located at the NH,-terminus, in the middle, or at the COOH-terminus. So far, a total
number of 45 KIFs have been identified in mammals with diverse functions (Kull 2000;
Miki et al. 2001; Miki et al. 2005). In neurons, there are different KIFs that have their own
function in transporting specific types of organelles, like synaptic vesicles. The specificity
of the KIFs seems to lie within the cargo-binding tails of the proteins or, in the case of
kinesin-1, in the light chains (Vallee and Sheetz 1996; Muresan 2000).

Dyneins can be divided into two classes: axonemal and cytoplasmic dyneins.
Axonemal dyneins are involved in bending of cilia and flagella of eukaryotic cells and
include heterodimers and heterotrimers, with two or three motor domain heads, respectively.
Cytoplasmic dynein is a homodimer and contains, besides its heavy chains, several
intermediate, light intermediate and light chains (Oiwa and Sakakibara 2005). The heavy
chains of both dynein classes contain a large motor domain, bearing the sites of ATP
hydrolysis and microtubule binding. Sequence analysis of dynein showed that the heavy
chains are members of the AAA (ATPase associated with diverse cellular activities)
superfamily of proteins. Each heavy chain has six AAA domains, of 35—40 kDa (Neuwald et
al. 1999; King 2000). This makes the structure of dynein fundamentally different from that
of kinesin or myosin. Cytoplamic dynein differs from axonemal dynein by binding the
multisubunit dynactin complex, which is required for dynein-driven activities and dynein's
functional diversity (Karki and Holzbaur 1999). Dynactin is built up of two distinct
subcomplexes: an actin-like minifilament backbone to bind the cargo and a projecting
sidearm that interacts with dynein (Eckley et al. 1999). Via the p150“"** subunit, a sidearm
component, the dynactin complex itself is also able to bind microtubules. Hereby, dynactin
helps dynein to stably interact with microtubules, which may improve its processivity
(Vaughan and Vallee 1995; Schroer 2004). However, dynactin may not be essential for all
types of dynein-cargo interactions. For instance, it was shown that dynein can directly bind
to membrane phospholipids of vesicles and that the dynein intermediate light chain Tctex1
directly interacts with the transmembrane protein rhodopsin (Lacey and Haimo 1994; Wu et
al. 2005).
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Figure 5: Microtubule motors

(A) Kinesin proteins are mostly plus-end directed microtubule motors. The conventional kinesin (kinesin-
1) contains a globular head domain with the motor activity, a coiled-coil domain for dimerization and a tail
interacting with two light chains to bind the cargo. (B) Dynein is a minus-end directed motor, which is
functional in combination with the dynactin complex. Dynein is a large complex containing heavy chains
(which harbour the motor activityl), intermediate chains, light intermediate chains and light chains. Via the
dynactin subunits p150/p135Glue , dynein is linked to the multisubunit dynactin complex, which plays a
role in the interaction with the membrane of the cargo. (Hirokawa; Science 1998 Vol 279, Issue 5350, 519-526)

Dynein and kinesin motors move in opposite directions on microtubules. However,
this does not necessarily mean that these motors never cooperate. For example, dynein and
kinesin-1 can directly interact with each other (Ligon et al. 2004). In addition, Xenopus
kinesin-2 can be linked to dynein through a direct interaction with the dynactin subunit
p150"¢ (Deacon et al. 2003). Obviously, this direct interaction could have several
functions. For example, kinesin may be necessary to transport dynein from the cell centre
back to the cell periphery, the plus-ends of the microtubules or to the end of the axon. The
same might hold true for dynein-driven movement of kinesin. Furthermore, dynein and
kinesin both co-localize on vesicles, which suggests that a cargo-associated motor complex
may be responsible for coordinated bi-directional organelle transport. In the case of kinesin-
1, the interaction with dynein may also have a regulatory role. The light chain of kinesin-1
can inhibit the motor activity of the heavy chain by an intramolecular folding back
mechanism (Verhey et al. 1998). Binding of the light chain to a cargo may release this
inhibition, which will activate kinesin. It might therefore be possible that the binding of
dynein to the light chain provides a similar release from inhibition (Ligon et al. 2004). An in
vivo study of GFP-labelled peroxisome movement also revealed that dynein and kinesin do
not engage in a tug of war, but rather work together, producing up to 10 times the in vitro
single-motor speed (Kural et al. 2005).
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Whereas most kinesins use ATP to walk along microtubules, members of the
kinesin-13 family depolymerize microtubules rather than move along them. They
accumulate predominantly at both ends of microtubules and disassemble the polymerized
tube in an ATP-dependent manner (Ganem and Compton 2004; Moore et al. 2005). They do
not induce depolymerization by binding two adjacent protofilaments to force them apart.
Instead, kinesin-13 acts on single protofilaments, inducing their curling. The conserved
motor domain, which is located in the middle of kinesin-13, stabilizes the curved
protofilaments of depolymerizing microtubules (Moores et al. 2002; Ovechkina and
Wordeman 2003). The capacity of kinesin-13 to modulate microtubule dynamics has major
implications for chromosome segregation and malignancy. For instance, human mitotic cells
depleted of the kinesin-13 proteins KIF2a and MCAK lack detectable microtubule flux and
frequently fail to segregate all chromosomes appropriately at anaphase (Ganem et al. 2005).
Furthermore, in human cancers MCAK is overexpressed and can depolymerize paclitaxel-
stabilized microtubules. Paclitaxel is a microtubule-stabilizing anticancer drug, used in
several cancer treatments. MCAK can antagonize the effect of paclitaxel by stimulating
microtubule dynamics. Therefore, introduction of MCAK inhibitors might be a potential
strategy in treatment of paclitaxel-resistant tumours (Rowinsky 1997; Maney et al. 2001).

1.2.2  General microtubule associated proteins

Microtubules are dynamic structures, which can rapidly switch from growing to shrinking.
This dynamic behaviour is regulated by a whole group of MAPs, which have varied and
specific functions. For instance, MAP1A and MAP1B/MAP5 belong to the same family of
multimeric protein complexes that are able to form cross-bridges between microtubules,
regulate microtubule dynamics by stimulating rapid tubulin polymerization (Garner et al.
1990; Hirokawa 1994; Pedrotti et al. 1996). These MAPs, which are mainly expressed in the
brain, contain a heavy chain and several light chains. Both their heavy and light chains
contain microtubule-binding sites; the light chains also contain actin-binding domains and
may help to link microtubules to actin filaments (Noiges et al. 2002).

Another MAP family has a microtubule-binding domain at the COOH-terminus,
while the NH,-terminus has a less clear function and extends into the surrounding space
(“projection domain”). Proteins belonging to this family are tau, MAP2 and MAP4, which
can stimulate microtubule growth and strongly suppress catastrophes (Drechsel et al. 1992).
Tau and MAP2 are neuron-specific proteins that exhibit microtubule-stabilizing activities
implicated in the development and maintenance of neuronal axons and dendrites. MAP4,
generally absent from neurons, is present in many other tissues. MAP2/tau family proteins
have a homologous COOH-terminal domain containing three or four microtubule-binding
repeats which can attach along individual protofilaments and provide stabilization (Al-
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Bassam et al. 2002; Dehmelt and Halpain 2005). Recently several kinases and interacting
proteins have been identified that regulate the microtubule-stabilizing activity of MAP2 and
tau. For instance, site-specific phosphorylation of tau by glycogen synthase kinase 3
(GSK3p) results in detachment of tau from microtubules and in increased microtubule
dynamics (Cho and Johnson 2004). Rho kinase and MT-affinity-regulating kinases
MARK/PAR-1 also preferentially phosphorylate the microtubule-interacting COOH-
terminus (KXGS motifs) of tau and MAP2 (Drewes et al. 1998; Amano et al. 2003).

Furthermore, it was recently found that MAP2, but not tau, is able to interact with
both microtubules and F-actin through its microtubule binding domains. This is surprising,
because these domains in MAP2 and tau share high sequence homology and have similar
microtubule binding activities. The actin binding capacity of MAP2 might be relevant for
neuromorphogenic processes, such as neurite initiation, where networks of microtubules and
F-actin are rearranged (Roger et al. 2004; Dehmelt and Halpain 2005).

During peculiar circumstances aggregates can be formed of hyperphosphorylated
tau, resulting in several neurodegenerative disorders such as Alzheimer's disease, Pick's
disease, frontotemporal dementia, cortico-basal degeneration and progressive supranuclear
palsy (Heutink 2000). In addition, tau can be cleaved near its COOH-terminus by -
amyloid-induced caspases. This results in a conformational change, which accelerates the
aggregation and hyperphosphorylation of tau filaments and causes formation of insoluble
neurofibrillary tangles (NFTs) (Gamblin et al. 2003; Rissman et al. 2004; Cotman et al.
2005). The abnormal hyperphosphorylation of tau abolishes its capacity to bind
microtubules and promote microtubule assembly, which results in disruption of the
microtubule network and in induction of neurodegenerative diseases. Strikingly, tau
knockout mice are viable, appear physically normal and are able to reproduce (Dawson et al.
2001).

Besides tau and MAP2 there is another powerful microtubule stabilizer, the
XMAP215(ch-TOG) protein. In Xenopus extracts, this MAP increases microtubule growth
rate by seven to ten fold (Pryer et al. 1992). XMAP215 homologues exist in all major
eukaryotic kingdoms; they all bind microtubules and localize to centrosomes and spindle
pole bodies (Matthews et al. 1998; Cullen et al. 1999; Graf et al. 2000; Cassimeris and
Morabito 2004; Gard et al. 2004). XMAP215 strongly modulates the catastrophe frequency
by opposing the activity of microtubule destabilizers, such as Op18/Stathmin and Kinesin-
13 family proteins (Holmfeldt et al. 2004; Noetzel et al. 2005). Conversely, some studies
found also a destabilizing function for XMAP215 and its budding yeast homologue Stu2p
(Popov and Karsenti 2003; Shirasu-Hiza et al. 2003; van Breugel et al. 2003). The
mechanism of these different activities, observed for the XMAP215 family members, still
remains obscure and warrants further investigation.
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Another microtubule stabilizer is doublecortin (DCX), which is essential for normal
brain development and is thought to maintain the correct structure of neuronal microtubules
(Akhmanova and Severin 2004; Moores et al. 2004). Mutations in the human DCX gene
cause the neuronal migration disorder lissencephaly (smooth brain) in males and double
cortex syndrome in females. During neuronal migration, a mechanism including DCX, Lis1
and dynein pathways couples the nucleus to the centrosome and aids their translocation
(Tanaka et al. 2004). Moreover, it was recently shown that DCX is able to associate with F-
actin and act as a molecular link between microtubule and actin cytoskeletal filaments
(Tsukada et al. 2005).

In dividing sea urchin embryos an abundant MAP was identified as the
echinoderm microtubule-associated protein (EMAP). It is a 75-kDa WD repeat protein with
limited sequence similarity to other well characterized MAP families (Suprenant et al. 2000;
Eichenmuller et al. 2001). EMAP belongs to a large protein family conserved from
nematodes to humans. EMAP-like proteins (EMLs or ELPs), such as the human ELP70,
were identified as microtubule destabilizers that reduce the microtubule nucleation and
growth rate and increase catastrophe frequency (Eichenmuller et al. 2002).

Recently, a new protein was identified as the ASter-Associated Protein (ASAP),
which is a human MAP required for bipolar spindle assembly and cytokinesis. Because
ASAP colocalizes with MTs during the whole cell cycle, it is thought to have a function in
the control of MT dynamics and stabilization of the MT network during both mitosis and
interphase (Saffin et al. 2005).

Finally, there are also MAPs that bind microtubules without modulating their
dynamics. For instance, E-MAP-115 (ensconsin) was identified as a protein that is
preferentially expressed in epithelial cells (Bulinski and Bossler 1994; Faire et al. 1999).
Although it does not influence microtubule dynamics, E-MAP-115 was shown to be highly
dynamic in its microtubule association, which is phosphorylation-dependent (Bulinski et al.
2001).

1.2.3  Microtubule plus-end binding proteins

So far, microtubule associated motor MAPs and general non-motor MAPs have been
discussed. In addition, these two groups also comprise a particular family of proteins with a
special accumulation pattern. These MAPs associate very specifically with the plus-ends of
growing microtubules and are called ‘microtubule plus-end binding (tracking) proteins’ or
+TIPs. They include both motor and non-motor MAPs and play an essential role in
regulating dynamic instability and microtubule capture by other cellular structures (Sawin
2000; Schuyler and Pellman 2001). The tips of microtubules are of high interest because of
their highly dynamic character. These sites determine the dynamic state of microtubules, as
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Table 1: Microtubule plus-end binding proteins from different organisms and their structure
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Table 1: Microtubule plus-end binding proteins from different organisms and their structure.

The main groups of vertebrate +TIPs are listed. For groups lacking vertebrate homologues, the proteins
from fission yeast are indicated. The homologues for which no published information except the
sequence is available are not included in the list. The structural motifs for each protein are illustrated in
the diagram (because of the large size differences, proteins are not drawn to scale). The arrows indicate
protein partners, which bind directly to specific domains. When the binding domain is unknown, an
arrowhead is used. The following protein sequences were used for the drawings: CLIP-170
(NP_002947), p150°"*® (NP_004073), EB1 (NP_036457), CLASP1 (NP_056097), LIS1 (NP_000421),
Dynein Heavy Chain 1 (NP_001367), APC (NP_000029), ACF7/MACF1 (NP_149033), ch-TOG
(NP_055571), Tealp (NP_5888351), Tea2p (CAA22353). Navigator-1 (AY043013), MCAK (Q99661)
and RHOGEF2 (NP_995868).

For dynein and dynactin, protein complexes composed of multiple subunits, only the large, MT-binding
subunits are indicated. "APC and KAR9 bind to EB1 family members EB1 and Bim1p, respectively, and
may have some similar functions; however they have a very limited degree of similarity. °The yeast
counterpart of XMAP215, Stu2p, and its Dictyostelium and Drosophila homologues have been shown to
localise to the MT plus-ends; however, this behaviour may not be shared by XMAP215 itself. “There are
vertebrate counterparts of D-RhoGEF2; however, none of them has been shown to tip-tract yet and,
therefore, they are not illustrated here. An: Aspergillus nidulans; Ce: Caenorhabditis elegans; Dd:
Dictyostelium discoideum; Dm: Drosophila melanogaster, Sc: Saccharomyces cerevisiae; Sp:
Schizosaccharomyces pombe. (Adapted from Current Opinion in Cell Biology 2005, 17:47-54)

well as their ability to interact with diverse cellular targets. Because of the high variety of
different plus-end binding proteins, it is likely that the combination and composition of all
these proteins determines the destiny of the tip and of the whole microtubule.

The first plus-end binding protein described was CLIP-170 (Perez et al. 1999). A
GFP fusion of CLIP-170 was found in bright patches or comet-like structures at the growing
ends of microtubules; the comets disappeared when the microtubules stopped growing
(Komarova et al. 2002). Later, a whole list of +TIPs gradually emerged, including CLIP-
associated proteins (CLASPs), end binding proteins (EB family), LIS1, dynein, dynactin,
adenomatous polyposis coli tumor suppressor protein (APC), navigator-1, and ACF7 (see
also Table 1) (Carvalho et al. 2003; Galjart and Perez 2003; Kodama et al. 2003;
Akhmanova and Hoogenraad 2005; Martinez-Lopez et al. 2005).

The accumulation of +TIPs at the microtubule plus-ends depends on different
mechanisms. Kinesin motors have been shown to enable transport of particular proteins,
like for instance the yeast CLIP-170 homologues Biklp (Saccharomyces cerevisiae) and
Tiplp (Schizosaccharomyces pombe), towards the microtubule plus-ends (Busch et al. 2004;
Carvalho et al. 2004). In mammals some +TIPs, such as CLIP-170 and EB1, are believed to
accumulate at the plus-ends via a treadmilling mechanism (Fig.6). In this model, +TIPs bind
with a high affinity to the freshly polymerised microtubule plus-ends by recognizing
specific structural features or by co-assembling with tubulin dimers and are released from
the older portions of the microtubule lattice (Diamantopoulos et al. 1999; Arnal et al. 2004;
Bisgrove et al. 2004; Galjart 2005). Another way of plus-end localization is to associate
with treadmilling +TIPs. This indirect microtubule association (called “hitchhiking” by
Carvalho et al. 2003) is demonstrated, for instance, for the budding yeast protein Kar9p,
which cannot bind microtubules by itself, but hitchhikes on the EB1 homologue Bimlp
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(Miller et al. 2000). Another example of a hitchhiking +TIP is the Drosophila Rho-type
guanine nucleotide exchange factor 2 (RhoGEF2), which was shown to localise to MT plus-
ends of epithelial cells in an EB1-dependent manner (Rogers et al. 2004). Mammalian APC
localizes to microtubule plus-ends possibly by using all three mechanisms: treadmilling,
hitchhiking and motor-driven transport (Askham et al. 2000; Mimori-Kiyosue et al. 2000;
Jimbo et al. 2002).

The release of +TIPs from the microtubule end may be caused by phosphorylation
through microtubule-specific kinases, which increases the negative charge of their targets
and thereby reduces their affinity for microtubules (Rickard and Kreis 1991; Schroer 2001).
GSK3pB, for instance, probably regulates the microtubule affinity of CLASPs by
phosphorylating their microtubule-binding domain. Conversely, the inactivation of GSK3f
results in a higher affinity of CLASP2 for microtubules (Akhmanova et al. 2001; Wittmann
and Waterman-Storer 2005). However, the idea that cycles of phosphorylation and
dephosphorylation drive specific plus-end localisation has not yet been proven for any +TIP.

To date, a lot of research has been done in different species to unravel the complex
functioning of +TIPs with respect to the microtubule behaviour. Binding of +TIPs to
microtubule ends significantly influences their dynamics, often causing microtubule
stabilization. This can be achieved, for instance, by reducing the frequency of catastrophes
and/or supporting repetitive rescues. The CLIP-170 family proteins were identified as rescue
factors in mammalian cells (Komarova et al. 2002). The budding yeast homologue of CLIP-
170, Biklp, was found to stabilize microtubules, while the fission yeast counterpart of
CLIP-170, tip1p, serves as an anti-catastrophe factor (Brunner and Nurse 2000; Carvalho et
al. 2004). The importance of CLIP family proteins is underscored by the fact that a reduced
amount of the brain-enriched CLIP-170 homologue, CLIP-115, is a contributing factor in
the Williams-Beuren syndrome (a human neurodevelopmental disorder with mild mental
retardation) (Hoogenraad et al. 2002; Hoogenraad et al. 2004).

Another +TIP is the ‘end-binding protein’ EB1 (Morrison et al. 1998), which
regulates microtubule dynamics in different ways in different species. The EB1 homologues
of Drosophila and S. cerevisiae both increase microtubule dynamics by increasing phases of
growth and shrinkage. Loss of expression of Drosophila EB1 or the budding yeast
homologue Bimlp was found to increase the time microtubules spend pausing and to reduce
catastrophe and rescue frequencies (Tirnauer et al. 1999; Rogers et al. 2002). In contradiction,
EB1 family proteins in fission yeast and Xenopus extracts increase the rescue frequencies and
suppress the catastrophe frequencies to promote microtubule growth (Tirnauer et al. 2002;
Busch and Brunner 2004). Nevertheless, all EB family proteins share a common role in
preventing microtubules from pausing and decreasing the depolymerization rate.

One of the EB1 binding partners, the dynactin large subunit pl150" has a potent
effect on microtubule nucleation in vitro (Ligon et al. 2003). APC, another binding partner of
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A Treadmilling Figure 6: Mechanisms of +TIP
localization.
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EBI, plays a role in promoting microtubule polymerization and stabilization in vitro
(Munemitsu et al. 1994; Nakamura et al. 2001; Zumbrunn et al. 2001). APC is a
multifunctional tumour suppressor with a primary role in the regulation of the Wnt
signalling pathway. In addition, the microtubule-related APC activities are important for
proper cell division and motility; therefore, cell migration defects and chromosome
instability caused by truncation mutations in the APC gene are a likely contributing factor in
colorectal cancers (Nathke 2005).

A microtubule-stabilizing function was also demonstrated for CLASPs, which are
conserved from animals to fungi and participate in generating polarized microtubule
networks (Akhmanova et al. 2001; Mathe et al. 2003). Mammalian CLASPs and their
homologues in Drosophila (Orbit/MAST) and C. elegans (Cls-2) were also shown to be
essential for normal spindle formation in mitosis (Inoue et al. 2000; Lemos et al. 2000;
Maiato et al. 2003; Cheeseman et al. 2005; Maiato et al. 2005).

The cytoskeletal +TIP ACF7 (actin cross-linking family-7) is a spectraplakin
homologue and helps to guide growing microtubules along polarised actin bundles, and is
found to stabilize them at the leading edge of migrating cells. So, ACF7 seems to be
important in controlling microtubule dynamics and reinforcing links between microtubules
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and polarized F-actin. In this way cellular polarization and coordinated cell movements can
be sustained (Kodama et al. 2003; Lin et al. 2005).

LIS1 is a +TIP that can associate with both CLIP-170 and dynein and seems to
have its own capacity for direct microtubule binding (Sapir et al. 1997; Coquelle et al.
2002). Since LIS1 is involved in neuronal migration, is has an essential role during
embryonic brain development. Mutations in the LIS1 gene cause type I lissencephaly
(smooth brain), which is known as a human neuronal migration disorder (Dobyns et al.
1993; Vallee et al. 2001). LIS1 may also be involved in the regulation of microtubule
dynamics, especially as its Aspergillus nidulans homologue NUDF causes a reduction in
catastrophe frequencies in vitro and an increase of catastrophe frequencies in vivo (Sapir et
al. 1997; Han et al. 2001; Coquelle et al. 2002; Xiang 2003; Liang et al. 2004). Together
with dynein and dynactin, LIS1 is also required for proper cell division processes in C
elegans embryos and mammalian cells (Faulkner et al. 2000; Tai et al. 2002; Cockell et al.
2004).

Navigator-1 is a largely neuron-specific microtubule plus-end binding protein,
which associates with the plus-ends through a novel microtubule-binding domain. Knocking
down endogenous navigator-1 in mouse neurons impaired normal guidance of the leading
processes, suggesting an involvement in directional neuronal migration (Maes et al. 2002;
Peeters et al. 2004; Martinez-Lopez et al. 2005).

Recent studies have shown that in addition to microtubule stabilizers, kinesin-13
family members, which destabilize microtubules, can also accumulate at the microtubule
tips. For instance, the potent microtubule depolymerizer MCAK was shown to associate in a
phosphorylation-dependent manner with the tips of growing microtubules without inducing
their depolymerization (Moore et al. 2005). Other destabilising kinesins associate with
microtubule plus-ends indirectly: a Drosophila kinesin-13, KLP10A, accumulates at the
growing microtubule tips via EB1 (Mennella et al. 2005; Sproul et al. 2005) the budding
yeast kinesin-14, Kar3, attaches to the plus-ends via Cikl (Mennella et al. 2005; Sproul et
al. 2005).

In conclusion, microtubule tips are highly enriched for various stabilizing and
destabilizing factors, which play a key role in fundamental processes such as cell division,
cell motility and morphogenesis. Many microtubule-related proteins are affected in human
diseases, such as Alzheimer disease, Williams-Beuren syndrome and various cancers. Future
investigations will elucidate their cellular functioning and their importance for human
health.
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1.3 Microtubules at the cellular cortex

Growing microtubules explore the cytoplasm and target different organelles such as
mitochondria, the Golgi apparatus, the endoplasmic reticulum (ER) and the plasma
membrane (Cole and Lippincott-Schwartz 1995). Interactions between microtubules and the
plasma membrane are important for diverse cellular processes, including mitosis, migration,
vesicle transport and polarization. During mitosis, the mitotic spindle is anchored to the
plasma membrane via astral microtubules to enable chromosome separation. Positioning of
the mitotic spindle defines the plane of cell division and plays an essential role in formation
of many tissues, such as epithelia. Moreover, alterations of the microtubule and actin array
near the plasma membrane can change cell shape and polarization or enable cell migration
(Etienne-Manneville 2004). Microtubules are also involved in the intracellular transport of
different vesicles between the ER, the Golgi apparatus and the plasma membrane. During
exocytosis, vesicles can fuse with the membrane in order to secrete cellular products, such
as neurotransmitters from neurons or insulin from pancreatic B cells. Microtubule
interactions with the plasma membrane may play a role in defining the sites of exocytosis.

The interaction between microtubules and the cell cortex is thus essential for the
normal functioning of different cell types. It is therefore not surprising that this interface is
well conserved from yeasts to animals.

Since microtubules do not bind to the plasma membrane by themselves, there are
diverse mechanisms that generate such a connection. Obviously, +TIPs play here a major
role, since they accumulate specifically at microtubule plus-ends to control their dynamics
and the targeting of different structures. Some +TIPs are conserved between different
species and have similar functions regarding to the microtubule capture at the cortex.

In general, +TIPs can interact either with each other or with microtubule plus-ends.
However, most of them are incapable of anchoring directly at the cell cortex, since they lack
membrane-binding domains. To enable cortical localization, +TIPs need to bind to other
proteins that can associate with the membrane. For instance, APC can interact with the
tumor suppressor gene product DIgl to localize at the plasma membrane of the leading edge
of migrating fibroblasts (Etienne-Manneville et al. 2005). Dlgl is an orthologue of
Drosophila Discs large protein, which is involved in the establishment of epithelial polarity
(Woods et al. 1996). In addition, some +TIPs are able to target microtubules to the cell
periphery by interacting with the cortical actin network, like ACF7, which binds to actin
directly (Karakesisoglou et al. 2000) or CLIP-170 and APC, which may interact with actin
filaments through IQGAP1 (Fukata et al. 2002; Watanabe et al. 2004). Still, the knowledge
on the composition of protein complexes that control the cortical microtubule attachment
remains fragmentary. A part of this thesis describes the involvement of +TIPs in the cortical
capture of microtubules, and an attempt to search for their membrane-bound partners.
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the dynactin subunit p150°"*? are structurally related

proteins, which associate specifically with the ends
of growing microtubules (MTs). Here, we show that down-
regulation of CLIP-170 by RNA interference results in a
strongly reduced accumulation of dynactin at the MT tips.
The NH, terminus of p150°"*? binds directly to the COOH
terminus of CLIP-170 through its second metal-binding
motif. p150°"d and LIST, a dynein-associating protein,
compete for the interaction with the CLIP-170 COOH
terminus, suggesting that LIST can act to release dynactin

C ytoplasmic linker protein (CLIP)-170, CLIP-115, and

from the MT tips. We also show that the NH,-terminal part
of CLIP-170 itself associates with the CLIP-170 COOH
terminus through its first metal-binding motif. By using
scanning force microscopy and fluorescence resonance
energy transfer-based experiments we provide evidence
for an intramolecular interaction between the NH, and
COOH termini of CLIP-170. This interaction interferes with
the binding of the CLIP-170 to MTs. We propose that con-
formational changes in CLIP-170 are important for binding
to dynactin, LIST, and the MT tips.

Introduction

Microtubules (MTs) are highly dynamic cytoskeletal elements,
which undergo alternating phases of growth and shrinkage
(Desai and Mitchison, 1997). This dynamic behavior allows
MTs to search the cellular space and to establish and re-
model contacts with various cellular components. Therefore,
interactions of MT tips with different structures play an
important role in many cellular processes and are regulated
by a large number of factors. Recently, a diverse group of
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proteins has attracted general interest by its ability to bind
specifically to the plus ends of growing MTs. These proteins
have been designated plus end—tracking proteins (+TIPs;
for reviews see Schuyler and Pellman, 2001; Carvalho et al.,
2003; Galjart and Perez, 2003; Howard and Hyman, 2003).

The first identified +TIP was the cytoplasmic linker pro-
tein (CLIP)-170 (Pierre et al., 1992). CLIP-170 contains
two CAP-Gly motifs, which are surrounded by serine-rich
regions at its NH, terminus, followed by a long coiled-coil
structure and two putative metal binding domains (“CCHC
zinc fingers” or “zinc knuckles”) at the COOH terminus
(Fig. 1 A). The closest homologue of CLIP-170 in verte-
brates is CLIP-115, which is similar to CLIP-170 in its

Abbreviations used in this paper: CLIP, cytoplasmic linker protein;
FRET, fluorescence resonance energy transfer; HIS, 6X histidine; IP,
immunoprecipitation; MT, microtubule; RNAi, RNA interference;
siRNA, small interfering RNA; SFM, scanning force microscopy; +TIP,
plus end—tracking protein.

Supplemental Material can be found at:
http://www.jcb.org/cgi/content/full/jcb.200402082/DC1
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structure, but lacks the COOH-terminal metal binding mo-
tifs (De Zeeuw et al., 1997; Fig. 1 A).

Another, more distant CLIP-170 family member, is
p150%"4, which contains one CAP-Gly domain, followed
by coiled-coil regions (Holzbaur et al., 1991; Fig. 1 A).
p150%d is the MT-binding subunit of dynactin, a large
protein complex, which functions as an accessory factor
for cytoplasmic dynein (Karki and Holzbaur, 1999; Allan,
2000).

In many cultured cells CLIPs and dynactin are observed
to form cometlike accumulations at the MT tips (Perez et
al., 1999; Vaughan et al., 1999). The motifs necessary and
sufficient for the MT plus end localization include the CAP-
Gly domains and the surrounding serine-rich regions of
CLIPs and p150°"! (Diamantopoulos et al., 1999; Hoo-
genraad et al., 2000; Vaughan et al., 2002).

A large body of data links CLIP-170 to the function of
the dynein—dynactin complexes. In budding yeast, genetic
analysis of spindle positioning placed Biklp, the CLIP-
170 homologue, in the dynein pathway and has shown
that Biklp contributes to the targeting of dynein to the
astral MTs (Sheeman et al., 2003). In mammalian cells,
overexpression of CLIP-170 enhances the accumulation
of dynactin at the MT ends (Valetti et al., 1999; Hoogen-
raad et al., 2002; Goodson et al., 2003). This effect de-
pends on the second metal binding motif of CLIP-170
(Goodson et al., 2003). In a separate line of investigation,
it was shown that CLIP-170 binds to kinetochores of
unattached chromosomes in a dynein—dynactin-mediated
manner (Dujardin et al., 1998).

The only direct binding partner of the CLIP-170
COOH terminus, identified so far, is LIS1 (Coquelle
et al., 2002). LISI is a multifunctional protein, which
plays an essential role in brain development and interacts
with dynein—dynactin (for reviews see Vallee et al., 2001;
Wynshaw-Boris and Gambello, 2001). The binding of
LIS1 to CLIP-170 depends on the second zinc knuckle of
CLIP-170, and therefore, it has been proposed that the
interaction between dynein—dynactin and CLIP-170 is
mediated by LIS1 (Coquelle et al., 2002). Although at-
tractive, this proposal is contradicted by a number of ob-
servations. First, endogenous CLIP-170 and dynactin can
be readily observed at the ends of MTs in interphase cells,
whereas endogenous LIS1 is found in a dotlike pattern
along the MTs (Smith et al., 2000). Second, overexpres-
sion of LIS1 displaces dynactin from the MT ends (Faulk-
ner et al.,, 2000). Third, endogenous LIS1 can be dis-
placed from kinetochores by overexpressing a LIS1 deletion
mutant, without removing either dynactin or CLIP-170
(Tai et al., 2002).

A simple explanation for all these observations can be
offered by proposing a direct link between CLIP-170
and dynactin. Here, we provide experimental support for
this idea and show that normal dynactin accumulation
at MT tips depends on CLIP-170. We also show that
CLIP-170 can adopt a folded conformation through an
association between its NH, and COOH termini. This
conformation is likely to be inhibitory for the binding
of CLIP-170 to its partners, including dynactin, LISI,
and MTs.
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Figure 1. The COOH terminus of CLIP-170 interacts with the
NH, termini of both CLIPs and p1506'“ed. (A) Schematic representation
of the protein fragments used in this work. (B) Purified fusion pro-
teins shown on a Coomassie-stained gel. (C) GST pull-down assays
in low salt conditions with the NH, termini of the two CLIPs and
p150¢*d. Coomassie-stained gels are shown. I, 10% of the input; B,
25% of the protein retained on beads. (D) IPs from COS-1 cells
transfected either singly or simultaneously with the two indicated
constructs. Anti-GFP or anti-HA antibodies were used for IP in low
salt conditions. (E) IPs performed in low salt conditions from un-
transfected CHO cells that were either untreated or incubated for

1 h with 10 uM nocodazole. Antibody against vinculin served as a
negative control.

Results

The COOH terminus of CLIP-170 interacts directly
with the NH, termini of both CLIPs and p150¢

Our previous work showed that overexpression of the
CLIP-170 COOH-terminal domain had a dominant nega-
tive effect: namely, it led to a highly decreased MT tip as-
sociation of all three CAP-Gly—containing proteins (Ko-
marova et al., 2002). We reasoned that the underlying
mechanism might be the seguestration by the CLIP-170
COOH terminus of p150%*“d and the CLIPs by binding to
their NH,-terminal domains, which are necessary for their
interaction with MTs. To test this possibility, we purified
GST- and 6X histidine (HIS)-tagged fusions of the NH,-
terminal domains of CLIP-115, CLIP-170, p150“"™*, and
the COOH terminus of CLIP-170 (Fig. 1, A and B). We
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investigated by GST pull-down assays if these proteins
could directly interact with each other and found that HIS-
tagged NH, termini of both CLIPs and p150%*“ bound to
the GST-tagged COOH terminus, but not the NH, termi-
nus of CLIP-170 (Fig. 1 C).

In apparent contradiction with the in vitro data, endoge-
nous CLIP-170 was never coprecipitated with the CLIP-170
COOH terminus (Komarova et al., 2002). This could be ex-
plained if the NH, and COOH termini of CLIP-170 inter-
acted with each other within the same molecule. In this way,
endogenous CLIP-170 could “titrate itself” out of the com-
plex with the overexpressed CLIP-170 COOH terminus.
This explanation predicts that the NH,- and COOH-termi-
nal domains of CLIP-170, expressed as separate proteins,
should form a complex. Indeed, GFP-CLIP-170-N and
HA-CLIP-170-C coexpressed in COS-1 cells, coprecipitated
with each other (Fig. 1 D), supporting the data from the in
vitro binding assays.

Endogenous CLIP-170 and dynactin interact in vivo
To investigate if the interaction between the COOH termi-
nus of CLIP-170 and endogenous CAP-Gly proteins occurs
in vivo, we used CLIP-170 antibodies to perform immuno-
precipitations (IPs) on extracts from untransfected CHO
cells. As a control, we used antibodies against CLIP-115,
which is not expected to interact with dynactin, and Bicau-
dal D2 (BICD2), a dynein—dynactin binding protein, which
does not coprecipitate with CLIP-170 under normal condi-
tions (Hoogenraad et al., 2001). plSOGl“ed, but not CLIP-
115, coprecipitated with both CLIP-170 and BICD2 (Fig. 1
E). As expected, CLIP-115 and p150"* did not coprecipi-
tate with each other (Fig. 1 E). This experiment shows that
CLIP-170 binds to dynactin under physiological conditions,
whereas no association between CLIP-170 and CLIP-115 is
detected. We cannot exclude, however, that CLIP-170 ti-
trates itself out of the complex with CLIP-115, similar to
what is likely to occur with the overexpressed CLIP-170 tail.
Interestingly, the coprecipitation between CLIP-170 and
dynactin was enhanced by nocodazole treatment. After MT
depolymerization, some coprecipitation was also observed
between CLIP-170, cytoplasmic dynein, and BICD2, and
the association of BICD2 with dynein was also increased
(Fig. 1 E). This is in line with our previous observation that
nocodazole treatment results in formation of dynein—dyn-
actin—-BICD2—-containing aggregates (Hoogenraad et al.,
2001). We observed that CLIP-170, but not CLIP-115, was
also present in these structures, which apparently result from
aggregation of dynein—dynactin with their binding partners
after MT depolymerization (Fig. S1, available at http://
www.jcb.org/cgi/content/full/jcb.200402082/DC1).

The CLIPs and p150°"* preferentially bind to distinct
zinc knuckles of CLIP-170

Next, we sought to determine the sites in the COOH-
terminal domain of CLIP-170, important for the identi-
fied interactions. The deletion of metal-binding motifs
abolished the dominant-negative action of the CLIP-170
COOH terminus (unpublished data), indicating that these
motifs play a significant role in the association with CAP-
Gly proteins. Therefore, we used mutated versions of the
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Figure 2.  Distinct zinc knuckles of the CLIP-170 COOH terminus
are responsible for its binding to the NH, termini of the two CLIPs
and p150%"4. (A) Schematic representation of the CLIP-170 zinc
knuckle mutants. (B) Pull-down assays with the GST fusions of CLIP-
170 zinc knuckle mutants and the NH, termini of the three CAP-Gly
proteins, performed with purified proteins in high salt conditions.
Coomassie staining is shown for the GST fusions, Western blots with
anti-HIS antibodies for the HIS-tagged fusions. (C) IPs of CLIP-170
COOH-terminal constructs. Extracts were prepared from CHO cells
transfected with the myc-tagged CLIP-170 COOH-terminal constructs,
either wild type or with the zinc knuckle mutations, and IPs were
performed with anti-myc antibodies in low salt conditions. Note
that the “CLIP head” antibody 2221 cross-reacts with the CLIP-170-C
proteins (arrowhead). (D) Competition assay between CLIP-170 and
p150°“«d NH, termini for the binding to the CLIP-170 COOH termi-
nus. The assay was performed in low salt with either a low amount
of HIS-CLIP-170-N (1 and 2) and an 8X M excess of HIS-p150%"*-N
(2) or with a low amount of HIS-p150°“*)_-N (3 and 4) and an 8X M
excess of HIS-CLIP-170-N (4). 1, 10% of the input, B, 25% of the
proteins retained on the beads.

CLIP-170 COOH terminus, in which two cysteines of ei-
ther the first, the second or both metal binding domains
were exchanged for serines (CCHC to SSHC mutations
[Goodson et al., 2003], designated K1, K2, and K1K2 mu-
tants; Fig. 2 A). Using GST pull-down assays, we found
that in low salt conditions (100 mM NaCl) the wild type
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Figure 3. CLIP-170 recruits dynactin to the MT

A Cont. A

Cont. A B mock Cont. A B mock

plus ends in Hela cells. (A) Depletion of CLIP-170
by RNAI. Western blot analysis of the extracts of -

cells, treated with the RNAi duplex against luciferase
(Cont.), CLIP-170A (lane “A”), CLIP-170B (lane “B”),
or mock transfected. (B-M) Immunofluorescent
staining of siRNA-treated cells. Cells were stained
for CLIP-170 (B, F, and J), a-tubulin (C, G, and K),
and p150°*! (D, H, and L). Enlarged portions of
the p150©“*d_stained cells, indicated by white
rectangles, are shown in E, I and M. (N-R) Rescue
of dynactin localization by CLIP-115(+tail) fusion.
Hela cells were transfected with the CLIP-170B
duplex, and 60 h later were transfected with GFP-
CLIP-115(+tail). (N) GFP signal. (O) Staining for
a-tubulin. (P) Staining for p1509". (Q and R)
Enlarged portions of the two cells, either transfected
or untransfected with the rescue construct, respec-
tively. Bar, 10 wm.

CONTROL

RNAI CLIP-170B RMNAi CLIP-170A

CLIP-170

and all three mutants were still able to bind to the NH, ter-
mini of all three CAP-Gly proteins (not depicted). How-
ever, at 400 mM NaCl, the plSOGl“ed NH, terminus bound
only to the CLIP-170 COOH-terminal fragments with an
intact second metal binding domain (K1; Fig. 2 B). In con-
trast, an efficient interaction with the NH, termini of both
CLIPs depended on the first zinc knuckle (Fig. 2 B). These
data are consistent with the fact that the CLIP-170-medi-
ated relocalization of dynactin depends on the second metal
binding domain, whereas the self-association of CLIP-170,
revealed as aggregate formation upon overexpression, relies
on the first zinc knuckle (Coquelle et al., 2002; Goodson et
al., 2003).

The selective binding of the CLIP NH, termini and
dynactin to the two different zinc knuckles of CLIP-170 was
further supported by IP of CLIP-170 COOH-terminal mu-
tants from transfected CHO cells. Coprecipitation of CLIP-
115 occurred only if the first zinc knuckle was intact (Fig. 2
Q). p150°<d displayed very little coprecipitation with the
K2 and K1K2 mutants, underscoring the importance of the
second metal binding domain of CLIP-170 for the associa-
tion with dynactin. The binding between p150°"* and the
K1 mutant was reduced, compared with the nonmutated
protein, suggesting that in cells the first zinc knuckle also
contributes to the CLIP-170—dynactin interaction.

Although the NH, termini of CLIP-170 and p150°"*? as-
sociate with different zinc knuckles of CLIP-170, their bind-
ing sites are likely to overlap. Indeed, the addition of an ex-
cess of plSOGl“ed NH, terminus reduced the binding of
CLIP-170 NH, terminus to CLIP-170 COOH terminus,
and vice versa (Fig. 2 D). These data show that the two
CAP-Gly proteins can interfere with each other’s binding to
the CLIP-170 COOH terminus.

46

CLIP-170 targets dynactin to the MT tips
We have demonstrated that CLIP-170 binds p150%"* in vivo
and in vitro. To address the role of CLIP-170 in the cytoplas-
mic distribution of dynactin, we knocked down CLIP-170 by
RNA interference (RNAI) in HeLa cells, which express CLIP-
170, but not CLIP-115 (unpublished data). We used two
small interfering RNA (siRNA) duplexes (CLIP-170A and
CLIP-170B), directed against different regions of CLIP-170
mRNA. Significant down-regulation of CLIP-170 was de-
tected 3 d after treatment of cells with either duplex as evalu-
ated by Western blotting and immunostaining of transfected
cells (Fig. 3, A, F, and J). Densitometry analysis of Western
blots indicated that the reduction in CLIP-170 level was
>80% for the A duplex and >90% for the B duplex. Control
treatment with a duplex directed against luciferase did not re-
sult in a decrease of CLIP-170 amount compared with mock-
transfected cells. Down-regulation of CLIP-170 did not cause
any change in the expression level of p150<!* (Fi§. 3A).
Next, we examined the localization of p150° in siRNA-
treated cells. We detected prominent MT tip labeling by
p150°" antibodies in cells treated with the control siRNA
(Fig. 3, B-E). However, in cells treated with either CLIP-
170A or CLIP-170B siRNA, a much more diffuse pattern of
p150%" was observed (Fig. 3, F-M). We performed a res-
cue experiment by expressing a fusion construct, in which
the COOH-terminal metal binding domain of CLIP-
170 was attached to the end of CLIP-115 (GFP-CLIP-
115(+tail)). This construct is not sensitive to the treatment
with the CLIP-170A or CLIP-170B siRNA duplexes. Previ-
ously, we have shown that overexpression of GFP-CLIP-
115(+tail) enhanced dynactin accumulation at the growing
plus ends (Hoogenraad et al., 2002). Here, we observed that
the expression of this fusion protein restored the normal



Conformational changes in CLIP-170 and dynactin localisation

CLIP-170 directly binds to dynactin and folds back | Lansbergen etal. 1007

C:z D¢ s
z5 20 £
2
EEIW 2 ;‘:54-
E3 =3
5o ' g2
05 10 18 20 28 3 04— B8 |
Distance {jum) 1 2
o 2
Fsz GE._,|
25 200 1 is
B> 5y
S E 100 4 $i2- B
3 = g% =]
= 0 v B
05 10 1.5 20 25 = 0 T
Distance (um) 1 2
J 2 Kga 12 4
=5 200 4 ]
@ 3
Egmn- gg 81 B
£3 — 8 44 2
8 0 s e L g2
05 10 15 20 26 © [ 4——Nim ]
Distance (um) 1 2
M3z N¢
25 0 sE 44
ic E
g8 fig- =
£F = - = 5 £ ]
i 0 — v s
05 10 15 20 25 2 0 —
Distance {ium) 1 2
Qs R:
25 i5121
B is
5§ £ 0]
Ex £ 44
P o §§
05 10 15 20 25 = 0 | —
Distance (m) 1 2
Ts Vi
25 2004 g8 41
-y 35
@ 2
£ 8 1001 £§21
05 10 15 20 25 = 0 T
Distance (1m} 1 2

Figure 4. CLIP-170 recruits dynactin to the MT plus ends in CHO cells. RNAi experiments in CHO cells. In the fluorescent images (A, B, E,
H, 1, L, O, P, and S) and the line scans (C, F, J, M, Q, and T), the a-tubulin signals are shown in green, CLIP-specific signals in blue, and
p150°d in red. Line scans correspond to individual MT plus ends, starting at ~2 wm away from the MT end. The ratio of the signal of the
plus end-tracking protein to tubulin in experimental cells was expressed as a percentage of the same ratio in control cells, which was taken
for 100%. The box plot graphs (D, G, K, N, R, and V) are used to demonstrate statistical analysis of p150°**¥/tubulin or CLIP/tubulin ratio at
the MT tip in control (1) and knockdown (2) cells. The boundaries of the box indicate the 25th and the 75th percentile, whiskers indicate the
90th and 10th percentiles. The median and mean are shown by a straight and a dotted line, respectively. The differences between the measured
ratios are significant (P < 0.0001 for D, K, N, R, V; P < 0.03 for G, determined with the ¢ test). In all cases 95% confidence intervals are
nonoverlapping. (A-G) Knockdown of CLIP-115. (A, B, and E) Knockdown cells were identified by staining with CLIP-115-specific antibodies.
(B and C) Control (untransfected) cells. (E and F) CLIP-115 knockdown cells. (H-N) Knockdown of CLIP-170. (H, I, and L) Knockdown cells
were identified by staining with CLIP-170-specific antibodies. (I and J) Control (untransfected) cells. (L and M) CLIP-170 knockdown cells.
(O-V) Knockdown of both CLIPs. (O, P, and S) Knockdown cells were identified by staining with the antibody against both CLIPs. (P and Q)
Control (untransfected) cells. (S and T) CLIP-115 and CLIP-170 knockdown cells. Note that the centrosomal localization of dynactin is not
affected by CLIP-170 knockdown. Bars, 10 pm.

dynactin pattern when endogenous CLIP-170 was knocked
down (Fig. 3, N-R). This experiment shows that the metal
binding domains of CLIP-170 are involved in targeting of
p150%% to the MT plus ends.

The large number of MT tips and other dynactin-positive
granules made it difficult to quantify dynactin accumulation
at MT tips in HeLa cells. Therefore, we switched to CHO
cells, which have a sparser MT cytoskeleton. CHO cells co-
express both CLIP-170 and CLIP-115; therefore, the effect
of the knockdown of each single CLIP protein or both
CLIPs simultaneously could be analyzed in this system.

Transfection of RNA duplexes did not work efficiently in
CHO cells in our hands. Consequently, we used plasmid-
based RNAIi instead (Brummelkamp et al., 2002). The tar-
get sequences for CLIP-170 and CLIP-115 RNAi were cho-
sen based on human-mouse homology. To confirm their
identity with the hamster sequences, the corresponding por-
tions of CLIP-170 and CLIP-115 cDNAs were obtained by
RT-PCR from CHO cells and sequenced. To knock down
both CLIPs, we combined two RNAI cassettes in the same
vector. As a control, we used a GFP-expressing RNAI vector
directed against luciferase.
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CHO cells were transfected with different RNAi vectors
and 4 d after transfection the cells were stained for CLIDs,
p150G1“°d, and tubulin (Fig. 4). The knockdown cells were
identified by the strongly reduced CLIP staining, whereas
the surrounding, nontransfected cells served as an internal
control. CHO cells, transfected with the control vector,
were detected by staining with anti-GFP antibody.

Line scan analysis (plots of intensity vs. distance), demon-
strated that knockdown of CLIP-115 had no strong effect
on the p150%" distribution (Fig. 4, A-G). RNAi-treated
cells showed a reduction of CLIP-115-specific signal to
20 * 5.8% (SEM) compared with control surrounding cells
whereas the p150¢td signal was slightly elevated to 117 *
3% (n = 197 MT ends in 18 knockdown cells; 156 ends in
23 control cells). In contrast, knockdown of CLIP-170
(12 = 5% remaining) resulted in a significant reduction
(50 * 3.5% remaining) of the p1 5(0Glued signal at the MT tip
(Fig. 4, H-N; n = 271 MT ends in 18 knockdown cells; 168
ends in 19 control cells). A similar result was obtained in cells
where both CLIP species were knocked down simultaneously
(Fig. 4, O-V). Quantification of the signals for the CLIPs
(Fig. 4 R) and p150°" (Fig. 4 V) gave values of 16 * 6%
and 52 * 5%, respectively, compared with control levels (» =
207 MT plus ends in 19 knockdown cells; 157 ends in 20
control cells). No change in the distribution of either CLIPs
or p150°"* was observed in GFP-positive cells transfected
with the control RNAI construct (unpublished data). All these
data were confirmed by using an antibody against another dy-
nactin subunit, dynamitin (unpublished data).

Furthermore, we observed no differences in the localiza-
tion of endosomes, the Golgi apparatus, and mitochondria
after CLIP-170 knockdown (Fig. S2, available at htep://
www.jcb.org/cgi/content/full/jcb.200402082/DC1 and not
depicted), indicating that a 50% reduction of dynactin asso-
ciation with MT tips had no significant consequences for
the steady-state distribution of these organelles.

p150°"ed and LIST compete for the binding to the
second metal binding domain of CLIP-170

Previous works have shown that LIS binds to the CLIP-
170 COOH terminus through its second zinc knuckle
(Coquelle et al., 2002). Using purified HIS-tagged mouse
LIS1 protein (Fig. 5 A) and the GST fusions of CLIP-170
COOH terminus and its K1, K2, and K1K2 mutants, we
confirmed this observation in an in vitro experiment with
purified proteins (Fig. 5 B). Because both LISI and p150°"
associate directly with the second metal binding motif of
CLIP-170, we tested whether the addition of an excess
of the NH,-terminal fragments of CLIP-170 or plSOGl'ml
could inhibit the interaction between CLIP-170 COOH
terminus and LIS1. In the presence of the NH, terminus of
CLIP-170, the association of LIS1 with CLIP-170 COOH
terminus was somewhat reduced (Fig. 5 C). More strikingly,
the addition of an excess of the p150°*** NH, terminus
completely abolished the interaction (Fig. 5 C). Because
LIS1 and p1 509" NH, terminus do not bind to each other
(unpublished data), this result demonstrates that p150Glued
efficiently competes with LIS1 for binding to CLIP-170.
We were not able to reduce the amount of p150%*“ bound
to the COOH terminus of CLIP-170 by addition of an ex-
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Figure 5. LIS1 and p150“"*? compete for binding to the COOH
terminus of CLIP-170. (A) Coomassie-stained gel with purified
HIS-LIST protein. (B) GST pull-down assay using purified HIS-LIS1
in low salt conditions with the wild type and the zinc knuckle
mutants of the CLIP-170 COOH terminus. GST fusions are detected
by Coomassie staining; HIS-tagged LIS detected by Western blotting
with anti-HIS antibodies (note that HIS-LIST and GST-CLIP-170
have exactly the same size, 50 kD). (C) Competition between LIS1
and p150°*? or CLIP-170 NH, termini for the binding to the CLIP-
170 COOH terminus. GST pull-down assays were performed in low
salt conditions with a low amount of HIS-LIST and an 8X M excess
of either HIS-p150%"*““_-N (2) or HIS-CLIP-170-N (3). The top panel
shows a Coomassie-stained gel and the bottom panel shows a Western
blot with anti-HIS antibodies. I, 10% of the input; B, 25% of the
proteins bound to the beads.

cess of LIS1 (unpublished data). This indicates that at least
in vitro, the CLIP-170 COOH terminus has a higher affin-
ity for p150%*! than for LISI.

Evidence for intramolecular head-to-tail interaction

in CLIP-170

The interaction between the NH, and COOH termini of
CLIP-170 could be either intramolecular or intermolecular,
leading to oligomerization of CLIP-170. To address these
possibilities, we have analyzed the structure of the purified
full-length CLIP-170 by scanning force microscopy (SFM;
Fig. 6, A—F). The majority of the molecules (68.9% of the
536 identifiable molecules counted) resembled straight or
bent rods (Fig. 6, B-D), supporting previous observations
that CLIP-170 is a rod-shaped protein (Scheel et al., 1999).
The length of CLIP-170 molecule, measured by us (95.3 =
16.5 nm) was shorter, than the one previously observed by
electron microscopy (~135 nm), because the rat brain iso-
form, used in our work, misses 115 aa of the central heptad
repeat region, compared with the CLIP-170 from human
placenta, analyzed by Scheel et al. (1999). In contrast to the
latter work, we could frequently distinguish the two ends of
the molecule. One of the ends of CLIP-170 often displayed
two globular heads, which likely represent the NH,-terminal
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Evidence for intramolecular interaction between the terminal domains of CLIP-170. (A) Coomassie-stained gel with purified

HIS-CLIP-170. (B-F) SFM images of the purified HIS-CLIP-170. Color represents height from 0 to 2 nm, blue to white. Bars, 50 nm. Globular
head domains are indicated by arrowheads and the COOH-terminal domain is indicated by arrows. (G—I) Uncorrected emission spectra of
the extracts of cells, transfected with the indicated constructs, measured with the excitation at 425 nm. Fluorescence intensity is shown in
arbitrary units. (J) Ratios of emission at 527 nm (YFP acceptor) to 475 nm (CFP donor). Mean = SD was determined from three independent
measurements (extracts) or seven different cells (live cells). (K) Uncorrected emission spectra of single live cells, transfected with the indicated
constructs after background subtraction. Fluorescence intensity is shown in arbitrary units.

MT-binding domains (~350 aa), because they are larger than
the COOH-terminal domains (~90 aa). These data strongly
support the view that CLIP-170 forms parallel dimers.
Furthermore, 10.6% of the molecules, classified as single
dimers based on their length (average 100.2 = 10.1 nm),
displayed a donutlike shape (Fig. 6, B, C, D, and F). The
presence of such molecules clearly demonstrates that the
coiled-coiled tail of CLIP-170 is sufficiently flexible to allow
the NH, and COOH termini to be brought into close prox-
imity. In addition, we also observed CLIP-170 proteins

forming oligomers due to intermolecular end-to-end associa-
tion (20.5% of the molecules counted; Fig. 6 E). Observation
of both inter- and intramolecular association of CLIP-170
NH, and COOH termini might suggest that these interac-
tions are transient and dynamic. Alternatively, our prepara-
tion might contain a mixture of molecules with different
posttranslational modifications, which preferentially stabi-
lize different CLIP-170 conformations.

Next, we reasoned that attaching fluorophores to the NH,
and COOH termini of CLIP-170 (CFP donor and YFP ac-
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Figure 7. The COOH terminus of
CLIP-170 interferes with binding of
the NH, terminus of CLIP-170 to MTs.
(A) MT pelleting assays. Coomassie-
stained gels showing supernatants and
pellets after incubation of MTs with the
HIS-CLIP-170-N, either alone (1 and 2),
preincubated with an 8X M excess of
GST-CLIP-170-C (3 and 4) or with 15X M
excess of GST (5 and 6). Note that
GST-CLIP-170-C protein runs slightly
below tubulin (arrowheads). S, super-
natant; P, pellet. (B) MT pelleting assays
with HIS-CLIP-170-N (~50 nM) or full-
length CLIP-170 (~10 nM). The dissoci-
ation constant for HIS-CLIP-170-N binding
to taxol-stabilized MTs, determined by
best fit to the data, is 0.53 = 0.09 pM
(= SEM). Not more than 30% of the full-
length CLIP-170 could be pelleted with
MTs. (C) Schematic representation of
different fragments of CLIP-115, CLIPR-59,
p150°¢d and CLIP-170 fused to GFP.
Fusions were tested for colocalization
with MTs in transfected COS-7 cells and
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ceptor) would allow us to detect fluorescence resonance en-
ergy transfer (FRET) if CLIP-170 indeed folds back and its
NH, and COOH termini are brought within a 10-nm dis-
tance (Pollok and Heim, 1999). We generated a CLIP-170
fusion with YFP at the NH, terminus and a glycine linker,
followed by CFP at the COOH terminus (YFP-CLIP-170-
CFP). As a control, we used a mutated version of this CLIP-
170 fusion protein, in which the first zinc knuckle, necessary
for the interaction between the CLIP NH, and COOH ter-
mini, was disrupted (YFP-CLIP-170-K1-CFP).

COS-1 cells were transfected with plasmids, expressing ei-
ther CFP or YFP, a CFP-YFP tandem fusion, YFP-CLIP-
170-CFP or YFP-CLIP-170-K1-CFP and the fluorescence
spectra of the resulting cell extracts were measured. A mix-
ture of cell extracts, containing an equimolar amount of
CFP and YFP, served as a negative FRET control, which dis-
played no significant emission of the YFP acceptor after the
excitation of the CFP donor (Fig. 6 G). The CFP-YFP tan-
dem, which served as a positive control, displayed marked
sensitized YFP fluorescence after CFP excitation due to
FRET (Fig. 6 G). A smaller, but significant YFP-sensitized
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emission was displayed by the YFP-CLIP-170-CFP but not
by the YFP-CLIP-170-K1-CFP—containing cell extract (Fig.
6 H). The occurrence of FRET in the extract, containing the
YFP-CLIP170-CFP fusion, is indicated by the higher ratio
of fluorescence at 527 nm (YFP emission) to fluorescence at
475 nm (CFP emission) upon excitation at 425 nm, as com-
pared with CFP+YFP mixture or the YFP-CLIP-170-K1-
CFP control (Fig. 6 J). The ratio of YFP to CFP fluorescence
in the extract, containing YFP-CLIP-170-CFP protein, did
not change after it was diluted, suggesting that the binding
between the CLIP-170 head and tail was intra- and not in-
termolecular (unpublished data). This conclusion is further
supported by the fact that the extracts prepared from cells,
cotransfected with YFP-CLIP-170 and CLIP-170-CFP, dis-
play no significant FRET signal (Fig. 6 I).

We have also measured the emission spectra of live COS-7
cells, expressing the same constructs. We selected cells
with low expression levels, in which fluorescent CLIP pro-
teins localized to the plus ends, but formed no patches or
MT bundles. Again, after CFP excitation, YFP-CLIP-170-
CFP displayed higher YFP/CFP fluorescence ratios, than
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the KI mutant (Fig. 6, J and K), indicating that the inter-
action between NH, and COOH terminus of CLIP-170

occurs in vivo.

Inhibition of MT binding by head-to-tail interaction

in CLIP-170

The proposed conformational change in CLIP-170 could
regulate its association with MTs. We tested this idea by
MT pelleting assay and found that the addition of an excess
of the CLIP-170 COOH terminus abolished the pelleting of
the CLIP-170 NH, terminus with MTs, whereas the addi-
tion of a control protein (GST) had no effect (Fig. 7 A).
Similar results were obtained for MT pelleting of p150%<
NH, terminus (not depicted). We also observed that the
full-length CLIP-170 pelleted with MTs much less effi-
ciently than CLIP-170 NH, terminus (Fig. 7 B). This sug-
gests that interaction of the COOH terminus of CLIP-170
either with its own NH, terminus or with p150%*! inter-
feres with their binding to MTs, explaining the dominant
negative effect of the CLIP-170 tail.

Next, we mapped the binding sites of the CAP-Gly pro-
teins for the CLIP-170 COOH terminus. We initially used
a collection of the CLIP-115 NH,-terminal deletion mu-
tants (Hoogenraad et al., 2000; Fig. 7 C) and found that
only the fusions containing the second, but not the first
CAP-Gly domain could coprecipitate CLIP-170 COOH
terminus and associate with MTs in transfected cells (Hoo-
genraad et al., 2000; Fig. 7, C and D). Therefore, it appears
that sites of interaction with MTs and with the COOH ter-
minus of CLIP-170 are located in the second CAP-Gly do-
main of CLIP-115 and are in close proximity. Also in the
case of p150", the CAP-Gly domain is the portion of the
protein interacting with CLIP-170 COOH terminus (Fig.
7, C and D). Interestingly, the G59S mutation of p150%,
discovered in patients with neurodegenerative disease (Puls
et al., 2003), abolishes the interaction of p150°*“® with the
CLIP-170 COOH terminus (Fig. 7, C and D), probably be-
cause it disrupts the folding of the CAP-Gly domain.

Mapping of the NH,-terminal part of CLIP-170 uncovered
differences between the two CLIPs: both CAP-Gly domains
of CLIP-170 localized to MTs in transfected cells and copre-
cipitated, albeit weakly, with the CLIP-170 COOH terminus
(Fig. 7, C and D). Interestingly, the YFP-CLIP-170-CFP
molecule, containing only one (the second) CAP-Gly do-
main, could still produce a FRET signal (unpublished data).
This indicates that the second CAP-Gly domain of CLIP-170
alone is sufficient for interaction with the COOH terminus.

We also tested if the MT-binding CAP-Gly domains of a
more distant CLIP relative, CLIPR-59 (Perez et al., 2002),
could bind to the CLIP-170 COOH terminus and found
this not to be the case (Fig. 7, C and D). This result illus-
trates that the COOH terminus of CLIP-170 interacts only
with a subset of the existing CAP-Gly proteins.

Discussion

Association of CLIP-170, dynactin, and LIS1

with MT tips

Here, we have shown that the COOH terminus of CLIP-
170 interacts directly with the NH, terminus of p150%
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Figure 8. A model of the possible interactions between CLIP-170,
dynactin, dynein, and LIS1 at the plus end of a growing MT. We
propose that free, MT-unbound CLIP-170 can adopt a folded con-
formation through an intramolecular interaction of its terminal
domains. Binding to MTs correlates with the unfolding of CLIP-170,
which allows the interaction of the COOH-terminal domain with its
binding partners, such as dynactin, resulting in their recruitment to
the MT tip. Dynactin, in its turn, can subsequently recruit cytoplasmic
dynein, together with LIST. LIST might act to release dynactin from
the complex with CLIP-170, facilitating MT minus end-directed
transport. These interactions are probably coordinated with the
association of dynein-dynactin complex with the cargo (omitted
from the scheme). LIST may remain associated with dynein, or,
alternatively, it may form a transient complex with CLIP-170. Other
possible interactions not involving CLIP-170, such as direct binding
of dynactin to the MT tips, are not depicted.

and is required for efficient recruitment of dynactin to the
MT tips. Previously it has been observed that expression of
CLIP-170 lacking a functional tail interferes with dynactin
localization to MT tips (Goodson et al., 2003). CLIP-170
binds to the MT tips in a dynactin-independent manner, be-
cause dynactin, but not CLIP-170, is displaced from the tips
by overexpression of LIS1 (Faulkner et al., 2000). Moreover,
down-regulation of p150%*“! does not change the distribu-
tion of CLIPs (unpublished data). Therefore, we propose
that a large portion of dynactin accumulated at the MTs tips
is “hitchhiking” on CLIP-170, using its capacity to recog-
nize the growing MT plus ends (Fig. 8; the term hitchhiking
was introduced by Carvalho et al., 2003).

This conclusion appears to contradict the observations
that the NH, terminus of p150°" binds directly to MTs
and to EBI, another +TIP, which is not dependent on
CLIP-170 for its MT plus end accumulation (Askham et al.,
2002; Komarova et al., 2002; Vaughan et al., 2002; Ligon et
al., 2003). We believe that p150“"™* can indeed recognize
the growing MT tips independently of CLIP-170, because
the knockdown of CLIP-170 reduced, but did not abolish
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dynactin accumulation at the MT tips. We propose that
dynactin can interact with MT ends via three independent
pathways: directly, via EB1 and through CLIP-170. In HelLa
and CHO cells the third pathway contributes significantly to
dynactin localization. It is possible that CLIP-170 serves as a
transient facilitator of dynactin binding to MT ends.

We have found that LIS1 and p150%*, which show af-
finity for the same zinc knuckle of CLIP-170, cannot bind
to this protein simultaneously. Although we were not able to
compete p150°"! binding to CLIP-170 with an excess of
LIS1 in vitro, it is likely that in cells such competition can
occur, because overexpression of LIS1 displaces dynactin
from the MT tips (Faulkner et al., 2000). It was shown that
a phosphorylated form of LIS1 colocalizes with CLIP-170
very efficiently (Coquelle et al., 2002); it is possible, there-
fore, that in cells phosphorylated LIS1 can displace dynactin
from MT plus ends.

The function of the competitive relationship between
p1509d and LIS1 is not yet clear. Although LIS1 was
shown to interact with both dynein (through its heavy and
intermediate chains) and dynactin (through dynamitin),
most of the evidence suggests that LIS1 is primarily a part-
ner of cytoplasmic dynein (Tai et al., 2002). We propose
that a complex of dynein with LIS1 could bind to dynactin,
which is targeted to the MT tip by CLIP-170. The dynein-
associated LIS1 could then disrupt dynactin—~CLIP-170 in-
teraction, facilitating retrograde dynein transport (Fig. 8).

Alternatively, LISI could target dynein to MT tips through
CLIP-170, but independently of dynactin. This sequence of
interactions occurs in budding yeast, where Biklp (CLIP-
170 homologue) and Paclp (LIS1 homologue) interact with
cach other and are both needed for efficient localization of
dynein to the astral MTs (Lee et al., 2003; Sheeman et al.,
2003). Removal of dynactin in this system enhances dynein
localization to the astral MTs, because of a presumed de-
crease in dynein motor activity. However, it is possible that
also in yeast, dynactin, and Paclp compete with each other
for binding to Biklp, and in the absence of dynactin, the
plus end localization of Paclp and dynein is increased. It
is likely that dynein interaction with the MT tips has es-
sential functions, and it is not surprising that multiple, pos-
sibly redundant molecular links have evolved to ensure this
interaction.

Function of dynactin accumulation at the MT tips

Our work has demonstrated that one of the functions of
CLIP-170 is to concentrate dynactin at the tips of growing
MTs. Several roles can be envisaged for this localization of
dynactin. First, dynactin-bound MT ends can serve as sites
for loading of cargos, such as cytoplasmic vesicles or endo-
somes (Vaughan et al., 1999). If this function were essential,
knockdown of CLIP-170 would lead to mislocalization of
membrane compartments. However, the steady-state or-
ganelle distribution appeared to be normal after CLIP-170
knockdown, as previously reported for other situations when
p150%" Jocalization to plus ends was abolished (Goodson
et al., 2003). It is still possible, however, that the kinetics of
some types of dynein-mediated transport is affected in the
absence of CLIP-170.
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Second, dynein—dynactin complexes interact with the cell
cortex (Dujardin and Vallee, 2002, Dujardin et al., 2003). By
associating with cortical sites, dynein motors are believed to
pull at the MTs to reorient the MT network (Burakov et al.,
2003). This process is important for the positioning of the
mitotic spindle and for directional cell migration. Therefore,
it is possible that CLIP-170 and dynactin, targeted to the MT
plus ends, contribute to cell motility or spindle positioning.

Finally, CLIP-170, LIS1 and dynein—dynactin localize to
kinetochores in prometaphase. A possible role for CLIP-170
in mitotic progression is suggested by overexpression of the
CLIP-170 COOH terminus, which displaces endogenous
CLIP-170 from the kinetochore and causes a prometaphase
delay (Dujardin et al., 1998).

Regulatory role of the CLIP-170 head-to-tail
conformation

We have found that CLIP-170 can fold back upon itself
through an interaction between its NH, and COOH ter-
mini. We propose that CLIP-170 alternates between an ac-
tive, extended conformation, in which it can interact with
MTs and its COOH-terminal partners, p150¢"“ and LIS1;
and an inactive, folded conformation, in which it is not
bound to other proteins (Fig. 8). The switching between the
two conformations could be controlled by phosphorylation.
This would explain the behavior of CLIP-170 in nocoda-
zole-treated cells. MT depolymerization by nocodazole in-
creases the rate of CLIP-170 dephosphorylation (Rickard
and Kreis, 1991). Under these conditions CLIP-170 is prob-
ably in an “open” state, because it binds strongly to the few
remaining nocodazole-resistant MTs and also to dynactin,
accumulating in dynactin-positive aggregates.

The capacity of CLIP-170 to fold back is very reminiscent
of conventional kinesin, the cargo-binding tail of which can
associate with its MT-binding motor domain. This interac-
tion prevents wasteful movement of motors not bound to
cargo (for review see Verhey and Rapoport, 2001). Such au-
toinhibition appears to be a common theme in protein evo-
lution with CLIP-170 providing an interesting example.

Materials and methods

Protein purification and in vitro binding assays

Protein fragments of CLIP-170, CLIP-115, and p150“"*? were produced in
E. coli. To generate HIS-tagged fusions, the NH,-terminal fragments of
CLIP-170 (nt 183-1113 of the rat brain cDNA available from GenBank/
EMBL/DDBJ accession no. AJ237670) and p150°*? (nt 270-890 of the rat
cDNA available from GenBank/EMBL/DDB]J accession no. X62160) were
subcloned into pET-28a (Novagen), the NH,-terminal fragment of CLIP-
115 (nt 290-1336 of the rat cDNA available from GenBank/EMBL/DDB)
accession no. AJ000485) was subcloned into pQE-9 (QIAGEN). HIS-
tagged proteins were produced in Rosetta (DE3) pLysS E. coli (pET-28a) or
BL21 E. coli (pQE-9) and purified using Ni-NTA agarose (QIAGEN) in
nondenaturing conditions.

GST fusions of the CLIP-170 NH, terminus (nt 183-1046 of the rat
cDNA available from GenBank/EMBL/DDB]J accession no. AJ237670) and
COOH terminus (nt 3555-4142 of the rat cDNA available from GenBank/
EMBL/DDBJ accession no. AJ237670) were generated in pGEX-2T and
pGEX-3X, respectively. K1, K2, and K1K2 mutants of CLIP-170 COOH ter-
minus (Goodson et al., 2003) were used to generate fusion proteins in
pGEX-3X (the cDNA fragments corresponded to the nt 3832-4413 of the
cDNA available from GenBank/EMBL/DDBJ accession no. NM_002956).
The GST fusion proteins were produced in BL21 E. coli and purified using
glutathione-Sepharose 4B (Amersham Biosciences).
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HIS-tagged LIST and CLIP-170 were purified using the Bac-to-Bac HT
Baculovirus Expression System (Invitrogen) as described in the Online sup-
plemental material.

All'in vitro binding assays were performed in 20 mM Tris-HCI, pH 7.5,
100 mM (low salt) or 400 mM (high salt) NaCl, T mM B-mercaptoethanol
and 1% Triton X-100 as described by Hoogenraad et al. (2000), using ~10
pg of a GST fusion protein and 0.5-10 pg of the HIS-tagged proteins. MT
pelleting assays were performed using the MT-associated protein spin-
down assay kit (Cytoskeleton, Inc.).

Antibodies

We used mouse mAbs against c-myc and vinculin (Sigma-Aldrich), penta-
histidine tag (QIAGEN), plSO“'”“d, dynamitin, and GM130 (BD Bio-
sciences), dynein intermediate chain (CHEMICON International, Inc.),
GFP (Roche), HA tag (Babco), transferrin receptor (Boehringer), a rat mAb
against a-tubulin (Abcam), rabbit antibody 2360 against CLIP-170 (Co-
quelle et al., 2002), antibody 2221, which recognizes both CLIPs, anti-
body 2238 against CLIP-115 (Hoogenraad et al., 2000) and antibody 2293
against BICD2 (Hoogenraad et al., 2001). The following secondary anti-
bodies were used: alkaline phosphatase-labeled anti-rabbit and anti—
mouse antibodies (Sigma-Aldrich); FITC-labeled goat anti-rabbit antibody
(Nordic Laboratories); Alexa 594— and Alexa 350-labeled anti-rat and
anti-mouse antibodies (Molecular Probes); TRITC- and FITC-conjugated
donkey anti-mouse, anti-rabbit, and Cy5-coupled anti-rat antibodies
(Jackson ImmunoResearch Laboratories).

Expression constructs, transfection, IP, and Western blotting
Human myc-tagged CLIP-170 COOH-terminal constructs were described
by Goodson et al. (2003); HA-CLIP-170 NH, terminus, GFP-CLIP-170
COOH terminus and GFP-p150°“I-N (Komarova et al., 2002); GFP-CLIP-
115(+tail) (Hoogenraad et al., 2002); and the GFP-CLIP-115 NH,-terminal
deletion mutants (Hoogenraad et al., 2000). CFP-YFP tandem contained
YFP, fused in frame downstream of CFP with a 20-amino acid linker. YFP-
CLIP-170-CFP was derived from the GFP-CLIP-170 fusion, based on the rat
brain CLIP-170 cDNA. To make this construct, the GFP was substituted for
YFP, and the monomeric (A206K) CFP, preceded by a 7-amino acid linker,
was fused to the end of the CLIP-170 ORF using a PCR-based strategy. PCR
was also used to generate the YFP-CLIP-170-CFP mutants and G595 mutant
of p150¢"ed, GFP-CLIPR-59-MTB construct was provided by F. Perez (Insti-
tut Curie, Paris, France).

For IP, COS-1 cells were transfected by the DEAE-dextran method, as
described by Hoogenraad et al. (2000). CHO cells were transfected with
Lipofectamine 2000 (Invitrogen). Cells were lysed 24 h after transfection,
and IPs and Western blotting were performed as described by Komarova
etal. (2002).

Immunostaining, image acquisition, and analysis

Cell fixation and staining were performed as described by Komarova et al.
(2002). Samples were analyzed either with a microscope (model DMRBE;
Leica) with a PL Fluotar 100X, 1.3 NA objective, equipped with a CCD
camera (C4880; Hamamatsu); or with a inverted microscope (model 200
Eclipse; Nikon) equipped with a Plan Fluor 100X, 1.3 NA objective, and a
CH250 cooled CCD camera (Photometrics Ltd.). Images were prepared for
presentation using Adobe Photoshop. Line scan analysis, measurements of
fluorescence intensity, and densitometry analysis of Western blots were
performed using MetaMorph. To estimate the accumulation of proteins at
the MT end, the tip of MT was defined as a square box, four pixels on a
side (0.36 wm). Integrated fluorescence intensities within the box in each
channel were measured after subtracting background. The ratio of the sig-
nals was computed using SigmaPlot.

RNAi

The following target sequences were used to design siRNAs: CLIP-170A,
GGAGAAGCAGCAGCACATT; CLIP-170B, TGAAGATGTCAGGAGATAA;
CLIP-115A, GGCACAGCATGAGCAGTAT; CLIP-115B, CTGGAAATC-
CAAGCTGGAC; and luciferase, CGTACGCGGAATACTTCGA. siRNA du-
plexes were synthesized by QIAGEN and siRNA transfection was per-
formed using Oligofectamine (Invitrogen).

RNAi vectors for CHO cells were designed based on the same target se-
quences, using the pSuper vector (Brummelkamp et al., 2002). The control
vector was generated by inserting the luciferase RNAI cassette into the Asel
site of pEGFP-C1. Cells were transfected using FuGene 6 (Roche).

SFM imaging of the CLIP-170 protein
The topographic images of purified CLIP-170, deposited on freshly cleaved
mica, were made with a Digital Instruments NanoScope IV operating in
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tapping mode in air using NanoProbe silicone tips (Veeco/Digital Instru-
ments). Images were collected as 1-pm? fields (512 X 512 pixels) and pro-
cessed only by flattening to remove background slope using NanoScope
software. The length of individual CLIP-170 proteins was determined by
manually tracing the longest path from end to end.

FRET measurements in cell extracts and in cells

COS-1 cells were lysed 48 h after transfection in a buffer, containing 20
mM Tris-HCl, pH 7.5, 100 mM NaCl, protease inhibitors (Complete;
Roche), 1% Triton X-100, and 10% glycerol; the lysates were precleared
by centrifugation at 13,000 rpm for 20 min at 4°C. Emission spectra were
measured using a fluorescence spectrophotometer (model F-4500; Hitachi)
with the excitation at 425 nm (CFP) and 485 nm (YFP). Spectra were not
corrected for PMT sensitivity. Background fluorescence of a crude extract
prepared in the same way was negligible. The concentration of the CFP,
YFP, or CFP-YFP fusion proteins in cell lysates was adjusted by Western
blotting and by measuring the YFP fluorescence.

Emission spectra of live cells were recorded on a multimodal micros-
copy platform described elsewhere (Vermeer et al., 2004). Basically, a slit-
spectrograph with a CCD camera was coupled to the exit port of an
inverted wide-field fluorescence microscope. Resulting images yielded
spectral information in the x axis and spatial information in the y axis, en-
abling the recording of spectra multiple objects within the field of view. Ob-
servations were done using 436 nm excitation, and a 460-nm long-pass
emission filter. Due to the long-pass filtering and wavelength dependency of
the detector sensitivity, the 460-500-nm spectral region is underestimated
resulting in higher YFP/CFP detected ratios. During measurements, cells
were kept at 37°C using a heated culture chamber and an objective heater.

Online supplemental material

Fig. S1 shows the colocalization of CLIP-170, but not CLIP-115 with dynac-
tin in nocodazole-treated cells. Fig. S2 shows the distribution of endosomes
and the Golgi after CLIP-170 knockdown. Online supplemental materials is
available at http://www.jcb.org/cgi/content/full/jcb.200402082/DCT1.
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EBs and CLIPs are evolutionarily conserved proteins, which associate with the tips of growing microtubules, and regulate
microtubule dynamics and their interactions with intracellular structures. In this study we investigated the functional
relationship of CLIP-170 and CLIP-115 with the three EB family members, EB1, EB2(RP1), and EB3 in mammalian cells.
We showed that both CLIPs bind to EB proteins directly. The C-terminal tyrosine residue of EB proteins is important for
this interaction. When EB1 and EB3 or all three EBs were significantly depleted using RNA interference, CLIPs
accumulated at the MT tips at a reduced level, because CLIP dissociation from the tips was accelerated. Normal CLIP
localization was restored by expression of EB1 but not of EB2. An EB1 mutant lacking the C-terminal tail could also fully
rescue CLIP dissociation kinetics, but could only partially restore CLIP accumulation at the tips, suggesting that the
interaction of CLIPs with the EB tails contributes to CLIP localization. When EB1 was distributed evenly along the
microtubules because of overexpression, it slowed down CLIP dissociation but did not abolish its preferential plus-end
localization, indicating that CLIPs possess an intrinsic affinity for growing microtubule ends, which is enhanced by an

interaction with the EBs.

INTRODUCTION

Microtubule (MT) plus end tracking proteins (+TIPs) are a
group of MT binding factors, which associate predominantly
with the ends of growing MTs and play a prominent role in
regulating MT dynamics and in attachment of MTs to dif-
ferent cellular structures (Schuyler and Pellman, 2001; Car-
valho et al., 2003; Galjart and Perez, 2003; Howard and
Hyman, 2003; Akhmanova and Hoogenraad, 2005). The dy-
namic accumulation of +TIPs at the ends of polymerizing
MTs is an evolutionary conserved phenomenon, the mech-
anistic basis of which is poorly understood. MT plus end
accumulation of proteins may depend on their motor-driven
plus end-directed transport, specific association with the
freshly polymerized MT tip coupled to quick dissociation
from the older lattice (often called “treadmilling”) or pref-
erential binding to other +TIPs (“hitchhiking”; Carvalho et
al., 2003; Akhmanova and Hoogenraad, 2005). Deciphering
of the hierarchy of protein-protein interactions at the MT tip
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is needed to understand the process of MT plus end tracking
and the cellular functions that depend on it.

One of the most conserved families of +TIPs includes EB1
and its homologues present in mammals, plants, and fungi
(for review, see Tirnauer and Bierer, 2000). In mammalian
cells this family is represented by three members: EB1, EB2
(RP1), and EB3 (EBF3; Juwana ef al., 1999; Su and Qi, 2001).
These proteins contain a calponin homology domain respon-
sible for interactions with MTs (Hayashi and Ikura, 2003)
and a coiled coil region, which determines their dimeriza-
tion (Honnappa et al., 2005; Slep et al., 2005). In animal cells
EB proteins may constitute the “core” of the plus end com-
plex because they interact directly with most other known
+TIPs including dynactin large subunit p150<'ued, APC,
CLASPs, spectraplakins, RhoGEF2, and a catastrophe-induc-
ing kinesin KLP10A (Askham et al., 2002; Bu and Su, 2003;
Ligon et al., 2003; Rogers et al., 2004; Honnappa et al., 2005;
Mennella et al., 2005; Mimori-Kiyosue et al., 2005; Slep et al.,
2005). Removal of these proteins from the MTs does not
prevent specific accumulation of EBs at the distal ends of the
MTs, making it unlikely that EBs “hitchhike” on any of the
above-mentioned +TIPs (Berrueta et al., 1998; Komarova et
al., 2002; Kodama et al., 2003; Rogers et al., 2004; Mimori-
Kiyosue et al., 2005). Studies in Xenopus extracts have shown
that EB1 at the MT tip is immobile with respect to the MT
lattice, suggesting that it binds to the freshly polymerized
MT end and detaches from the older part of the MT (Tir-
nauer et al., 2002).

Another +TIP conserved in animals and fungi is CLIP-
170, a protein containing two MT-binding CAP-Gly domains
at its N-terminus, a long coiled coil region responsible for
dimerization, and two zinc finger-like domains at its C-
terminus (Pierre ef al., 1992; Perez et al., 1999). Similar to EB1,

© 2005 by The American Society for Cell Biology
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mammalian CLIP-170 shows treadmilling behavior (Perez et
al., 1999), and recent in vitro studies have demonstrated that
its localization to the growing MT ends may be due to
copolymerization with tubulin oligomers (Arnal et al., 2004).
However, both in budding and fission yeast, MT plus end
localization of CLIP-170 homologues Biklp and Tiplp de-
pends on kinesin-driven transport (Busch et al., 2004; Car-
valho et al., 2004). In addition to being transported to the tip,
Tiplp binds directly to the EB1 homologue, Mal3p, and
requires Mal3p for accumulation at the MT tip (Busch and
Brunner, 2004). In contrast, the budding yeast Biklp does
not require Bimlp, the EB1 homologue, for MT end accu-
mulation (Carvalho et al., 2004). These differences suggest
that the mechanisms controlling plus end localization can
vary between systems even although highly conserved pro-
teins are involved.

The functional relationship between CLIP-170 and EB pro-
teins in mammalian cells has not yet been fully elucidated.
EB proteins do not require CLIP-170 or the other two CAP-
Gly-containing +TIPs, CLIP-115 and p150<'u¢4, for MT plus
end localization (Komarova et al., 2002). On the other hand,
the role of EB proteins in plus end tracking by CLIP family
members has not yet been addressed. The possibility of
interaction between CLIP-170 and EB proteins has been
suggested by the binding of their fission yeast homologues,
by the interaction between EB proteins and p150<ed, and
by the identification of the Drosophila homologue of CLIP-
170, D-CLIP-190, in a pulldown assay with EB1 (Askham et
al., 2002; Bu and Su, 2003; Ligon et al., 2003; Busch and
Brunner, 2004; Rogers et al., 2004). Further indications for
EB1-CLIP-170 interaction were provided by the enhanced
binding of EB1 to MTs caused by overexpression of the
CLIP-170 N-terminus in cultured cells (Goodson et al., 2003).

Here we show that CLIP-170 and a closely related protein
CLIP-115 bind directly to EB1 and EB3 while displaying a
lower affinity for EB2. This interaction depends on the C-
terminal tails of the EB proteins, which are strikingly similar
to those of a-tubulin. Further, we demonstrate that simulta-
neous depletion of EB1 and EB3 in cultured cells causes a
reduced accumulation of CLIPs at the MT distal ends due to
their diminished binding and quicker dissociation from the
MT lattice. Overexpression of EBI resulting in its even dis-
tribution along the MT lattice reduces the rate of CLIP
dissociation from the growing ends but does not prevent
CLIPs from tip-tracking. This observation rules out “hitch-
hiking” on EB1 as a simple mechanism for CLIP localization
to the growing MT ends.

MATERIALS AND METHODS
Antibodies

Rat monoclonal antibodies against EB proteins were generated using GST
fusions of EB1-C, EB2, and EB3 by Absea (Beijing, China). We used mouse
mAbs against penta-histidine tag (Qiagen, Chatsworth, CA), EB1, EB3, and
p150Gtued (BD Biosciences, Franklin Lakes, NY), green fluorescent protein
(GFP; Roche, Indianapolis, IN), HA tag (BabCO, Richmond, CA), a rat mAb
against a-tubulin (YL1/2 against EEY epitope, AbCam, Cambridge, United
Kingdom), rabbit antibodies against GFP (AbCam), CLIP-170 (2360; Coquelle
et al., 2002), both CLIPs (2221; Hoogenraad et al., 2000), and EB3 (02-1005-07;
Stepanova et al., 2003). The following secondary antibodies were used: alka-
line phosphatase-conjugated anti-rabbit and anti-mouse antibodies (Sigma,
St. Louis, MO), FITC-conjugated goat anti-rabbit antibody (Nordic Laborato-
ries, Westbury, NY), Alexa 594- and Alexa 350-conjugated anti-rat and anti-
mouse antibodies (Molecular Probes, Eugene, OR), TRITC- and FITC-conju-
gated donkey anti-mouse and anti-rabbit and Cy5-conjugated anti-rat
antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA).
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Expression Constructs, Protein Purification, In Vitro
Binding Assays, Coimmunoprecipitation, and Western
Blotting

GST- and HIS-tagged N-terminal fragments of CLIP-170 and CLIP-115 were
described previously (Lansbergen et al., 2004). GST and HIS-tagged fusions of
EB1, EB2, and EB3 were generated using mouse EB1 and EB2 ¢cDNAs and a
human EB3 cDNA, which were described elsewhere (Stepanova et al., 2003).
Both EB2 and EB3 cDNAs correspond to the “long” isoforms of these proteins.
For GST fusions, the portions of the EB ¢cDNAs encoding amino acids indi-
cated in Figure 2A were obtained by PCR; the PCR primers included BanHI
and EcoRI sites directly up- and downstream of the coding sequences. These
sites where used to subclone the PCR products in BamHI/EcoRI-digested
PGEX-3X vector; in the resulting fusion proteins the EB-encoding part was
separated from the GST open reading frame by a linker composed of the
Factor X cleavage site present in pGEX-3X. To generate HIS-tagged fusions,
EB1 coding sequence or its portions were amplified with primers containing
Ndel and EcoRI sites and subcloned into pET28a. Purification of the GST- and
HIS-tagged proteins from E. coli and Western blotting were performed as
described by Lansbergen et al. (2004).

For GST pulldown assays individual GST fusion proteins bound to gluta-
thione Sepharose 4B beads (Amersham Biosciences, Piscataway, NJ) were
combined with dissolved purified HIS-tagged proteins in a buffer containing
20 mM Tris HCI (pH 7.5), 100-300 mM NaCl, 1 mM B-mercaptoethanol, and
0.3-1% Triton X-100. After incubation for 1 h on a rotating wheel at 4°C, beads
were separated from the supernatant by centrifugation and washed four
times in the same buffer, and the proteins retained on the beads (including the
GST fusion and the HIS-tagged protein bound to it) were analyzed on
Coomassie-stained gels and by Western blotting.

The EB-GFP expression constructs used in this study were described by
Stepanova et al. (2003), HA- and GFP-CLIP-170-N and -C- by Komarova et al.
(2002). GFP-EB1 and EB3 deletion mutants were generated by a PCR-based
strategy and subcloned into Bg/IT and EcoRI sites of pEGFP-C2 (Clontech, Palo
Alto, CA). YFP-CLIP-170 was generated by subcloning an amplified fragment
of a rat brain CLIP-170 cDNA (positions 192-4597 of the sequence with the
accession number AJ237670) into Xhol and Sall sites of pEYFP-C1 (Clontech).
For coimmunoprecipitation (co-IP) experiments COS-1 cells were transfected
by DEAE-dextran method and lysed 2 d after transfection and the lysates
were used for co-IP with anti-GFP or anti-HA antibodies (diluted 1:30) as
described by Hoogenraad et al. (2000).

RNAi and Rescue Constructs

RNAI vectors for Chinese hamster ovary (CHO)-K1 cells were based on the
pSuper vector (Brummelkamp et al., 2002). The used mouse target sequences
for EB proteins are indicated in Figure 3B; the luciferase target sequence was
CGTACGCGGAATACTTCGA. For simultaneous knockdown of EB1 and
EB3, the two RNAI cassettes were combined in tandem in the same vector. To
supply the RNAI cassettes with a selectable and a fluorescent marker, they
were inserted into the Asel site of pEGFP-C1 or pECFP-C1. EB1 rescue
constructs were prepared by a PCR-based strategy to introduce five silent
substitutions in the target site of EB1 siRNA (resulting in a sequence TCTA-
ACCAAGATCGAGCAA).

Cell Culture, Generation of the Stable Cell Line, and
Introduction of RNAi Vectors

For Western blot analysis 80% confluent CHO-K1 cells were transfected using
FuGene 6 (Roche) with different pECFP-RNAI plasmids. Cells were replated
16 h after transfection into glucose and sodium pyruvate-free DMEM medium
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum and 2
mg/ml G418 (Roche) and cultured for the next 72 h.

To produce a cell line stably expressing YFP-CLIP-170, cells were trans-
fected and cultured as described above. For colony screening, cells were
plated on coverslips and clones expressing low level of YFP-CLIP-170 were
selected under a microscope using polystyrene cloning cylinders (Sigma).

For microinjection, cells were plated sparsely on coverslips with pho-
toetched locator grids (Bellco Glass, Vineland, NJ) and 12-24 h later they were
microinjected with different RNAi plasmids into nuclei. The needle concen-
tration was 100 pg/ml for RNAi plasmids and 70 ug/ml for the rescue
experiments with EB1, EB2, or EBIAAc. For detection of microinjected cells in
live imaging experiments, cells were comicroinjected with a red fluorescent
protein-expressing construct to produce a soluble marker. Cells were fixed or
used for live observation 84-90 h after microinjection.

Immunostaining, Linescan Analysis, and Quantification of
the Protein Amount at the MT Tips

Cell fixation and staining were performed as described by Komarova et al.
(2002). Briefly, cells were fixed in cold methanol (—20°C), postfixed with 3%
formaldehyde, and permeabilized with 0.15% Triton X-100. Fixed samples
were analyzed by fluorescence deconvolution microscopy using a Deltavision
microscope system equipped with an Olympus IX70 inverted microscope
(Lake Success, NY) and a PlanApo 60 X 1.4 NA objective. We used 2X
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Table 1. Rate of YFP-CLIP-170 dissociation from the growing MT plus ends

Vs time of YFP-CLIP-170 No. of MT
Kog (s71) dissociation (s) plus ends
Control cells 0.54 +0.12 14+03 57
RNAIi experiments
RNAI to Luciferase 0.50 = 0.10 15+03 47
EB1 RNAi 0.52 +0.13 14*04 95
EB1+EB3 RNAi 1.13 = 0.80 0.7 0.2 1m
Rescue experiments after EB1+EB3 depletion
EB1 042 +0.27 19*05 59
EB1AAC 0.39 +0.16 20*0.6 53
Expression of EB1 or EB1 mutants in control cells
Untagged EB1 0.22 +0.08 37+1.6 55
EB1ACC 0.44 + 0.10 1.6 03 39

The dissociation constants and half times of YFP-CLIP-170 dissociation were obtained for individual MT tips and the averaged values + SDs

were computed for the analyzed population.

binning that gave a resolution of 0.22 um per 1 pixel. Images were prepared
for presentation using Adobe Photoshop (San Jose, CA). Linescan analysis
and measurements of fluorescence intensity and densitometry analysis of
Western blots were performed using MetaMorph software (Universal Imag-
ing, West Chester, PA). For linescan analysis original images were converted
to 300 dpi using Adobe Photoshop software and the analysis of intensity
profiles along 1 pixel depth line at the MT tips was performed in MetaMorph.
For estimation of the amount of the proteins bound to the outmost MT tips or
to entire tips integrated fluorescence intensities within a box of four pixels on
aside (outer tip) or a rectangle covering the entire positively stained tip (total
bound) were measured for each channel after subtracting external back-
ground. The integrated intensities in RNAi depleted cells were expressed as
a percentage of the integrated intensities in control cells, which were taken for
100%. About 200 MTs were analyzed in 10-20 control or depleted cells for
each experimental condition. Data handling was performed using SigmaPlot
software (Jandel Scientific, Corte Madera, CA).

Live Cell Imaging and Quantification of CLIP Dynamics
Cells stably expressing YFP-CLIP-170 were observed at 36°C on a Nikon
Diaphot 300 inverted microscope (Melville, NY) equipped with a Plan 100X,
1.25 NA objective using YFP filter set. Images of 16-bit depth were collected
with a CH350 slow scan, cooled CCD camera (Photometrics, Tucson, AZ)
driven by Metamorph imaging software (Universal Imaging). The images
were projected onto the CCD chip at a magnification of 250X, which corre-
sponded to a resolution of 0.09 um per 1 pixel. Time-lapse series of 30 images
were acquired with a 0.5-s interval using stream acquisition mode. To achieve
high temporal resolution, we had to limit the exposure time to 0.1-0.15 s.
CLIP kinetics was analyzed on 16-bit depth images after subtraction of
external background. We used a kymograph function to create a cross-
sectional view of average intensity values within the line of 8 px along the
YFP-CLIP-170 tracks over time. Using linescan analysis on the kymograph
images, we determined the intensity decay of the fluorescence signal of a
single pixel over time. We plotted the intensity decay over time for each
YFP-CLIP-170 positive tip using SigmaPlot software and by applying expo-
nential curve fitting we determined the dissociation constant (k). The half
time of CLIP dissociation was calculated as In2/k, for each CLIP-positive tip
and averaged for the population. Photobleaching of the fluorescent signal due
to sample illumination was not taken into account because it was negligible; the
bleaching constant of YFP-CLIP-170 signal at the outer tips of growing MTs
determined by exponential curve fitting to intensity decay was 0.01 + 0.004 s~ .
This value was insignificant compared with the constant of CLIP dissociation
(Table 1); correction for photobleaching was therefore unnecessary.

RESULTS

CLIP-170 and CLIP-115 Bind Directly to EB Proteins

The CAP-Gly motif-containing domains of Tip1lp (Schizosac-
charomyces pombe homologue of CLIP-170) and p150Gtued
bind directly to the C-terminal parts of Mal3p and the mam-
malian EB1 protein, respectively (Askham et al., 2002; Bu
and Su, 2003; Ligon ef al., 2003; Busch and Brunner, 2004).
We therefore set out to test if the N-termini of CLIP-170 and
CLIP-115 can also interact directly with EB family members.
We used purified 6xhistidine (HIS)-tagged N-terminal frag-
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ments of CLIP-170 and CLIP-115 (Figure 1A) in an in vitro
pulldown assay with the purified glutathione S-transferase
(GST) fusions of EB1, EB2, and EB3. In low-salt conditions
(100 mM NaCl) both CLIP N-termini were efficiently re-
tained by all three EB fusions but not by GST alone (Figure
1B). However, GST-EB2 could no longer bind to the CLIP
N-terminal domains when the salt concentration was in-
creased to 300 mM (Figure 1B).

To confirm this interaction we next performed co-IPs from
transfected cells. We overexpressed the N- or the C-terminal
part of CLIP-170 tagged with GFP in COS-1 cells and inves-
tigated if endogenous EB proteins could be coprecipitated
with these CLIP-170 fragments. To detect all three endoge-
nous EB family proteins, we used novel monoclonal anti-
bodies (mAbs) specific for EB1, EB2, or EB3 (Supplementary
Figure S1). We found that both EB1 and EB3 but not EB2
coprecipitated with the N-terminus of CLIP-170, whereas
none of the EB proteins coprecipitated with the C-terminus
of CLIP-170 (Figure 1C). It should be noted that previously
in a similar experiment we failed to observe a co-IP of EB1
with the CLIP-170 N-terminus (Komarova et al., 2002). This
contradiction is explained by the fact that in the current
study we used a new anti-EB1 mAb (mAb KT51), which is
much more sensitive on Western blot than the anti-EB1 mAb
from BD Biosciences used in our previous study. We con-
clude that CLIP-170 and CLIP-115 can bind directly to EB1
and EB3 and display a lower affinity for EB2.

To map further the CLIP interacting domains in EB1 and
EB3, we used a series of EB1/EB3 deletion mutants (Figure
2A). Experiments with the N-terminus of p150©!ued have
shown that it binds to the C-terminal part of EB1 and that
the deletion of last two amino acids of EB1 is sufficient to
abolish the interaction (Askham et al., 2002; Bu and Su, 2003).
The C-terminal tails of EB proteins are strikingly similar to
the tail of a-tubulin because they contain several acidic
residues and terminate with a tyrosine (Figure 2B). In Sac-
charomyces cerevisiae the CLIP-170 homologue Biklp de-
pends on the C-terminal aromatic residue of a-tubulin for
the binding to MTs (Badin-Larcon ef al., 2004). The same is
likely to be true for the mammalian CLIP-170 because it is
mislocalized in mouse neurons, in which the pool of C-
terminally tyrosinated a-tubulin is strongly reduced because
of a deficiency in tubulin tyrosine ligase (Erck et al., 2005).
Taking into account all these observations, we hypothesized
that the CLIP N-termini bind to the C-terminal regions of
EB1 and EB3 in a manner dependent on the C-terminal
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Figure 1. CLIP and EB proteins interact directly. (A) Schematic
representation of the CLIP protein structure and the deletion mu-
tants used in this study. MTB, microtubule-binding domain, CC,
coiled coil, ZF, zinc finger-like domains. (B) GST pulldown assays
with the indicated GST fusions. Coomassie-stained gel is shown for
the GST fusions and Western blots with anti-HIS antibodies for the
HIS-tagged CLIP N-termini. Ten percent of the input and 50% of the
material bound to the beads were loaded on gel. (C) IP with anti-
GFP antibodies from COS-1 cells transfected with the indicated
GFP-CLIP-170 deletion mutants. Rat mAbs were used to detect EB1
and EB2 and rabbit polyclonal antibodies to detect EB3.

tyrosine. To test this idea, we preformed GST pulldown
assays with GST fusions of different EB1/EB3 deletion mu-
tants and a HIS-tagged CLIP-170 N-terminus (Figure 2, C
and D). We observed that the C-terminal half of EB1 was
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sufficient for the interaction with the CLIP-170 N-terminus.
Removal of the tails of EB1/EB3 or their C-terminal tyrosine
alone prevented HIS-tagged CLIP-170 N-terminus from
binding to GST-EB fusions, confirming our hypothesis (Fig-
ure 2, C and D).

We also performed a reverse assay where we tested the in
vitro binding of HIS-tagged EB1 or its mutants to GST-
tagged CLIP-170 N-terminus. Full-length HIS-tagged EB1
displayed a strong affinity for GST-CLIP-170 N-terminus but
not to GST-EB1, which was used as a negative control (Fig-
ure 2E). EB1 is known to form stable dimers (Honnappa et
al., 2005; Slep et al., 2005), but we did not observe association
between differently tagged EB1 proteins purified from bac-
teria. HIS-tagged EB1 mutants lacking either the C-terminal
tyrosine or the whole acidic tail did show weak binding to
the GST-coupled CLIP-170 N-terminus but not to GST-EB1
(Figure 2E). This observation is in line with previously pub-
lished data indicating that in addition to the EB1 tail, the EB1
coiled coil region may also be important for binding to
p150<!ued N-terminus (Wen et al., 2004). GST-fused CLIP-170
N-terminus might have a higher affinity for EB mutants than
its HIS-tagged version because it is expected to be a dimer
due to self-association of GST, whereas HIS-tagged CLIP
N-termini are likely monomeric.

Next we investigated if the acidic tail of EB1 and in
particular its C-terminal tyrosine are important for interac-
tion between EB1 and CLIP-170 N-terminus in cell lysates.
To address this question we performed co-IPs from COS-1
cells cotransfected with constructs expressing hemaggluti-
nin (HA)-tagged CLIP-170 N-terminus and GFP-EB1 fusion
or its deletion mutants. Although GFP-EB1 and GFP-EB1
C-terminus coprecipitated with HA-CLIP-170 N-terminus
(Figure 2F, lanes 1 and 4) GFP-EB1 or GFP-EB1-C lacking the
whole acidic tail or its C-terminal tyrosine did not copurify
with CLIP-170 N-terminus (Figure 2F, lanes 2, 5, and 7). A
similar result was obtained when we used longer CLIP-170
mutants, which contain a portion of the coiled coil region
and can dimerize (unpublished data). Our data indicate that
the absence of the C-terminal tyrosine of EB1 makes its
affinity for CLIP-170 in the extract too low to allow a co-IP.

It should be noted that in mammalian cells a-tubulin
undergoes repetitive cycles of detyrosination and tyrosina-
tion. Using an antibody, which specifically recognizes the
EEY epitope, we observed no tyrosine addition to detyrosi-
nated EB1 in COS-1 cells, indicating that it is not a substrate
for a tyrosine ligase in these cells (Figure 2F).

In line with the idea that the very C-terminus of EBI is
important for the interaction with CLIP-170 and p150S!ued,
we observed that the attachment of the GFP tag to the
C-terminus of EB1 abolished its interaction with these CAP-
Gly proteins when they were expressed at endogenous lev-
els (Figure 2G) or when HA-tagged CLIP-170 N-terminus
was overexpressed (Figure 2F, lanes 3 and 6). The widely
used EB1-GFP fusion should therefore be treated with some
caution because it might have a dominant negative effect
due to its inability to interact with the CLIPs and dynactin.

Our data indicate that CLIP-170 and CLIP-115 can bind to
EB1 and EB3 directly. However, we were unable to co-IP
these proteins when they were both present at endogenous
levels (unpublished data). We propose that the interactions
between these proteins are transient and/or occur normally
only in the context of MT tip binding.

EB Depletion Decreases CLIP Accumulation at MT Tips
Mainly through Influencing CLIP Dynamics

Direct interactions between CLIPs and EBs suggested that
these proteins may bind to the MT ends cooperatively. Ex-
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Figure 2. The C-terminal tails of EB1 and EB3 contribute to the association of these proteins with CLIP-170. (A) Schematic representation
of the EB protein structure and the deletion mutants used in this study. CH, calponin homology domain; CC, coiled coil; Ac, acidic tail.
Absence of the C-terminal tyrosine is indicated by asterisks. Binding to CLIP-170 N-terminus in GST-pulldown experiments is indicated: +,
strong binding; +/—, weak binding; —, no binding detected; ND, not determined. In the left column the data for binding of HIS-tagged
CLIP-170-N to GST-tagged EB1 mutants are indicated; in the right column the data for binding HIS-tagged EB1 mutants to GST-tagged
CLIP-170-N are summarized. (B) Alignment of the C-terminal tails of the human EB1, EB2, and EB3 (Su and Qi, 2001) and a-tubulin (accession
number P68363). In contrast to the other three proteins EB2 has uncharged amino acids at positions 5 and 6 counting from the C-terminus
(indicated by a gray box). Similarity of the last three amino acids is emphasized by a black box. (C-E) GST pulldown assays with the indicated
GST fusions. Coomassie-stained gel is shown for the GST fusions and Western blots with anti-HIS antibodies for the HIS-tagged CLIP-170
N-terminus and EB mutants. Ten percent of the input and 25% of the material bound to the beads were loaded on gel. (F) COS-1 cells were
cotransfected with HA-CLIP-170 N-terminus and the indicated GFP-EB1 (or EB1-GFP) fusions. IPs were performed with anti-HA or anti-GFP
antibodies and the resulting precipitates were analyzed with antibodies against HA, GFP, or the EEY epitope. The cross-reacting IgG heavy
chain when present is indicated by an asterisk. Arrowheads in the lower panel indicate GFP-positive bands (GFP-EB1 and GFP-EB1-C, which
coprecipitate with HA-CLIP-170 N-terminus). (G) IPs with anti-GFP antibodies from COS-1 cells transfected with the indicated GFP-EB1 (or
EB1-GFP) expression constructs were analyzed by Western blotting with antibodies against GFP, CLIP-170 (2360), or p150Ciued,
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pression of a dominant negative CLIP-170 mutant demon-
strated that EB proteins do not require CLIPs or dynactin for
the plus end binding (Komarova et al., 2002), and examina-
tion of cells after depletion of both CLIPs by RNAi con-
firmed this conclusion (unpublished data). To test if the EB
proteins are needed for the binding of CLIPs to MT ends in
mammalian cells, we used plasmid-based RNA interference
(RNAi; Brummelkamp ef al., 2002) in CHO-K1 cells. Target
regions were selected from the open reading frames of the
mouse EB1, EB2, and EB3 genes (Figure 3B), and their 100%
identity with hamster sequences was confirmed by sequenc-
ing the corresponding portions of the EB cDNAs obtained
by RT-PCR from CHO-K1 cells. Next we validated the ef-
fectiveness of different RNAi vectors to silence EB proteins
in a population of CHO-K1 cells. Insertion of RNAi cassettes
into pECFP-C1 vector, which contains a neomycin-resistance
gene, permitted us to select RNAi plasmid-transfected cells
for resistance to G418. As a control we used a CFP-express-
ing RNAI vector directed against luciferase. Starting at 16 h
after transfection with RNAi vectors, cells were treated with
G418 for 72 h and then collected for Western blot analysis.
Using microscopic examination, we determined that after
such treatment >95% of the cells in the population were
CFP-positive. Immunoblotting and densitometry analysis
demonstrated that each single EB species was down-regu-
lated by ~90% both when a single EB protein or several
proteins in combination were knocked down (Figure 3, A
and C). Depletion of any particular EB protein had no effect
on the protein levels of other family members or on the
levels of actin, tubulin, CLIP-170 and CLIP-115 (Figure 3A).

Next we analyzed whether the depletion of EB proteins
had any effect on the localization of endogenous CLIPs. The
distribution of CLIP-170 and CLIP-115 in correlation to the
depletion of EB family members was evaluated by triple
immunostaining at 84-90 h after nuclear microinjection of
RNAI vectors. Microinjection allowed us to obtain a reason-
ably homogeneous population of cells displaying a knock-
down of one or several EB proteins. In untreated CHO-K1
cells CLIP-170 and CLIP-115 visualized with an antibody,
which recognizes both proteins displayed “comet”-like
structures with an average length of ~2 um at the MT distal
ends. These ends were also positive for endogenous EB1 and
EB3 (Figure 3, D, G, and I, rectangles marked with “1”).
Linescan analysis (plots of intensity vs. distance along the
MT distal end, Figure 3E) demonstrated that the distribution
of CLIPs and EBs was identical and overlapping. Knock-
down of EBI alone caused no significant change either in
accumulation or in distribution of the CLIPs at the MT tip
(Figure 3, D, F, and L). However, simultaneous depletion of
EB1 and EB3 led to a reduction of the CLIP signal at the MT
tips to ~44%, whereas the level of remaining EB1 and EB3
proteins was only ~11% (Figure 3, G, H, and M). Similar
results were obtained when all three EB proteins were knocked
down simultaneously (Figure 3, I, K, and N), suggesting that
EB2 had no strong effect on the CLIP distribution.

The diminished accumulation of CLIPs at the MT tips
after the depletion of EB proteins could be either due to their
reduced association with the outer MT plus ends or a result
of a redistribution. To test these possibilities we quantified
CLIP-positive signals at the outer tips of MTs (within a
0.36-um square box at the very end of the MT). We found
that CLIP association measured in this way was slightly
reduced (to ~77% of the normal level) after knock down of
EB1 and EB3 (Figure 3M). However, the length of the CLIP-
positive comet was reduced approximately by half as dem-
onstrated by linescan plots (Figure 3, E, F, H, ], and K). This
effect correlated with the distribution of the remaining EB1
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and EB3, which were strongly concentrated as small dots at
the distal tips of the MTs with an intensity of ~19% of their
normal level at the outer tip (Figure 3M). Shortened CLIP-
positive comets with a reduced intensity were also observed
after knocking down EB1 and EB3 in HeLa cells with the aid
of the human versions of the RNAi vectors (Figure 3B and
unpublished data), indicating that the observed effects were
not a peculiarity of the CHO-K1 cells.

The influence of EB proteins on CLIP distribution could
possibly be explained by a change in CLIP dynamics. To
analyze CLIP behavior in live cells, we generated a line of
CHO-K1 cells stably expressing yellow fluorescent protein
(YFP)-CLIP-170 at a level comparable to that of the endog-
enous CLIP-170 (Figure 4A). The average length of YFP-
positive comets at the MT ends in this cell line was similar to
that measured for the endogenous CLIP-170 in fixed cells,
suggesting that YFP-CLIP-170 behavior reflects the dynam-
ics of the endogenous protein. Using live imaging with a
high temporal resolution, we were unable to find any evi-
dence for transport of CLIP-170 to the MT tip in CHO-K1
cells (unpublished data). Kymograph analysis of individual
growing MT plus ends (Figure 4, B and C) demonstrated
very fast CLIP association with the freshly polymerized MT
tip and slower dissociation from the older part of MT. Our
data support previous observations on CLIP dynamics, sug-
gesting that CLIP molecules remain stationary with respect
to the MT lattice.

Analysis of the dissociation curve indicated that it could
be fitted to an exponential decay (Figure 4D), which allowed
us to calculate the dissociation constant and the half time of
the CLIP dissociation. In control cells CLIP-170 dissociated
with a half time of 1.4 = 0.3 s (Table 1). Knockdown of EB1
alone had no effect on CLIP-170 dissociation rate (Figure 4,
E-G, Table 1), while simultaneous depletion of EB1 and EB3
decreased the half time of YFP-CLIP-170 dissociation by a
factor of 2 (Figure 4, H-J, Table 1). Depletion of EB proteins
had no effect on the rate of MT growth as demonstrated by
similar slopes of the kymographs (31.0 + 6.6, 31.7 + 6.0, and
32.0 + 4.2° for control, EB1, and EB1+EB3 RNAI treatments,
respectively; Figure 4, C, F, and I). Although we used only
CLIP-170 in our kinetic studies, similar distribution of the
endogenous CLIP-170 and CLIP-115 in fixed preparations
suggested that both proteins had similar dynamics.

CLIP Accumulation at the MT Tips Is Fully Restored by
EB1 and Partially Restored by EBIAAc

To exclude the possibility that enhanced dissociation of
CLIP-170 is due to an off-target activity of our RNAI tools,
we rescued the cells microinjected with EB1 and EB3 RNAi
vectors with a plasmid expressing nontagged EB1. This res-
cue construct was resistant to the anti-EB1 small interfering
(si) RNA because of five silent substitutions in the siRNA
target region. EB1 expression could completely restore the
normal YFP-CLIP-170 dissociation rate (Table 1).

We also performed a rescue of EB1/EB3 knockdown us-
ing EBIAAc mutant, which has a strongly reduced affinity to
CLIP-170 (Figure 2, C-E). To detect endogenous EB1 in cells
expressing EBIAAc we used the KT51 mAb, which does not
react with EBIAAc (Supplementary Figure S1). The EB1AAc
mutant was visualized with anti-EB1 mAb from BD Bio-
sciences, which recognizes an epitope in the coiled coil do-
main (Askham et al., 2002). For quantification of CLIP dis-
tribution we chose cells in which EB1AAc was localized
exclusively at the tips and not along the MT lattice. The level
of EB1AAc expression estimated by measuring of the signal
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Figure 3. Simultaneous knockdown of EB1 and EB3 proteins results in the reduction of CLIP accumulation at the MT tips. (A) Western blot
analysis of the cell extracts prepared from 1) cells transfected with pECFP-C1 or cells transfected with hairpin constructs encoding RNAi to 2)
Luciferase; 3) EB1; 4) EB2; 5) EB3; 6) EB1+EB3; 7) EB1+EB2+EB3. EB proteins were detected by rat mAbs KT51 (anti-EB1), KT52 (anti-EB2), and
KT53 (anti-EB3; see also Supplementary Figure S1). Note that anti-EB3 antibody also reacts with an unknown species of ~28 kDa that is insensitive
to EB3 RNAI. The EB3-specific band is indicated by an arrowhead. CLIP-115 and CLIP-170 were detected with the 2221 antibody. Actin serves as
a loading control. (B) Schematic representation of the relative positions and sequences of the mouse EB1, EB2, and EB3 RNAi target regions and
their alignment to human sequences. Corresponding amino acid sequences are indicated below. (C) Densitometry analysis of EB proteins levels
from the blots shown in A. Bar plots represent relative protein levels after expression of different hairpin constructs indicated by numbers, which
are the same as in A. Protein levels in the extracts of pECFP-expressing cells (1) were assigned for 100%. (D-K) Distribution of CLIPs at the MT
tips after depletion of EB family members. CHO-K1 cells were stained for EB1, CLIPs, and tubulin (D), EB1+EB3, CLIPs, and tubulin (G); EB1+EB3,
CLIPs, and EB2 (I) 84 h after microinjection with hairpin construct encoding RNAi to EB1 (D); EB1 and EB3 (G); EB1, EB2, and EB3 (I). Cells with
depleted proteins are indicated by dotted lines. Bars, 10 sum. Enlarged insets from the control (1) and treated cells (2) for CLIPs (grayscale) and for
overlays (in color) are shown on the right; CLIPs, red; tubulin (D and G) or EB2 (I), green; EB1 (D) or EB1+EB3 (G and I); blue. Bars in the insets,
1 wm. Linescan analysis illustrates the distribution of CLIPs, EBs, and tubulin at the MT tips in control cells (E and ]) after depletion of EB1 (F), after
simultaneous depletion of EB1 and EB3 (H), or all three EB members (K). Note that the length of CLIP-positive structures is twice as short compared
with control cells. (L-N) Quantification of the amount of CLIPs and EB proteins bound the whole tip or to its outer part after depletion of EB1 (L),
EB1 and EB3 (M), or all three EB proteins (N). The integrated intensity of CLIPs and EB proteins at the MT tips in depleted cells was expressed as
a percentage of the intensity in control cells from the same image, which was taken for 100% and plotted as box graphs. The boundaries of the box
and whiskers indicate the 25th and the 75th percentile, and the 90th and 10th percentiles respectively. The median and mean are shown by a straight
and a dotted line. The numbers on the graphs indicate the average values and standard deviations. The values for CLIPs in L are statistically
different from M and N (Student’s test; p < 0.0001) with 95% confidence of nonoverlapping intervals. The values for CLIPs shown in M are
statistically not different from those in N. Data are derived from measurements of 146-568 individual MT tips in 10-20 cells per treatment group.
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Figure 4. Depletion of EB proteins increases the rate of CLIP-170 dissociation from the MT tips. (A) Western blots of the cell extracts
prepared from CHO-K1 cells stably expressing YFP-CLIP-170 (after fluorescence-activated cell sorting) probed with CLIP-170 specific
antibody 2360, anti-GFP and anti-tubulin antibodies; parental CHO-K1 cell line was used as a control. (B-J) YFP-CLIP-170 kinetics in CHO-K1
cells. The time-lapse images of YFP-CLIP-170 in the cells expressing hairpin constructs containing target sequence either for Luciferase RNAi
(B); EB1 RNAI (E); or EB1+EB3 RNAIi (H). Images were acquired every 0.5 s. The vertical lines correspond to very tip of CLIP-170 comets
on the first image. Time is shown in seconds in the top right corner. Bar, 1 um. A kymograph function was used to create a cross-sectional
view of the YFP-CLIP-170 intensity over time (C, F, and I). The dotted lines in B, E, and H indicate the path of MT growth along which the
cross-sectional views were obtained. The fluctuations of the fluorescent intensities along the dashed line represent association and
dissociation of YFP-CLIP from the MT plus ends and are plotted on the graphs below (D, G, and J). The exponential curve fitting gives the
dissociation constant (k).

at the MT tips was 230 * 90% of endogenous EB1 in control EB2 Cannot Rescue CLIP-170 Accumulation at the Tips of
cells. EBIAAc mutant localized efficiently to the MT tips of =~ EB1/EB3-depleted Cells

cells depleted for EB1 and EB3 and induced an almost com- The depletion of either EB1/EB3 or all three EB species
plete loss of the residual EB1 from the MT ends, probably caused similar effects on CLIP accumulation at the MT tips.
due to competition (Figure 5, A-C). Total accumulation of ~ There are two possible explanations of this result: either EB2
endogenous EB1 at the MT tips of such rescued cells consti-  has a function distinct from EB1 and EB3 or endogenous EB2
tuted only 3.2 + 1.2% of those in control cells (Figure 5D). level in CHO-K1 cells is too low to support normal CLIP
Also endogenous EB3 was almost undetectable in such cells distribution, especially given the lower affinity of this pro-

(unpublished data). tein for the CLIPs compared with EB1 and EB3. To distin-
Surprisingly, EBIAAc could efficiently rescue CLIP distri-  guish between these possibilities, we attempted to rescue
bution (Figure 5, A-D). It caused an increase of CLIP accu-  CLIP accumulation after the simultaneous EB1 and EB3

mulation measured at the MT tip from 44.2 = 12.0% in  knockdown by overexpressing EB2. To our surprise, mild
EB1/EB3 knockdown cells to 75.9 * 14.6% of the level in  overexpression (204 + 150% compared with endogenous
control cells, suggesting that only ~25% of CLIP accumula- level) of EB2 in EB1/EB3 knockdown cells led to further loss
tion may be accounted for by the CLIP-EB interaction me- of the CLIPs from the MT tips, reducing the level of the total
diated by the EB1 tail. Even more strikingly, the rate of CLIP  MT tip-bound CLIPs to ~27% of that in control cells (Figure
dissociation was completely restored by the expression of  6). Linescan analysis demonstrated that the length of CLIP-
EB1AAc (Table 1), indicating that CLIP-EB binding via the  stained MT tips was ~1 um, similar to that observed in
tail of EB1 has no influence on CLIP dissociation. EB1/EB3-depleted cells. Higher levels of EB2 overexpres-
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Figure 5. EBIAAc partially restores CLIP
accumulation after simultaneous EB1/EB3
depletion. (A) CHO-K1 cells depleted of en-
dogenous EB1 and EB3 proteins and rescued
with EBIAAc were stained for EB1 with the
BD Biosciences mAb (recognizes both the en-
dogenous EB1 and the rescue construct, red),
KT51 mAb (recognizes only the endogenous
EBI, blue), and the CLIPs (green). Bar, 10 um.
(B) Enlarged areas of a control (1) and a res-
cued cell (2). Bar, 5 um. (C) Linescan analysis
demonstrates that the length of the CLIP pos-
itive structures was restored in the cells res-
cued with the EBIAAc mutant. (D) Quantifi-
cation of the amount of CLIPs and EB1 bound
the whole MT plus end in cells depleted of EB1
and EB3 and rescued with EB1AAc. The data
are plotted in the same way as in Figure 3, L-N.
The data are derived from 161 and 121 individ-
ual MT tips in 24 and 11 cells for control and
rescue, respectively.

sion (to an extent when it was no longer bound to the tips
but rather distributed evenly along the MTs) did not im-
prove CLIP accumulation at the tips either (unpublished
data). This suggests that overexpression of EB2 in EB1/EB3-
depleted cells did not lead to a change in CLIP dissociation
rate compared with EB1/EB3 depletion, although very low
signal of YFP-CLIP-170 at the MT tips made live imaging
with high temporal resolution impossible in this case. It
appears therefore, that EB2 has fundamentally different
properties from EB1 and EB3 with respect to its relationship
with the CLIPs.

Ouverexpression of EB1 Decreases the Rate of CLIP-170
Dissociation

Because decreased levels of EB1 and EB3 caused quicker
release of CLIP-170 from the MTs we expected an increased
level of EB1/EB3 proteins to have the opposite effect. In-
deed, moderate levels of EB1 overexpression, which resulted
in redistribution of EB1 along the whole length of MTs
without causing their stabilization or bundling, induced
elongation of CLIP-positive comets at the MT ends (Figure 7,
A-C). Such moderate increase in EB1 level caused no signif-
icant change in MT growth rate, whereas the half time of
YFP-CLIP-170 dissociation was increased by a factor 2 com-
pared with control cells (Figure 7D, Table 1). As a control,
we used a HA-tagged EB1 mutant EBIACC (1-184), which
lacks the C-terminal part including the coiled coil region.
EB1ACC decorates MTs but has no preferential affinity for
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their growing ends (unpublished data). Overexpression of
this mutant caused no significant change in CLIP-170 disso-
ciation rate (Table 1), indicating that the observed effect
correlates with the capacity of the EB proteins for plus end
association. Importantly, overexpression of EB1 did not
cause complete redistribution of the CLIPs along the MTs.
Although EB1 decorated MTs along their length, CLIPs still
concentrated at the MT tips but dissociated with a slower
rate. This indicates that CLIPs do not simply “hitchhike” on
the EBs to target the growing tips but recognize these sites
through another mechanism.

DISCUSSION

Protein-protein interactions at the growing MT plus ends
create a flexible and dynamic network, which contributes to
the spatial accumulation of +TIPs (for recent review, see
Akhmanova and Hoogenraad, 2005). The core element of
this network is likely represented by EB1 and its family
members. Here we show that similar to other +TIPs, CLIPs
also require EB proteins for efficient plus end localization.
Direct interaction between the CLIPs and EB1/EB3 proteins
provides the most straightforward explanation of this obser-
vation. EB-dependent mechanism of CLIP accumulation at
the MT tips may be evolutionary conserved because Mal3p,
the S. pombe EB1 homologue interacts directly with Tiplp,
the CLIP-170 homologue and is strictly required for Tiplp
binding to the growing MT ends (Busch and Brunner, 2004).
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We have demonstrated that the acidic tail of EB1/EB3 and
specifically its C-terminal tyrosine contributes to CLIP bind-
ing. CLIP-EB interaction via the tail of EB proteins plays a
significant role in vivo because CLIP accumulation at the MT
plus ends was higher in control cells than in cells depleted
for EB1/EB3 and rescued with the EBIAAc mutant. The tail
of EB1 or EB3, however, is not the sole site of their interac-
tion with the CLIPs because EB1AAc can still bind, albeit
weakly, to the CLIP-170 N-terminus in vitro. In agreement
with this observation p150<'ued, a CLIP family member,
depends for its association with EB1 on additional more
N-terminal sequences within the so-called EB1-like motif
(Wen et al., 2004). The crystal structure of the EB1-like motif
has been recently solved and was shown to include a
dimeric parallel coiled coil and a four-helix bundle (Hon-
nappa et al., 2005; Slep et al., 2005). This structure revealed a
highly conserved surface patch with a hydrophobic cavity
and a polar rim, which play an essential role in the binding
to APC and spectraplakins (Honnappa et al., 2005; Slep et al.,
2005). It is possible that CLIP family members may also
require the EB1-like motif for their interaction. The role of
the EB1 acidic tail, which is expected to be highly flexible,
might primarily involve recruitment and docking of CLIP at
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Figure 6. Overexpressed EB2
does not restore CLIP accumulation
after depletion of EB1 and EB3. (A)
CHO-K1 cells, depleted of endoge-
nous EB1 and EB3 and expressing
exogenous EB2 were stained for
EB1+EB3 (blue), EB2 (green), and
the CLIPs (red). Cells with depleted
EB1 and EB3 proteins are indicated
by dotted lines. Bar, 10 um. (B) En-
larged areas from a control (1) and
an EB1+EB3-depleted cell express-
ing moderate levels of exogenous
EB2 (2). Bar, 1 pm. (C) Linescan
analysis demonstrates the distribu-
tion of CLIPs, EB2, and EB1+EB3 at
the individual MT plus ends in a
control cell and in a cell rescued
with EB2. (D) Quantification of the
amount of CLIPs and EBs bound
the whole MT plus end in cells with
depleted EB1 and EB3 and overex-
pressing exogenous EB2. The data
are plotted in the same way as in
Figure 3, L-N. Data are derived
from 152 and 229 individual MT
tips in 17 and 13 cells for control
and rescue, respectively.
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the surface of the EB1-like motif or some other part of EB1
protein.

There are strong indications that CLIPs bind to acidic tail
of tubulin (Badin-Larcon et al., 2004; Erck et al., 2005), sug-
gesting that CLIPs may use the same sites for interaction
with the EB proteins and tubulin. This does not necessarily
contradict the idea that CLIPs and EBs bind to MTs cooper-
atively, because mammalian CLIPs contain two copies of
CAP-Gly domain and are dimers, so that each CLIP mole-
cule has four potential sites for tubulin/EB binding. Besides,
in addition to the binding site accommodating tubulin/EB
acidic tails with their C-terminal aromatic residue, other
CLIP surfaces are likely to be involved in EB and/or tubulin
binding. It is tempting to speculate that when CLIPs and EBs
simultaneously bind to MTs, the highly flexible acidic tails of
tubulin might substitute for the function of the EB tails. In
this way, EB tails would not be essential for efficient inter-
action with CLIPs in a triple complex with tubulin. This
might explain why EB1AAc can partially restore CLIP accu-
mulation and fully restore the rate of CLIP dissociation in
the absence of EB1 and EB3.

An intriguing question is why the EB2 protein, a close
relative of EB1 and EB3, can only poorly interact with the
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Figure 7. Moderate overexpression of EB1 reduces the rate of CLIP dissociation from the MT tips. (A) CHO-K1 cells expressing exogenous
untagged EB1 were stained for EB1 (blue), CLIP (red), and tubulin (green). Bar, 5 um. Enlarged insets are from the control (1) and EB1
expressing cells (2). Bar, 1 um. (B) Linescan analysis of individual MT plus ends from a control cell and a cell expressing exogenous EB1
(where it is evenly distributed along the MT length); CLIP-positive labeling becomes twice as long (~4 um) in such EB1-overexpressing cells.
(C) Time-lapse images of YFP-CLIP-170 in the cell expressing exogenous EB1. Images were acquired every 0.5 s. Time is shown in seconds
in the top right corner. Lines correspond to outmost CLIP-170 tips on the first row images and demonstrate that in most cases YFP-CLIP-170
is still bound to the MT lattice 7 s after it appears at the outmost tips. Bar, 1 um. (D) A graph of intensity decay of YFP signal over time and

its fitting to an exponential decay curve.

CLIPs and cannot rescue their accumulation at the MT tips
after depletion of EB1 and EB3. The surface residues within
the EB1 motif are highly conserved between EB1, EB2, and
EB3. However, the tail of EB2 differs considerably from
those of EB1 and EB3. First, it contains two uncharged
residues near its tip instead of acidic amino acids present in
EB1, EB3, and a-tubulin (Figure 2B). Second, the tripeptide
V254-1255-P256 present in the EB1 tail is substituted for GHT
in human EB2 and GQT in the mouse EB2. The crystal
structure of EB1 dimer showed that this tripeptide from one
monomer can interact with the hydrophobic cavity of the
other monomer (Honnappa et al., 2005; Slep et al., 2005). This
interaction might be important for positioning of the acidic
tail with respect to the rest of the molecule. Its hydrophilic
character in EB2 might affect the tail conformation and,
therefore, have an influence on the binding of protein part-
ners.

Although direct interaction of CLIPs and EBs provides an
attractive explanation for the observed dependence of CLIPs
on EB1 and EB3 for their MT end accumulation, we cannot
rule out possible indirect mechanisms. First, EB1 and EB3
may recruit additional proteins, which in turn may increase
binding of the MT tip for CLIPs. Such candidate +TIPs,
which can associate with both CLIPs and EBs include
p150Stued and CLASPs (Askham et al., 2002; Bu and Su, 2003;
Ligon et al., 2003; Lansbergen et al., 2004; Mimori-Kiyosue et
al., 2005). Second, presence of EB proteins may cause dis-
placement of certain factors, which help CLIPs to dissociate.
However, our data on EB1 overexpression do not support
these possibilities because in these conditions CLIP dissoci-
ates from the MTs two times slower but, unlike EB1, it does
not redistribute along the MT length.
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Finally, EB1 and EB3 may be influencing the MT structure
itself. The polymerizing MT tip is believed to have a struc-
ture different from the rest of the MT lattice because of the
presence of tubulin sheets, protruding protofilaments or a
GTP cap (Carvalho et al., 2003; Howard and Hyman, 2003).
It is possible that both EBs and CLIPs recognize this struc-
ture and remain at the plus ends as long as the structure is
retained. If EB proteins would help to maintain this struc-
ture slowing down its conversion to the regular MT lattice,
this would explain how they influence the release of CLIPs
from the tips. Interesting in this respect is an observation of
EBl-associated curved filamentous extensions at the MT
plus ends in Xenopus extracts (Tirnauer et al., 2002).

Both direct and indirect interactions with EB proteins may
contribute to the proper CLIP distribution. Nevertheless, the
loss of CLIPs from the MT tips after EB knockdown is not
proportional to the extent of the EB depletion. Because we
were unable to achieve a complete knockdown of EB pro-
teins, we cannot exclude that in the absence of these proteins
CLIPs would fail to bind to MT tips altogether. However,
because the CLIPs could still bind to the outer MT tips at a
slightly reduced level when the depletion of EB proteins was
quite profound, we propose that the primary mechanism of
CLIP accumulation at the MT tips is EB-independent. This
conclusion is further supported by the fact that CLIP-170
still tip-tracks when EBI is distributed along the whole MT
lattice because of overexpression. Several in vitro studies
provided evidence for copolymerization with tubulin as the
model of CLIP targeting to the MT plus ends (Diamanto-
poulos et al., 1999; Arnal et al., 2004). Our in vivo data are in
agreement with this model. Depletion of EB family members
did not cause major changes in the rate of CLIP association
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with the growing plus ends, which appears almost instan-
taneous.

EB-independent mechanism of CLIP binding to the MT
plus ends is also essential in budding and fission yeast.
However, unlike the mammalian system, it involves an MT
plus end-directed motor, kinesin, which transports the
CLIP-170 homologues to the MT ends (Busch et al., 2004;
Carvalho et al., 2004). This ancient mechanism may have
been replaced later in evolution as insufficient for ensuring
CLIP accumulation at the fast growing MT ends in mam-
mals. Taken together, our study emphasizes that the inter-
actions between different +TIPs are an important contribut-
ing factor for their specific localization.
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LIP-associating protein (CLASP) 1 and CLASP2

are mammalian microtubule (MT) plus-end binding

proteins, which associate with CLIP-170 and
CLIP-115. Using RNA interference in Hela cells, we show
that the two CLASPs play redundant roles in regulating
the density, length distribution and stability of interphase
MTs. In Hela cells, both CLASPs concentrate on the distal
MT ends in a narrow region at the cell margin. CLASPs
stabilize MTs by promoting pauses and restricting MT
growth and shortening episodes to this peripheral cell

Introduction

Microtubules (MTs) are polar filaments, which can undergo
alternating phases of growth and shortening, a behavior termed
dynamic instability (Desai and Mitchison, 1997). In living
cells, a large number of protein factors regulate dynamic insta-
bility, thus determining the shape of the MT network in different
phases of the cell cycle and in different cell regions. An inter-
esting group of MT-associated factors, involved in regulation
of MT dynamics, binds specifically to the ends of growing
MTs. These factors, named +TIPs (plus-end tracking proteins),
include members of structurally unrelated protein families,
such as end binding proteins EB1, EB2 (RP1), and EB3, cy-
toplasmic linker proteins CLIP-170 and CLIP-115, dynactin
large subunit p150%""*, adenomatous polyposis coli (APC), and
CLIP-associating proteins (CLASPs; for reviews see Schuyler
and Pellman, 2001; Carvalho et al., 2003; Howard and Hyman,
2003; Mimori-Kiyosue and Tsukita, 2003).
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region. We demonstrate that the middle part of CLASPs
binds directly to EBT and to MTs. Furthermore, we show
that the association of CLASP2 with the cell cortex is MT
independent and relies on its COOH-terminal domain.
Both EB1- and cortex-binding domains of CLASP are re-
quired fo promote MT stability. We propose that CLASPs
can mediate interactions between MT plus ends and
the cell cortex and act as local rescue factors, possibly
through forming a complex with EB1 at MT tips.

CLASPs are a family of MT-associated proteins, con-
served in animals and fungi (Inoue et al., 2000; Lemos et al.,
2000). A distant member of this family, the budding yeast
Stulp, was isolated as a suppressor of a cold-sensitive tubulin
mutation and an essential component of the mitotic spindle
(Pasqualone and Huffaker, 1994; Yin et al., 2002). The first
member of this family from higher organisms to be characterized
in detail, the Drosophila Orbit/MAST, was also shown to be
essential for mitosis (Inoue et al., 2000; Lemos et al., 2000), and
the same holds true for one of the three C. elegans homologues,
cls-2 (R106.7; Gonezy et al., 2000). Mammalian homologues,
CLASPI and 2, were initially characterized through their
ability to bind to CLIP-170 and CLIP-115 (Akhmanova et al.,
2001). The interaction between the CLASP and CLIP counter-
parts was also observed in flies (Mathe et al., 2003).

CLASP family members participate in generating polarized
MT networks: in migrating fibroblasts, CLASP2 is involved in
stabilizing MTs specifically at the leading edge (Akhmanova et
al., 2001), whereas during fly oogenesis, Orbit/MAST organizes
MTs, which interconnect the oocyte and the nurse cells (Mathe
et al., 2003). During mitosis, Orbit/MAST plays a role in
maintaining the bipolarity of the mitotic spindle, in the MT-

Supplemental Material can be found at:
http://www.jcb.org/cgi/content/full/jcb.200405094/DC1
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kinetochore attachment and chromosome congression (Maiato
et al., 2002). Similar functions were ascribed to the human
CLASP1 (Maiato et al., 2003a,b). In addition, Orbit/MAST is
needed for cytokinesis, because it stabilizes the interior MTs of
the central spindle, necessary for the progression of the cleav-
age furrow (Inoue et al., 2004). Although the MT-stabilizing
role of CLASP homologues has been established, the effect of
CLASPs on the parameters of MT dynamic instability has not
been analyzed, and the functional redundancy of the two mam-
malian CLASPs has not been addressed.

In this study, we show that CLASP1 and 2 have similar
and redundant roles in organizing the interphase MTs in HeLa
cells. CLASPs stabilize MTs, by retaining their plus ends in the
peripheral cortical region, where they are pausing or undergo
short polymerization—depolymerization excursions. To get in-
sight into the mechanism of CLASP action, we have analyzed
the targeting domains of the CLASP proteins. We show that a
short repetitive region in the middle part of CLASP1 and 2 can
bind to EB1 and EB3 and recognize growing MT tips, whereas
the COOH-terminal domain of CLASP2 associates with the
Golgi apparatus and cell cortex. We propose that the MT-stabi-
lizing activity of CLASPs depends on the interaction with the
EB proteins.
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Results

Characterization of siRNAs, specific for
CLASP1 and CLASP2

To detect CLASP1 protein, we have raised two new antibodies
against CLASP1, #402 and #2292, which strongly react with
GFP-CLASPla, and display some cross-reactivity with GFP-
CLASP2a (Fig. 1 A). To detect CLASP2 we have used the pre-
viously described antibody #2358 (Akhmanova et al., 2001),
which strongly reacts with GFP-CLASP2a and cross-reacts to
some extent with GFP-CLASPla (Fig. 1 A). All three antibod-
ies recognized endogenous HeLa cell proteins of ~160 kD, in
agreement with the predicted molecular weight of CLASP1/2«
isoforms.

To knock down CLASP1 and 2, we have selected two
different small interfering RNAs (siRNAs), specific for
CLASP1 (these will be referred to as CLASPI#A and
CLASP1#B) and two siRNAs, specific for CLASP2
(CLASP2#A and CLASP2#B). The siRNAs were transfected
into HeLa cells separately, or as combinations of the two
“A” siRNAs (CLASP1+2#A) or the two “B” siRNAs
(CLASP1+2#B). Three days after transfection, the levels of
both CLASP1 and CLASP2, estimated by Western blotting,
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were reduced by ~70%, which can be regarded as a hypomor-
phic state (Fig. 1 B). Control siRNAs had no effect on CLASP
levels (Fig. 1 B and not depicted).

The partial down-regulation of CLASPs, separately or to-
gether, had no effect on the levels of tubulin or other +TIPs
(Fig. 1, C and D). However, when CLASP1 and CLASP2 were
knocked down simultaneously, the amount of acetylated tubu-
lin (a marker of stable MTs; Bulinski and Gundersen, 1991)
was diminished by ~40%, suggesting that MT stability was re-
duced (Fig. 1 D), confirming our previous findings in 3T3 fi-
broblasts (Akhmanova et al., 2001).

CLASP1- and CLASP2-directed antibodies #402 and
#2358 produced similar staining patterns in interphase HeLa
cells: in line with previous observations (Akhmanova et al.,
2001; Maiato et al., 2003a), they decorated the Golgi apparatus,
the centrosome, and MT plus ends (Fig. 1 F and not depicted).
The MT tip staining, which nicely colocalized with other +TIPs
(EB1, CLIP-170, and p150"**), was especially prominent in the
~1-pwm region at the cell edges, which were not in contact with
other cells (Fig. 1 F; Fig. S1, available at http://www.jcb.org/
cgi/content/full/jcb.200405094/DC1). Specific accumulation of
CLASPs at the cell edge was confirmed by expressing GFP-
tagged CLASPs in HeLa cells (Video 1, available at http://
www.jcb.org/cgi/content/full/jcb.200405094/DC1).

After CLASP1+2 siRNA treatment, all CLASP-specific
signals were strongly reduced (Fig. 1, E and G). Analysis of the
CLASP1+2 knockdown cells by FACS after staining with
CLASP1 and 2 antibodies showed that they represent a reason-
ably homogeneous population (Fig. 1 E). These cells displayed
a dim diffuse pattern, which was likely in part due to back-
ground staining with anti-CLASP antibodies, whereas the spe-
cific signals at the MT tips, Golgi, and the centrosome were
greatly diminished (Fig. 1 G).

Organization of the MT network after
CLASP knockdown

Simultaneous knockdown of the two CLASPs caused mitotic
defects, which were similar to those observed in the Orbit/
MAST mutants (Maiato et al., 2002; Inoue et al., 2004) and
will be described elsewhere (unpublished data). In interphase
cells, a significant decrease in density of the MT network was
observed (Fig. 2, A and B). This effect was particularly obvi-
ous in cells, which had no contacts with their neighbors and,
therefore, we confined our analysis to such isolated cells.

To get a measure of MT density, we have determined in-
tegrated intensity of a-tubulin staining after methanol fixation,
which preserves MT polymer, while soluble tubulin is ex-
tracted. This analysis indicated that MT density was signifi-
cantly decreased, only when combinations of CLASP1 and
CLASP2-specific siRNAs were used, whereas partial knock-
down of either CLASP separately had no visible effect (Fig. 2
C). The fact that integrated intensity was a valid measure of
MT density was confirmed by counting the number of MTs in a
cell sector, which was decreased by ~30% after both CLASPs
were knocked down (Fig. 2 D). A decrease in integrated inten-
sity of tubulin staining after partial CLASP1/2 knockdown was
especially obvious in the central part of the cell, around the

Golgi apparatus (Fig. 2 E). It should be noted that the morphol-
ogy of the Golgi complex was not significantly affected by
CLASP knockdown (unpublished data).

Because our siRNA treatment resulted only in a partial
depletion of the two CLASP proteins, we analyzed the de-
pendence of the severity of the observed phenotype on the
CLASP1/2 levels. The density of MTs was proportional to the
level of CLASP1/2 proteins (Fig. 2 F), indicating that CLASPs
regulate MT number in a concentration-dependent manner.

Because the amount of total tubulin was not affected by
CLASP1+2 siRNA treatment (Fig. 1 D), the diminished num-
ber of MTs should have resulted in increased levels of nonpo-
lymerized tubulin. This was confirmed by the analysis of
confocal microscope images of tubulin staining in formalde-
hyde-fixed cells, in which soluble tubulin is maintained during
the staining procedure (Fig. 2, I and J).

Most strikingly, the distribution of MT plus ends near the
cell margin was changed after CLASP depletion. In control
cells, most MTs terminated at ~1 pwm distance from the cell
edge. This population of MTs was selectively lost after CLASP
knockdown, whereas a small peak of plus ends was observed at
~2 wm distance from the edge (Fig. 2 G). This change in MT
plus-end distribution was also apparent in cells, stained for
EB1, CLIP-170, and p150°" (Fig. S1). The distribution of
MT ends in the internal cytoplasm was almost identical in con-
trol and CLASP1+2#B siRNA-treated cells (Fig. 2 G).

‘We have also noticed that after CLASP knockdown, MTs
were often oriented along the cell margin, whereas in control
cells most MTs were perpendicular to the cell edge (Fig. 2 H).
Analysis of the angles between the MTs and the cell margin in-
dicated that the number of MTs, deviating by >45° from the
cell radius, was increased by a factor of 2.6, when both
CLASPs were partially depleted.

HeLa cells do not migrate, but their membranes exhibit
protrusion activity and retrograde flow. The rate of the retro-
grade flow was reduced almost by half in CLASP1+2#B
siRNA-treated cells, compared with control (Fig. S2, available
at http://www jcb.org/cgi/content/full/jcb.200405094/DC1). It
is possible that CLASPs directly affect the membrane flow, by
influencing the process of secretion or the dynamics of the ac-
tin cytoskeleton; the observed effect, however, may also be a
consequence of the altered MT organization.

MT dynamics after CLASP knockdown

To confirm that the observed effects on the MT network result
from the knockdown of CLASP proteins, rather than unspe-
cific effects of the used RNA duplexes, we transfected cells,
treated with CLASP1+2 siRNA combinations, with rescue con-
structs, encoding GFP or monomeric RFP (mRFP) fusions of
CLASPla or CLASP2aq, resistant to the siRNAs due to silent
substitutions in the siRNA target regions. Both CLASPla and
2a fusions could restore MT density and the alignment of MT
tips along the cell cortex (Fig. 3 A; Video 2, available at http://
www.jcb.org/cgi/content/full/jcb.200405094/DC1). After the
rescue with mRFP-CLASP2« the number of MT ends in a sec-
tor increased from 14.0 = 4.3 in surrounding CLASP knock-
down cells to 27.9 * 2.6 in cells, expressing the rescue con-
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Figure 2. Effect of CLASP knockdown on the interphase MT network. (A and B) Hela cells 72 h after transfection with the control siRNA (A) or
CLASP1+2#B siRNAs (B), fixed with methanol, and stained for a-tubulin. Bars, 10 pm. (C) Plots of integrated intensity of fluorescence of a-tubulin staining,
which was performed as in A and B, in Hela cells 72 h after transfection with the indicated siRNAs. The integrated intensity was measured within a 5-um
box at 5 um distance from the cell edge, with subtracting the background. Measurements were performed in ~30 cells per siRNA in three different cell regions.
Values significantly different from the control (P < 0.001) are indicated by asterisks. (D) Number of MT ends in a trapezoid part of the cell sector (with a
base b and side h) in Hela cells 72 h after transfection with the control siRNA (30 cells, n = 587) or CLASP1+2#B siRNAs (30 cells, n = 401). (E) Integrated
intensity within a 5-um? box was measured along the cell radius in the same cells as described in D. MTOC, the MT organizing center, was determined as
the site of radial gathering of MTs. (F) Hela cells, transfected either with the control siRNA or the CLASP1+2#B siRNAs, were methanol fixed and stained
for CLASPs (using with the mixture of antibodies #402 or #2358) and for tubulin 72 h after transfection. Representative cells were selected to include
examples with both high and low levels of CLASP staining. Integrated intensity of CLASP staining was plotted versus integrated intensity of tubulin staining.
Each dot represents an average of five independent measurements in different areas at the periphery of one cell. The regression line is shown in red and
the 95% confidence interval is indicated by gray lines. (G) Distribution of distances from MT ends to the cell edge within the trapezoid part of the cell sector
shown in D. Analyzed images were the same as in D. (H) Distribution of angles of distal segments of MTs to the cell radius. Analyzed images were the
same as in D. () Confocal microscope images (1-um optical sections) of Hela cells, fixed with formaldehyde 72 h after transfection with the control or
CLASP1+2#B siRNAs and stained for a-tubulin. Control cells were also incubated for 1 h at 4°C before fixation, to depolymerize MTs (“cold treated”).
Bar, 10 um. (J) Plots of the ratio of the intensity of soluble tubulin staining Is (after subtracting background) to the intensity of polymer staining Ip (after
subtracting background and Is), obtained from the images as shown in H. Measurements were performed in 20 control cells (n = 158), 35 CLASP-
knockdown cells (n = 225), and 18 cold-reated cells (n = 130). Error bars represent the SD.
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Figure 3. Effect of CLASP knockdown on MT dynamics.
(A) Timelapse images of Hela cells, stably expressing
GFP-a-tubulin, 72 h after transfection with the control or
CLASP1+2#A siRNAs. For rescue, CLASPT +2#A siRNA-
treated cells were transfected with mRFP-CLASP2a 48 h
after the siRNA transfection and observed 24 h later.
In the “rescue” panel mRFP-CLASP2a is shown in red and
GFP-a-tubulin is shown in green. Bars, 5 pm. (B) Time of
staying of MT ends within 1 um distance from the cell
edge, determined from the time-lapse image series as
shown in A (cells were imaged with 2-s interval). The
difference between the control and CLASP knockdown is
statistically significant (P < 0.001), the difference between
control and rescue is not significant. (C) Time-lapse images
of Hela cells, stably expressing EB1-GFP, 72 h after
transfection with the control or CLASP1+2#A siRNAs.
Rescue was performed as described in A. In the “rescue”
panel mRFP-CLASP2a is shown in red and EB1-GFP is
shown in green. Cell margin is indicated by an arrow.
Bars, 5 um. (D) Length of the shortening excursions from
the cell edge, measured from the same dataset as in A
and B. Error bars represent the SD.

struct. This increase was above the levels in control cells
(19.6 = 4.1), probably due to overexpression of the rescue con-
struct by a factor of 3—4 compared with endogenous CLASPs
(unpublished data). Remarkably, the time the MT plus ends
stayed in the vicinity (1 wm distance) from the cell edge was
significantly reduced after both CLASPs were knocked down
and restored after the rescue with mRFP-CLASP2« (Fig. 3 B).

We have also analyzed HeLa cells stably expressing a
GFP fusion of EB1, which binds predominantly to the ends of
growing MTs (Mimori-Kiyosue et al., 2000). In control cells a
large number of MT ends at the cell periphery was strongly
positive for EB1, suggesting that these MTs were growing
(Fig. 3 C). This accumulation of EB1-positive ends was clearly
reduced after the partial CLASP depletion and restored after
the knockdown cells were rescued with mRFP-CLASP2a (Fig.
3 C; Video 3, available at http://www.jcb.org/cgi/content/full/
jcb.200405094/DC1). In many cases, EB1 signals at the pe-
riphery of control cells appeared rather static, while their inten-
sity varied greatly. This could be explained if pausing MTs or

MTs, which started to depolymerize, retained small amounts of
EBI, whereas the enhancement of EB1 signal would correlate
with MT growth.

We conclude that when CLASP levels are normal, MT
ends are maintained in the proximity of cell margin, but remain
dynamic. This can be most easily accounted for by very short
alternating bursts of MT growth and shrinkage. Indeed, the
number of MTs, displaying longer (>1 wm) depolymerization
episodes, was increased after the partial CLASP knockdown
(Fig. 3 D). This effect was reversed by introducing the mRFP-
CLASP2a rescue construct.

The analysis of parameters of MT dynamic instability
(Table I) revealed that in the cortical 1-pum-wide region MTs
spent more time pausing and exhibited less frequent transitions
to growth or shortening in control cells, than in cells with par-
tially depleted CLASPs. In addition, shortening and growing
MTs underwent more frequent reverse transitions (rescues or
catastrophes, respectively); as a result, dynamic MT ends were
maintained in the vicinity of the cell margin, accounting for the
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Table I. Parameters of dynamic instability

Control

1-pm region at the cell edge

Rate of growth, pm/min

Direct MT observation 9.9 +3.5
Subtraction analysis

EB1 tracks

Rate of shortening, pm/min

Direct MT observation -120+6.2
Subtraction analysis

Transition frequencies

Growth-Shortening, s~ 0.078
Growth-Pause, s~' 0.402
Shortening-Growth, s 0.066
Shortening-Pause, s~ 0.275
Pause-Growth, s~' 0.016
Pause-Shortening, s~ 0.026
Time in growth, % 6.0
Time in pauses, % 88.9
Time in shortening, % 5.1

CLASP knockdown
Cell interior 1-pm region at the cell edge Cell interior
117 =438 11114 126 = 5.1
14.4 = 3.9 18.2 58
159 £ 6.0 228+73
-20.7 = 11.6 -12.6 £ 6.5 -178=11.3
-35.6+11.2 -282+938
0.035 0.030 0.045
0.238 0.360 0.250
0.085 0.019 0.072
0.213 0.217 0.210
0.053 0.032 0.046
0.038 0.038 0.040
16.7 13.3 14.5
69.3 80.1 70.7
14.0 6.6 14.8

Hela cells, stably expressing GFP-a-tubulin or EB1-GFP, were imaged with a 2-s interval 72 h after transfection with the control or CLASP1+2#B siRNAs. Life history
plots of 65 MTs in five control cells and 75 MTs in five CLASP knockdown cells were analyzed as described by Shelden and Wadsworth (1993). In addition, to obtain
more accurate values of growth and shortening rates in the internal cytoplasm, subtraction analysis (Vorobjev et al., 1999) and measurements of displacements of
EB1-GFP comets were used. The differences in rates, obtained by different methods, can be explained by a higher contribution of the pausing state to the growth/
shortening episodes at the cell periphery, which can be detected by direct observation, as compared with those inside the cells, which can be identified by subtraction
analysis. EB1 associates predominantly with growing MTs (Mimori-Kiyosue et al., 2000) and, therefore, MT pauses hardly contribute to the growth episodes, which
are detected by this method. The data are presented in format: mean + SD. Rates are instantaneous (measured within one interval between successive frames).

observed longer time of staying of MT ends at the cell periph-
ery in control cells, compared with CLASP knockdown cells.
Treatment with CLASP1+2 siRNAs had no significant effect
on transition frequencies in the internal cytoplasm, proving that
CLASPs are truly local regulators of MT dynamics. However,
MT growth rate was higher, and the MT shrinkage rate lower in
CLASP knockdown cells, compared with control cells (Table
I). This can be explained by the increased level of soluble tubu-
lin after the partial CLASP depletion (Fig. 2, I and J). It should
be noted that the large contribution of the pausing to growth
and shortening episodes at the cell margin makes the differ-
ences in growth and shrinkage rates at the cell periphery much
less apparent, than those in the internal cytoplasm.

CLASP1 and 2 bind to EB1 and EB3

To get a better insight into the mechanism of CLASP action at
the MT tip, we have determined domains of CLASP1 and 2, re-
sponsible for their plus-end accumulation. Our previous study
has shown that the COOH-terminal domains of CLASP1 and 2
bind to CLIP-170 and CLIP-115, but are not essential for MT
tip targeting by CLASPs (Akhmanova et al., 2001). Deletion
mapping of CLASP2y (the shortest splice form of CLASP2,
which associates efficiently with the MT tips; Akhmanova et
al., 2001) identified a region of ~140 aa in the middle of
CLASP2, CLASP2-M, which was sufficient to target GFP to
the ends of growing MTs (Fig. 4, A-E). The corresponding re-
gion of CLASP1 (CLASP1-M) could also direct GFP to the
MT tips (Fig. 4, F and G). This region is extremely rich in
serines, arginines, and lysines, and contains a number of short
direct repeats of several types, which are conserved between

JCB « VOLUME 188 « NUMBER 1 « 2005

76

CLASP1, CLASP2, and their Drosophila homologue, Orbit/
MAST (Fig. 4 H).

To understand how the CLASP2-M fragment targets MT
plus ends, we have purified 6x histidine (HIS)-tagged GFP-
CLASP2-M and GFP from bacteria (Fig. 4 I). In vitro pelleting
assays demonstrated that GFP-CLASP2-M, but not GFP alone,
could bind to taxol-stabilized MTs in vitro (Fig. 4 J). It is possi-
ble that the interaction between the MTs and CLASP2-M is at
least partly due to the positively charged character of this frag-
ment and the presence of highly acidic COOH termini in a-
and B-tubulin. Interestingly, +TIPs, which belong to the EB
family, such as EB1 and EB3, also possess highly acidic
COOH termini, similar to those of tubulins. Therefore, we
tested if CLASP2-M could associate with EB1 and EB3, and
found that it was indeed the case. Among the CLASP2 frag-
ments, only CLASP2-M could coprecipitate EB1 and EB3
(Fig. 4 K). The corresponding region of CLASP1 could also
coprecipitate EB1 and EB3 (Fig. 4 K), suggesting that this
property is conserved between the two CLASPs. In vitro, puri-
fied GFP-CLASP2-M bound to purified EB1 and EB3, fused to
GST. It associated with the COOH-, but not the NH,-terminal
half of the EB1 protein (Fig. 4, L and M). This binding was
highly specific, because a number of other basic proteins
tested, such as histone H1, did not bind to EB1 COOH termi-
nus (unpublished data).

Also the full-length CLASP1a and CLASP2, expressed
in COS-1 cells, associated with the GST fusions of EB1, EB3
and EB1 COOH terminus (Fig. 4 M). In contrast, the CLASP2-
AM mutant, which contains an in-frame deletion removing the
EB1-binding fragment, was no longer pulled down by GST-
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EB1 or EB3 fusions (Fig. 4 M). Endogenous CLASP1 and
CLASP2 coprecipitated with EB1-GFP fusion, as well as with
the GFP-EB1 COOH terminus, but only when the acidic tail of
this protein (the last 18 aa) was intact (Fig. 4 N). The validity
of interaction CLASP1/2-EB1 was further confirmed by co-
precipitation, albeit a weak one, of endogenous CLASP1 and 2
proteins with endogenous EB1 (Fig. 4 O). Together, these data
establish that CLASP1 and 2 bind to EB1 and EB3. This inter-
action is likely to be transient and regulated, and may occur
preferentially in the context of MT tip binding, which would
account for the weak coprecipitation of endogenous proteins.
Although GFP-CLASP2-M associated with MT ends (Fig.
4, B-E), unexpectedly, the in-frame deletion of this fragment did
not preclude the binding of the rest of the CLASP2y protein
(CLASP2-AM mutant) to the MT tips (Fig. 5, A and B). In fact,

the COOH-terminal region of CLASP2, containing the CLIP-
binding domain, could also weakly target MT tips, suggesting that
CLIPs can recruit CLASP to the growing MT ends. We have used
a dominant negative CLIP-170 mutant, overexpression of which
removes endogenous CLIPs, but not EB1 and EB3 from the MT
tips (Fig. 5 C; Komarova et al., 2002), to determine if the binding
of different CLASP mutants to MT ends is CLIP dependent. We
found that GFP-CLASP2-AM mutant depended on the presence
of CLIPs for the association with MT ends, whereas GFP-
CLASP2-M did not (Fig. 5, D-I). It is possible that the interaction
with EBI/EB3, which occurs in addition to binding directly to
MTs, increases the affinity of CLASPs for the growing MT ends
and contributes to the specific CLASP accumulation at these sites.

Next, we examined if CLASPs can recruit EBI to
MTs and found, that indeed, overexpressed CLASPla and
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Figure 5. Dependence of CLASP2 delefi on
CLIP-170 for their localization to the MT tips and EB1
recruitment to the MTs. (A and B) COS-7 cells were trans-
fected with GFP-CLASP2-AM and stained for CLIP-170.
(C) Schematic representation the structure of CLIP-170
and the dominant negative construct, used in this study.
(D-F) COS-7 cells were cotransfected with GFP-CLASP2-
AM and the dominant negative CLIP-170, and stained for
EB1 and the endogenous CLIP-170, using the antibody
against its NH; terminus. The cells, expressing the dominant
negative CLIP-170 construct, can be recognized by the
diffuse pattern of endogenous CLIP-170 staining. (G-l)
COS-7 cells were cotransfected with GFP-CLASP2-M and
the dominant negative CLIP-170, and stained for EB1, the
endogenous CLIP-170 (using the antibody against its NH,
terminus) and the dominant negative CLIP-170 (using the
antibody against its COOH terminus). (J-1) COS-7 cells
were transfected with GFP-CLASP2y (J) and stained for
CLIP-170 (K) and EB1 (L). (M~O) COS-7 cells were trans-
fected with GFP-CLASP2-AC (M) and stained for CLIP-170
(N) and EB1 (O). Enlarged portions of the boxed areas
are shown in the insets. Bars, 10 pum.

c CLIP-170
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=79 pinding

negative
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CLASP2vy induced strong accumulation of EB1 along the MTs
(Fig. 5, J and L; not depicted). In these conditions, CLIP-170
was also accumulated on the MT bundles (Akhmanova et al.,
2001; Fig. 5 K and not depicted). However, EB1 recruitment
was CLIP independent, because it was also observed with the
CLASP2-AC mutant, which cannot bind to CLIPs and, when
present at high levels, actually displaced CLIP-170 from the
MTs (Fig. 5, M-0O). CLASP2-AM mutant did not accumulate
efficiently along the MTs and did not influence EB1 localiza-
tion (unpublished data). Although we cannot exclude that
CLASPs cause accumulation of EB1 at MT bundles by modi-
fying the structure of the MT lattice, the EB1 recruitment is
most likely due to direct CLASP-EB interaction.

CLASP2 COOH-terminal domain is
responsible for targeting to the cell
cortex and the Golgi complex

The observation that MT ends of control HeLa cells local-
ized in the close proximity of the cell margin raised a possi-
bility that they come in contact with the cell cortex. To sup-
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port this idea, we used total internal reflection fluorescence
(TIRF) microscopy, which visualizes only a very narrow
region (~200 nm) at the bottom of the cell. Indeed, in
live cells, transfected with either GFP-CLASPla or GFP-
CLASP2v, the accumulation of these proteins at the distal
MT ends at the cell periphery was readily observed by TIRF,
indicating that they are very close to the substrate (Fig. 6, A
and B). In control cells, expressing GFP-a-tubulin or EB3-
GFP (a plus-end marker, similar to EB1-GFP; Stepanova et
al., 2003), a large proportion of the MT ends at the cell mar-
gin was visualized by TIRF (Fig. 6, C and E; Video 4, avail-
able at http://www.jcb.org/cgi/content/full/jcb.200405094/
DC1), again suggesting their proximity to the cortical region
under the cell. In striking contrast, CLASP1+2 siRNA-
treated cells displayed only a few peripheral MT ends, visi-
ble by TIRF microscopy (Fig. 6, D and F; Video 4), indi-
cating that most of the MT tips at the cell margin are not
touching the underlying cortex. Therefore, we conclude that
CLASPs bring peripheral MT segments in close contact with
the cortex underneath the cell.
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These observations prompted us to investigate which
CLASP2 domains are responsible for cortical and/or mem-
brane targeting. Deletion analysis demonstrated that the
COOH-terminal portion of CLASP2 alone was sufficient to
target GFP to the Golgi, whereas the GFP-CLASP2-AC mu-
tant, lacking the COOH-terminal 278 aa, was unable to accu-
mulate at the Golgi (Fig. 6, G and H; not depicted). To investi-
gate the cortical localization of CLASP2 deletion mutants, we
made use of the fact that the peripheral accumulation of the
full-length CLASP1 and 2 was partially maintained after the
MTs were depolymerized with nocodazole (Fig. 6 I and not de-
picted). This MT-independent localization was not observed
with GFP-CLASP2-AC mutant, indicating, that, similar to the
Golgi localization, it depends on the COOH-terminal domain
of CLASP2. It should be noted that our previous studies identi-
fied the COOH-terminal ~280 aa of CLASP2 as the CLIP-
binding region (Akhmanova et al., 2001). However, CLIPs are
not present at the Golgi and do not accumulate at the cell cortex
in MT-independent manner (unpublished data), suggesting that

" I:.' h m

Figure 6. The COOH-terminal domain of CLASP2 is
responsible for association with the cell cortex and Golgi
complex. (A-F) TIRF microscopy images of live Hela cells,
expressing GFP-CLASP1a (A), GFP-CLASP2y (B), GFP-
2 a-tubulin (C and D), or EB3-GFP (E and F). Cells were
either not treated with siRNAs (A and B), or treated for
72 h with control (C and E) or CLASP1+2#B siRNAs
(D and F). The contrast is inverted. Bars, 10 um. (G)
Schematic representation of CLASP2y and the rele-
vant deletion mutants. (H) Hela cells were transfected
with GFP-CLASP2-C and stained for the Golgi marker
GM130. Bar, 10 pm. (I) Hela cells were transfected with
GFP-CLASP2 or GFP-CLASP2-AC and were either fixed
directly or treated with 10 uM nocodazole for 1 h before
fixation and stained for a-tubulin. Bars, 10 um.

.. EB3-GFP

association of CLASP2 with these structures is not dependent
on CLIPs.

Both the EB1-binding and the COOH-
terminal domains of CLASP2 are
required to rescue the organization of
the MT network after CLASP knockdown
We have established that the middle (EBI1-binding) and
COOH-terminal domains of CLASP2 target the protein to the
MT plus ends and the cell cortex, respectively. To clarify,
which CLASP domains are critical to stabilize MTs at the cell
edge, we have performed rescue experiments using GFP fu-
sions of the full-length CLASP1 and 2 or CLASP2 deletion
mutants (Fig. 7, A-D, G, and H). We have examined the ratio
between the MT and GFP signal, to determine, which proteins
can restore MT density at low expression levels (Fig. 7 H).
From these experiments, it became clear that both full-length
CLASPs could restore MT density more efficiently than the
CLASP2 deletion mutants CLASP2-AC or -AM, which lack ei-

CLASPS BIND TO EB1 AND RESCUE MICROTUBULES « MIMORI-KIYOSUE ET AL

79



Chapter 4

tubulin /

®

= S .
o
2 g 40 .
d i 35 |
% ‘E 30
B
3
2
o
o
w
3
&) H
a 45
o T 4
o = s
3 ac
g 3
= g 2
2 g =
E a 18
g %
= = as
o T e
o A ¥ £
o § & g o mé’ &
0] A
g I F 5
§EELF P4
- § § ¢
z
o
[
7] |
<
i |
Q
o
growth
] ca1aslmphe\
& :
(73]
é EB1 depolymerization
d_ recruitment
[T
O L] o
=
4
o™
b rescuel
w
<
4
Q
o
L
Q growth

Figure 7. Rescue of CLASP knockdown with CLASP2 deletion mutants and a model for CLASP action at the cell cortex. (A-F) Hela cells, depleted for
CLASPs as described in Fig. 3 A, were transfected with different rescue constructs (indicated on the left), fixed with methanol and stained for a-tubulin (A-D)
or EB1 (E and F). Cell images were collected with the confocal microscope (1-um-thick optical sections). GFP (green) and tubulin/EB1 (red) signals are
superimposed on the right. Enlarged portions of the boxed areas are shown in the insets. Bars, 10 um. (G) Average of pixel intensity of a-tubulin staining
(~10 cells per construct). (H) Ratio of the average pixel intensity of MT fluorescence (lwr) to the integrated intensity of GFP fluorescence (lgte; ~10 cells per
construct). (I) Proposed model of CLASP rescue activity at the cell cortex. CLASPs can interact with the plus end of a growing MT directly and/or through
the association with EB1 and the same time make contact with the cell cortex. After the MT undergoes a catastrophe, most of the EB1 proteins are lost from
the tip, but CLASPs remain associated with the cortex and the peripheral stretches of the depolymerizing MT. By enhancing the affinity of EB1-MT
interaction at these sites, CLASPs help to retain and/or recruit EB1 to such MTs, leading to their rescue. The oscillations of EB1 signals at the cortical MT
tips in control cells support this idea (with strong EB1 accumulation corresponding to growth episodes, and weak EB1 accumulation observed during
pausing/depolymerization events). Error bars represent the SD.
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ther the COOH-terminal or the EB1-binding motif. A shorter
deletion mutant, CLASP2-N1, displayed no rescue activity in
this assay (Fig. 7 G), and was used as a negative control in this
experiment. It should be noted that these deletion mutants asso-
ciated with MT tips in CLASP1+2 siRNA-treated cells as effi-
ciently as in control cells, suggesting that they do not depend
on heterodimerization with endogenous CLASPs for their plus-
end localization (although due to the partial character of the
knockdown, we cannot fully rule out this possibility). In addi-
tion, full-length CLASPs, but not the CLASP2-AC or -AM de-
letion mutants were able to rescue the characteristic enrichment
of the EB1-positive tips at the cell margin (Fig. 7, E and F; not
depicted). These results indicate that both the EB1-binding and
the cortex-binding COOH-terminal domains of CLASP2 are
needed to stabilize MT ends at the cell periphery.

Discussion

In this study, we have used an RNAi approach to reduce the
levels of CLASP1 and CLASP2 in HeLa cells. The specificity
of the used siRNAs is supported by the fact that two different
oligonucleotides for each CLASP produced similar effects on
the MT network, which were not observed with control si-
RNAs. Moreover, significant defects in MT density and stabil-
ity were only observed when combinations of siRNAs, specific
for the two CLASPs, were transfected into cells simultaneously.
The phenotype, caused by CLASP1/2-specific siRNAs could
be rescued by introducing into cells CLASP1 or 2 expression
constructs, insensitive to the used siRNA duplexes. These data
indicate that the observed defects were due to reduction of the
CLASP1/2 expression, rather than the off target activities of
the used siRNAs.

HeLa cells express CLASPla and CLASP2a isoforms,
which are ~77% similar in their protein sequence. Our data,
based on the antibody staining, expression of GFP fusion pro-
teins, RNAi-mediated phenotypes and their rescues, indicate
that these two CLASPs display very similar localizations and
functions in interphase cells. These observations do not rule
out, however, that in the context of the whole organism these
proteins may have some unique and specific functions. The de-
pletion of CLASPs in our system was only partial, and it is
likely that additional and more severe phenotypes would be ob-
served after a complete loss of both CLASPs. Also, we cannot
exclude that a complete inactivation of one of the two CLASPs
would have different effects compared with the ~70% inacti-
vation of both, although our results have provided no indication
for such a possibility.

Our previous study, based on the analysis of tubulin mod-
ifications, has shown that CLASPs are involved in locally stabi-
lizing MTs at the leading edge of motile fibroblasts (Akh-
manova et al., 2001). Our new findings fully support the role of
CLASPs in stabilizing MTs, by showing that the MT density
and the amount of acetylated tubulin are reduced after CLASP
knockdown. Detailed analysis of MT behavior shows that
CLASPs strongly affect MT plus-end dynamics locally, in the
1-pwm-broad region at the cell margin. This is in line with the
accumulation of CLASP proteins at the distal segments of MTs

specifically in this region of the cell cortex. In the presence of
CLASPs, MTs at the cell edge remain dynamic, but keep under-
going alternating frequent rescues and catastrophes. MT paus-
ing, apparently stimulated by CLASPs, might in fact be not a
truly nondynamic state, but rather very short alternating growth
and shrinking episodes, with amplitudes below the resolution of
the fluorescent microscope. We propose that the main activity
of CLASPs is MT rescue at the cell edge, which reduces the
number of long depolymerization episodes and increases MT
longevity. It is possible, that interaction with EB1 is mechanisti-
cally important for the CLASP rescue activity by stimulating a
switch to the growth phase, because EB proteins promote MT
growth (Tirnauer et al., 2002; Busch and Brunner, 2004). The
capacity of CLASPs to enhance EB1 accumulation at the MTs
is fully in line with this idea, which is also supported by the re-
cent findings showing the essential role of EB1 for generation
of stable interphase MTs (Wen et al., 2004). The importance of
CLASP-EB interaction is underscored by a recently published
report, showing that the Drosophila CLASP homologue, Orbit/
MAST is present among the proteins, pulled down by GST-EB1
(Rogers et al., 2004). We propose that CLASPs, associated with
the distal segments of MTs at the cell cortex, are partially re-
tained on MTs when they start shrinking and can rescue MTs by
enhancing their affinity for EB1 (Fig. 7 I).

CLASP-dependent rescues are quickly followed by ca-
tastrophes, which we believe to be caused by the cell edge act-
ing as an impermeable boundary (Janson et al., 2003). If our
assumption is correct, how can we explain that the MTs, res-
cued by CLASP, do not make a turn and start to grow along
the cell edge, as observed after the CLASP1/2 knockdown?
We propose that CLASPs, bound to the growing MT tip and at
the same time associated with the cell cortex, bring the MT
end in very close proximity to the cell edge. An abrupt MT
turning at this point would require a considerable distortion of
the MT lattice, which would be energetically unfavorable;
therefore, a catastrophe occurs instead. Catastrophes at the cell
edge may also be caused by MT-destabilizing factors, such as
depolymerizing kinesins or stathmin, and we cannot rule out
that there is a functional interplay between CLASPs and such
MT-destabilizing proteins.

The effect of CLASPs on MT rescue is local, whereas the
transition frequencies in the internal cytoplasm are not signifi-
cantly affected. Therefore, CLASP function is different from
that of CLIPs, which affect MT rescue frequency throughout
the cell (Komarova et al., 2002). It is possible that CLIP-
CLASP interaction can contribute for the CLASP rescue activ-
ity. However, we cannot exclude that the interaction with
CLIPs regulates CLASP accumulation at the MT tips, as op-
posed to other cellular structures, such as the cortex or the
Golgi apparatus, whereas the effect of CLASPs on MT dynam-
ics is CLIP independent.

The rescue activity of CLASPs is likely to be relevant to
the mitotic function of these proteins. CLASPs/Orbit/MAST
are present at the kinetochores, and their inactivation results in
monopolar spindles with chromosomes buried in the interior of
the aster (Maiato et al., 2002, 2003a). If CLASPs exhibit a lo-
cal MT rescue activity at the kinetochore, similar to that shown
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by us at the cell cortex, this would explain why in the absence
of CLASPs/Orbit/MAST the kinetochore fibers are unable to
regrow, once they start shortening, causing the chromosomes
to be “reeled in” to the pole (Maiato et al., 2002, 2003a).

We have observed very few depolymerizing minus ends
either in control or in CLASP knockdown cells (unpublished
data), indicating, that in HeLa cells MT renewal is accounted
for by plus-end dynamics and that CLASPs do not play a sig-
nificant role in stabilizing MT minus ends. However, the strik-
ing effect of CLASP depletion on MT density indicates, that in
addition to regulating plus-end dynamics, CLASPs might play
arole in MT nucleation.

Recent studies have identified two other large +TIPs,
spectraplakin ACF7 and APC, as MT-stabilizing proteins,
which, similar to CLASPs, act the leading edge of motile cells
(Kodama et al., 2003; Wen et al., 2004). Similar to CLASPs,
APC also binds to EB1 and is negatively regulated by GSK383
(Su et al., 1995; Zumbrunn et al., 2001). ACF7 might be an
EB1-binding protein, too, because its Drosophila homologue,
Short stop, interacts with the fly homologue of EB1 (Subrama-
nian et al., 2003). CLASPs and APC can bind the cell cortex
(this study; Mimori-Kiyosue and Tsukita, 2001), and ACF7
can directly associate with actin filaments (Kodama et al.,
2003), suggesting that these proteins can link MTs to these
structures. Studies of MT organization at the muscle-tendon
junction in fly larvae indicate that Short stop and APC are act-
ing together (Subramanian et al., 2003). No similar data are
available for their mammalian counterparts, so the analysis of a
potential functional synergism or redundancy between CLASPs,
APC, and the spectraplakins presents an important challenge
for future studies.

Materials and methods

Cell lines and transfection of plasmids and siRNAs

Hela, COS-1, and COS-7 cells were grown as described previously
(Akhmanova et al., 2001). Effectene or Superfect transfection reagents
(QIAGEN) were used for plasmid transfection. Mass transfection of COS-1
cells was performed by DEAE-dextran method (Akhmanova et al., 2001).
Stable clones were selected in the presence of 0.3-0.4 mg/ml G418
(Calbiochem). Synthetic siRNAs (Proligo) were transfected, using Oligo-
fectamine (Invitrogen). SiRNAs were directed against the following target
sites: CLASP1#A, GCCATTATGCCAACTATCT; CLASP1#B, GGATGATTTA-
CAAGACTGG; CLASP2#A, GTTCAGAAAGCCCTTGATG; CLASP2#B,
GACATACATGGGTCTTAGA,; control (scrambled CLASP1#A), GCACT-
CATTATGACTCCAT. 7-10% confluent Hela cells were transfected, using
Oligofectamine (Invitrogen) with siRNAs at the minimal effective concentra-
tion (10 nM for CLASP1#A and CLASP1#B, 200 nM for CLASP2#A and
CLASP2#B), whereas the control siRNA was used at 200 nM concentration.

Expression constructs

We used the previously described expression vectors for GFP-CLASP 1,
GFP-CLASP2y, GFP-CLASP2 (Akhmanova et al., 2001), EB1-GFP, EB3-GFP
(Stepanova et al., 2003), and GFP<-tubulin (CLONTECH Laboratories,
Inc.). GFP-CLASP2a was constructed in pEGFP-C1 by linking the 5’ portion
of the human truncated EST clone 7k43h10.x1 (IMAGE:3478506) to the
nucleotides 194-5614 of the KIAA0627 cDNA. All CLASP2 deletion mu-
tants were derived from the GFP-CLASP2 construct, using restriction sites
(Fig. 4 A), with the exception of CLASP2-C, M1 and M2, which were gen-
erated by PCR, as well as CLASP1 deletion mutants. Dominant negative
CLIP-170 construct, used in this study, contained nucleotides 2871-4597
of the rat brain CLIP-170 ¢cDNA (GenBank/EMBL/DDBL accession no.
AJ237670). CLASP1/2 rescue constructs were prepared by a PCR-
based strategy, by introducing five silent substitutions in the target site of
CLASP1#A siRNA (resulting in a sequence GCTATCATGCCTACCATT)
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and six silent substitutions in the target site of CLASP2#A siRNA (resulting
in a sequence GTCCAAAAGGCTCTCGAC). GFP was substituted for mRFP
(gift of R. Tsien, University of California, San Diego, La Jolla, CA; Camp-
bell et al., 2002) to generate red fluorescent fusions.

bindi

Protein purificoﬁon, in vitro
Western blotting

To produce HIStagged proteins, GFP (derived from pEGFP-C1; CLON-
TECH Laboratories, Inc.) or GFP-CLASP2-M fragment of CLASP2 were sub-
cloned into pET-28a, expressed in Rosetta (DE3) plysS E. coli and purified
using Ni-NTA agarose (QIAGEN). GST+agged fusions of mouse EB1
(GenBank/EMBL/DDBL accession no. NM_007896) and human EB3
(Stepanova et al., 2003) were produced in BL21 E. coli and purified us-
ing glutathione-Sepharose 4B (Amersham Biosciences). GST pull-down as-
says, immunoprecipitations and Western blotting were performed as de-
scribed previously (Akhmanova et al., 2001). To estimate the degree of
protein knockdown after RNAi, the signals in experimental lanes were
compared with serial dilutions of the control extract, present on the same
Western blot. MT pelleting assays were performed using the MT-associ-
afed protein spin-down assay kit (Cytoskeleton, Inc.).

g assays, and

Antibodies and immunofluorescent staining

Rabbit antibodies against CLASP1 (#402 and #2292) and EB1 were
raised as described previously (Akhmanova et al., 2001), using GST fu-
sions of the mouse CLASP1 COOH terminus (GenBank/EMBL/DDBL ac-
cession no. AJ288061) and the mouse fulllength EB1. We used mouse
mAbs against EB1 and p150°"“*¢ (Transduction Laboratories), a- and
B-tubulin and acetylated tubulin (Sigma-Aldrich), actin (CHEMICON Inter-
national, Inc.); rat mAb against a-tubulin (YL1/2; Abcam), rabbit pAbs
against GFP (MBL; CHEMICON International Inc., and Abcam), CLASP2
(Akhmanova et al., 2001) and CLIP-170 (Coquelle et al., 2002), EB3
(Stepanova et al., 2003) and chicken pAb against GFP (CHEMICON In-
ternational, Inc.). For secondary antibodies, Cy2-conjugated anti-mouse
IgG and anti-rabbit IgG pAbs, Texas red-conjugated anti-mouse IgG,
anti-rat IgG, and anti-rabbit IgG pAb, Cy5-conjugated anti-mouse IgG,
anti-rat IgG, and anti-rabbit IgG pAbs were purchased from Jackson Im-
munoResearch Laboratories. Fresh medium was added to cells ~2 h be-
fore fixation. Cell fixation and staining were performed as described pre-
viously (Mimori-Kiyosue et al., 2000).

Fluorescence microscopy and image analysis

Images of cells were collected with a DeltaVision optical sectioning system
using PlanApo 100%/1.40 NA oil, PlanApo 60x/1.40 NA oil ph3 or
UPlanApo 20x/0.70 NA dry objectives (Olympus), using a cooled CCD
camera (Series300 CH350; Photometrics). Fluorescence signals were visu-
alized using a quad filter set (86000; Chroma Technology Corp.) for mul-
tiple color imaging, or Endow GFP bandpass emission filter set (41017;
Chroma Technology Corp.) for GFP imaging. The out-of-focus signals were
removed using the deconvolution technique with the DeltaVision system.
Confocal imaging was performed using LSM510 confocal laser scanning
microscope (v. 2.3; Carl Zeiss Microlmaging, Inc.). TIRF microscopy was
performed on an Olympus IX70 (PlanApo 100x/1.45 NA, oil TIRFM ob-
jective), equipped with a 488-nm argon laser line (MELLES GRIOT), an ob-
jective-type TIRF illuminator (Olympus), and an OrcaER cooled CCD cam-
era (Hamamatsu Photonics). The system was controlled by Aquacosmos
software (Hamamatsu Photonics). The quantification and analysis of fluo-
rescent signals was performed using MetaMorph software (Universal Im-
aging Corp.). Images were prepared for publication using Photoshop
(Adobe). Statistical analysis was performed using with a SigmaPlot (SPSS
Inc.) and Statistica for Windows (StatSoft Inc.). Unless stated differently,
the statistical significance of the observed differences was evaluated using
Kolmogorov-Smirnov two-sample test and in all plots SD is indicated. For
FACS analysis, suspended cells were fixed in cold ethanol, labeled with
anti-CLASP1/2 antibodies and Cy5-conjugated secondary antibody, and
analyzed using FACSCalibur (Becton Dickinson).

Online supplemental material

Fig. S1 demonstrates the changes in distribution of +TIPs after CLASP
knockdown. Fig. S2 illustrates the effect of CLASP knockdown on the retro-
grade flow. The videos show (Video 1) the behavior of GFP-CLASP1 in in-
terphase cells; (Videos 2 and 3) time-lapse series of control, CLASP1+2
siRNAvtreated and mRFP-CLASP2-rescued cells, depicting the dynamics of
MTs and EB1-GFP, and (Video 4) the behavior of EB3-GFP in the control
or CLASP1+2 siRNA cells observed with TIRF microscopy. Online supple-
mental material is available at http://www.jcb.org/cgi/content/full/
jcb.200405094/DC1.
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Abstract

CLASPI and CLASP2 are mammalian microtubule-stabilising proteins, which can mediate
the interaction between distal microtubule ends and the cell cortex. Using pull down assays
coupled to mass spectrometry, we have identified two novel partners of CLASP1 and
CLASP2, LL5B and ELKS. LL5B and ELKS form a cortical complex, which is often
adjacent to, but does not overlap with focal adhesions. This complex colocalises with
CLASPs at the cortical regions of HeLa cells, as well as at the leading edge of motile 3T3
fibroblasts. Both LL5p and ELKS are required for cortical CLASP accumulation and normal
microtubule organisation in HeLa cells. LL5B is a phosphatidylinositol-3,4,5-triphosphate
(PIP3)-binding protein, and the recruitment of LL5f to the cell cortex is influenced by PI3
kinase activity, but does not require intact microtubules. We propose that LL5f and ELKS
can form a PIP3-regulated cortical platform, to which CLASPs attach distal microtubule
ends.
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Chapter 5

Introduction

Microtubule networks are highly dynamic structures, which can rapidly alter their shape
during cell motility and morphogenesis. Microtubule organisation strongly depends on the
interaction of the microtubule plus ends with the actin cytoskeleton and cortical cell regions.
In mammalian interphase cells microtubule plus ends usually face the cell periphery and can
be linked to the cortex by different plus end tracking proteins (+TIPs), including dynein and
dynactin, CLIP-170 in a complex with IQGAP1 and Rac1/Cdc42, APC acting in concert
with a number of cortical factors, spectraplakins, or CLASPs (Akhmanova and Hoogenraad,
2005; Carvalho et al., 2003; Galjart and Perez, 2003; Howard and Hyman, 2003; Schuyler
and Pellman, 2001).

CLASPs are evolutionary conserved proteins, which play an essential role in cell
division in fungi, insects and mammals (for review, see Galjart, 2005; Maiato et al., 2003).
In addition, in interphase cells CLASPs are involved in forming polarised microtubule
arrays (Akhmanova et al., 2001; Mathe et al., 2003; Wittmann and Waterman-Storer, 2005).
CLASPs can bind directly to microtubules, as well as to the members of two other +TIP
families, the CLIPs and the EB proteins (Akhmanova et al., 2001; Mathe et al., 2003;
Mimori-Kiyosue et al., 2005). Although the mechanism of plus end tracking by CLASPs is
still obscure, these interactions are likely to contribute to CLASP localisation to the plus
ends. Unlike many other +TIPs, which bind to all growing microtubule ends throughout the
cell, CLASPs associate with microtubules in a spatially regulated manner. In migrating
fibroblasts, CLASPs specifically bind to the microtubule tips of at the leading, but not at the
trailing edge, and contribute to microtubule stabilisation (Akhmanova et al., 2001). In motile
epithelial cells, CLASPs also preferentially bind to microtubules at the leading edges;
however, in this case they decorate not only the tips, but also long stretches of the
microtubule lattice (Wittmann and Waterman-Storer, 2005). In both systems GSK3[
appears to be a key regulator of the CLASP affinity for microtubules (Akhmanova et al.,
2001; Wittmann and Waterman-Storer, 2005). In fibroblasts PI3 kinase activity is also
important for the polarised CLASP distribution (Akhmanova et al., 2001), in agreement with
the fact that PI3 kinase acts upstream of GSK3p in different systems (Doble and Woodgett,
2003).

Studies in HeLa cells have demonstrated that CLASPs can attach dynamic
microtubule plus ends to certain cortical regions, and stabilise them by repeatedly rescuing
them from depolymerisation (Mimori-Kiyosue et al., 2005). In this way the density of the
microtubule arrays linked to particular areas of the cell cortex can be increased. Here we
identified LL5p (Paranavitane et al., 2003) and ELKS (also known as CAST2, Rab6IP2 or
ERC1; (Deguchi-Tawarada et al., 2004; Monier et al., 2002; Nakata et al., 1999; Wang et
al., 2002)) as the components of the molecular link between CLASP-bound microtubule
tips and the cell cortex. LL5 is a phosphatidylinositol-3,4,5-triphosphate-binding protein
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(PIP3)-binding protein (Paranavitane et al., 2003). Our study, therefore, provides a new
connection between PI3 kinase activity and microtubule stabilisation by CLASPs.

Results

Identification of LL5B and ELKS as CLASP binding partners

To identify novel binding partners of CLASP2 in HeLa cells we have used pull down assays
combined with mass spectrometry. We generated a construct, encoding biotinylation- and
green fluorescent protein (GFP)-tagged CLASP2a (bio-GFP-CLASP2a) and transiently co-
expressed it in HeLa cells together with the protein-biotin ligase BirA. In these conditions,
subcellular localisation of bio-GFP-CLASP2a was very similar to that of GFP-CLASP2a
and of endogenous CLASP2 (data not shown). Bio-GFP-CLASP2a was efficiently
biotinylated by BirA, as confirmed by Western blots probed with labelled streptavidin (data
not shown).

Next, biotinylated proteins from cells expressing bio-GFP-CLASP2a together with
BirA or BirA alone were isolated using streptavidin beads and analysed on a Coomassie-
stained gel (Fig.1a), by Western blotting (Fig.1b) and by mass spectrometry. In addition to
background proteins, which were present in both lanes, we observed in the bio-GFP-
CLASP2a pull down lane a strong band at ~190 kDa, which was identified as GFP-
CLASP2a (Fig.1b and data not shown). It should be noted that endogenous CLASP2 and
CLASP1 were not co-purified with the tagged CLASP2a (Fig.1b), suggesting that these
proteins do not homo- or heteromultimerise or occur as very stable multimers, formed co-
translationally. A band of ~170 kDa, present specifically in the bio-GFP-CLASP2a lane was
identified as CLIP-170, a known CLASP binding partner (Akhmanova et al., 2001) (Fig.1b).
In addition, mass spectrometry analysis of the whole bio-GFP-CLASP2a lane revealed two
proteins, which were not present in BirA-only control — LL5B (Paranavitane et al., 2003)
and ELKS (Deguchi-Tawarada et al., 2004; Monier et al., 2002; Nakata et al., 1999; Wang
et al., 2002) (Table 1). The validity of mass spectrometry results was confirmed by Western
blotting with LL5B- and ELKS-specific antibodies (Fig.1b). We also generated bio-GFP
fusions of LL5B and ELKS and used them for streptavidin pull down assays. Bio-GFP-
tagged overexpressed LL5P and ELKS efficiently pulled down endogenous ELKS and
LL5p, respectively; they also precipitated CLASP1 and 2, but not CLIP-170 or a-tubulin
(Fig.1c). It should be noted that ELKS has several splice isoforms, including the neuronal
ELKSa and the ubiquitously expressed ELKSe, which differ in their C-terminal regions
(Nakata et al., 2002). LL5B and CLASPs were co-precipitated with both isoforms (Fig.1c
and data not shown), indicating that the interaction with LL5p and CLASPs does not depend
on the ELKS C-terminal tail.
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Figure 1. Identification of LL58 and ELKS as CLASP binding partners.

a-c. Streptavidin pull down assays were performed with lysates of HelLa cells, co-expressing bio-GFP-
CLASP2a. together with BirA, bio-GFP-ELKSo. together with BirA, bio-GFP-LL5B together with BirA or
BirA alone. Proteins, bound to streptavidin beads were analysed on a Coomassie-stained gel (a) or by
Western blotting with the indicated antibodies. In panel (a) only the fraction, bound to the beads, was
loaded. In panels (b) and (c) the extract before the pull down (lanes marked “E”) and proteins, bound to

the beads (lanes marked “B”) are shown. Lanes marked “E” correspond to 25% of the extract, used to

obtain lanes marked “B”.

d. Immunoprecipitations from extracts of untransfected HelLa cells with the indicated antibodies. Lane
marked “Ext” shows 5% of the input. In the experiments shown in this figure, rabbit antibodies against

LL5B and ELKS were used.
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Endogenous ELKS (corresponding to the “long” ELKS isoforms & and/or e,
(Nakata et al., 2002; Ohara-Imaizumi et al., 2005)) and LL5B co-precipitated with the
endogenous CLASP1 from HeLa cell extracts (Fig.1d). ELKS was also present in LL5f
immunoprecipitates; however, CLASPs did not co-purify with endogenous LL5 (Fig.1d),
probably because the LL5B antibody, used in this experiment, was directed against the
CLASP-interacting region of LL5B, M2 (see below), and hindered the LL5B-CLASP
interaction. Taken together, CLASPs, LL5p and ELKS appear to form a complex in HeLa
cells. CLIP-170, another known CLASP partner, is not present in this complex.

Table 1. Mass Spectrometry results for Bio-GFP-CLASP2x

Molecular | NCBI Gl Mascot | Identified
Identified proteins weight (D) | number Score Peptides
CLIP-associating protein 2, CLASP2 145046 | 7513045 1115 20
Restin, microtubule-vesicle linker CLIP-170 161632 420071 580 12
LL5 beta protein 142071 | 27650425 267 5
ELKS (Rab6 interacting protein 2, ERC1, CAST2) 128236 | 51827892 142 3

The table shows proteins identified in a pull down with streptavidin beads from an extract of HeLa cells
co-expressing Bio-GFP-CLASP2a. and biotin ligase BirA. The list is corrected for background proteins,
which were identified in a control pull-down from HelLa cells expressing BirA only. For each identified
protein, the list is filtered for duplicates and shows only the hits with the highest Mascot score and most

identified peptides.

CLASPs and ELKS colocalise with LL5p and depend on it for their cortical
localisation.

We next examined the relative distribution of endogenous CLASPs, LL5f and ELKS in
HeLa cells. Our previous study has shown that in HeLa cells CLASPs are present at the
Golgi complex and microtubule plus ends, and are especially abundant at the distal
microtubule ends located close to the cell margin (Mimori-Kiyosue et al., 2005). Both LL5f
and ELKS displayed significant overlap with CLASPs at the cell periphery (Fig.2a,b). The
accumulation and colocalisation of all these proteins was particularly apparent at the “free”
cell edges, where cells did not make contact with other cells. LL5B and ELKS showed an
almost complete colocalisation at the cell edges (Fig.2c). For these immunolocalisation
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Figure 2. Colocalisation of
CLASPs, LL5B and ELKS at
peripheral cortical sites of
Hela cells.

a-c. HelLa cells were fixed
with methanol and stained
with a mixture of antibodies
against CLASP1 and CLASP2
(a, b, green in the overlay),
mouse anti-LL5B antibody (a,
red in the overlay); rabbit anti-
LL5B antibody (c, green in the
overlay) and mouse anti-
ELKS antibody (b,c, red in the
overlay).

d. Hela cells were transfected
with RFP-LL5B8 (red in the
overlay) and GFP-ELKSe
(green in the overlay), fixed
with PFA and imaged directly.
e. Epifluorescence  (EPI,
green in the overlay) and
TIRF microscopy (red in the
overlay) images of live HelLa
cells, expressing GFP-LL5.
Bar, 10 um.

f. HelLa cells were transfected
with GFP-LL5B (green in the
overlay), fixed with PFA and
stained with antibodies
against a focal adhesion
marker phosphotyrosine (red
in the overlay). White
rectangles indicate the portion
of the figure shown enlarged
in the left corner of each

panel. Bars, 10 um.
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experiments we used methanol fixation, which allows an optimal staining with the
antibodies against CLASPs, LL5B and ELKS but may not preserve all cellular components,
such as soluble cytosolic proteins. We therefore confirmed the colocalisation of LL5p and
ELKS in paraformaldehyde (PFA)-fixed cells, co-expressing the red fluorescent protein
(RFP) and GFP-tagged versions of the two proteins (Fig.2d). The correspondence of the
staining pattern and the in vivo distribution of CLASPs was established previously (Mimori-
Kiyosue et al., 2005).

Live cell imaging of GFP-LL5P in HeLa cells further confirmed its preferential
accumulation at the edges (Fig.2¢). Epifluorescence and TIRF microscopy produced very
similar pictures (Fig.2e). Since TIRF microscopy visualises ~200 nm at the bottom of the
cell, this result indicates that most of the LL5B-positive structures are confined to the ventral
plasma membrane, in agreement with the localisation of CLASP-decorated peripheral
microtubule tips near the cortex underneath the cell (Mimori-Kiyosue et al., 2005). LL5p-
ELKS signals never overlapped with focal adhesions but often formed a complementary
pattern (Fig.2f), further supporting cortical localisation of LL5B-ELKS complexes.

To address the hierarchy of interactions between CLASPs, LL5B and ELKS at the
cortex we next knocked down CLASP1, CLASP2, LL5B and ELKS by RNA interference
(RNAi). Western blot analysis showed that we could achieve a ~90% knockdown of
CLASP1, LL5B and ELKS and a ~70% knockdown of CLASP2 (Fig.3a). After partial
depletion of the two CLASPs, LL5f and ELKS still displayed a punctate distribution in the
periphery of HelLa cells (Fig.3b,c) and colocalised with each other (data not shown),
indicating that LL5f and ELKS are not dependent on CLASPs for cortical targeting. On the
other hand, depletion of LL5f abolished cortical accumulation of both CLASPs and ELKS.
In these conditions, CLASPs were still present at the microtubule plus ends and the Golgi
apparatus, but displayed no bright rim of peripheral accumulation (Fig.3d), while ELKS was
distributed diffusely in the cytoplasm (Fig.3e). The latter observation was confirmed by
transfecting GFP-ELKSe into LL5B-depleted cells (Fig.3f).

ELKS knockdown also affected the distribution of its partners, albeit less
dramatically: CLASP accumulation at the cell edge was reduced (compare Fig.3g with
Fig.2b), while LL5p, still present at the cortex, showed a more diffuse localisation than in
control cells (compare Fig.3h with Fig.2c). Some colocalisation of CLASP-positive
microtubule tips with the LL5 puncta was still observed at the periphery of ELKS-depleted
cells (Fig.31i), suggesting that ELKS may not be essential for the CLASP-LLS5f interaction.
To explore this possibility, we next investigated in more detail which domains of CLASPs
and LL5p interact with each other. Our previous study indicated that CLASPs could bind to
the cortex via their C-terminal domain even in the absence of microtubules. Indeed, RFP-
CLASP2, but not its deletion mutant RFP-CLASP2-AC lacking the 278 C-terminal amino
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CLASPs attach MT plus-ends to the cortex through LL5@ and ELKS

Figure 3. LL5B and ELKS are required for efficient cortical accumulation of CLASPs in HelLa cells.
a. Western blot analysis of the extracts of HelLa cells cultured for 72 hrs after transfection with the
indicated siRNAs.

b-i. HeLa cells were cultured for 72 hrs after transfection with the indicated siRNAs. Cells were fixed with
methanol (panels b-e, g-i) and stained with a mixture of antibodies against CLASP1 and CLASP2
(b,c,d,g,i), mouse anti-LL5B3 antibodies (b,d,i), rabbit anti-LL53 antibodies (e,h) and mouse anti-ELKS
antibodies (c,e,g,h). In the panel (i) the part of the image, indicated by the white square, is enlarged and
shown as an overlay, with CLASP staining in green and LL5@ staining in red. In the panel (f) cells were
transfected with GFP-ELKSe 48 hrs after siRNA transfection, fixed with PFA 24 hrs later and imaged
directly. Bar, 10 um.

acids (Fig.4c), extensively colocalised with GFP-LL5f at the periphery of HeLa cells, in
which microtubules were disassembled by nocodazole (Fig.4a,b). Next, we performed GST
pull down assays with LL5B fragments, purified from bacteria (Fig.4d,e). CLIP-170 N-
terminus served as a negative control in this experiment. GFP-CLASPlo and GFP-
CLASP20 as well as the bacterially purified CLASP1 C-terminus bound specifically to the
LL5B-M2 fragment (Fig.4e), indicating that CLASPs and LL5p can interact directly through
the coiled coil M2 region of LL5p and the CLASP C-terminus.

Using immunoprecipitation from extracts of cells transfected with GFP-tagged
LL5p deletion mutants, we next investigated which part of LL5p interacts with ELKS. Since
potentional multimerisation of LL5B fragments with the endogenous full length LL5f could
obscure the results of this experiment, we used COS-1 cells, which express very little LL5p
but contain endogenous ELKS and CLASPs (data not shown). While both CLASP1 and
CLASP2 co-precipitated with GFP-LL5B -M2, confirming the results of the GST pull down
assays, ELKS co-precipitated with a different, non-overlapping LL5f fragment M1 (Fig.4f).
Therefore, LL5 interacts with CLASPs and ELKS through different domains. CLASPs and
ELKS can probably bind to LL5p independently of each other, since the depletion of either
of these proteins does not prevent the interaction of LL5B with the other. So far, we have
found no evidence for direct interaction between CLASPs and ELKS; however, we cannot
exclude that these proteins do make contact in a triple complex with LL5p.

LL5B-ELKS complex participates in organising microtubules in HeLa cells

Our previous study demonstrated that CLASPs decorate distal microtubule ends at the cell
edge (Mimori-Kiyosue et al., 2005). Since the peripheral CLASP signals overlapped
extensively with those of LL5B and ELKS, it seemed likely that the two latter proteins
would colocalise with microtubule ends as well. Indeed, in control cells microtubules or
small microtubule bundles often terminated at LL5B-positive patches (Fig.5a).
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Figure 4. LL5B binds to CLASPs and ELKS through different domains.

a,b. Hela cells were co-transfected with GFP-LL5B together with either RFP-CLASP2 or RFP-CLASP2-
AC. 24 hrs later cells were treated with 10uM nocodazole for 1 hr, PFA-fixed and imaged directly. Bar, 10
um. c,d. Schematic representation of the structure of CLASP1, CLASP2, LL5B and their deletion mutants
used in this study. CC- region with heptad repeats (potential coiled coil), PH- pleckstrin homology
domain. e. GST pull down assays with the indicated GST fusions. Extracts of COS-1 cells,
overexpressing GFP-CLASP1oa or GFP-CLASP2a. or purified HIS-CLASP1-C and HIS-CLIP-170-N were
used for binding. Coomassie-stained gel is shown for the GST fusions and Western blots with anti-HIS
antibodies for the HIS fusions. 10% of the input and 25% of the material, bound to the beads, were
loaded on gel. d. Immunoprecipitations from the extracts of COS-1 cells, transiently expressing the

indicated GFP-LL5B fusions. The precipitates were analysed on Western blots with the indicated

antibodies. Extr., 5% of the input.
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Simultaneous depletion of the two CLASPs in interphase HeLa cells caused a decrease in
microtubule density and a loss of cortically associated microtubule tips at the cell margin,
due decreased microtubule rescues at the cell periphery (Mimori-Kiyosue et al., 2005).
Since LL5p and ELKS are required for cortical CLASP accumulation, it seemed likely that
their depletion, and concomitant loss of CLASPs from the cell edge would cause an effect,
similar to that of CLASP depletion. To quantify the effect of different siRNAs on the
microtubule network, we used the intensity of anti-tubulin staining in methanol-fixed cells,
which was previously shown to be a reliable measure of microtubule density, since
methanol fixation preserves the microtubules, but not the soluble tubulin pool (Mimori-
Kiyosue et al., 2005). Microtubule density was diminished in both ELKS and LL5B
knockdown cells (Fig.5b,c). This decrease was less pronounced in the case of ELKS
depletion, probably because CLASP-positive tips could still make some contacts with the
LL5B at the cell cortex (Fig.31). Also the accumulation of microtubule tips at the peripheral
ventral cortex, observed by TIRF microscopy in live HeLa cells, expressing GFP-a-tubulin
(Mimori-Kiyosue et al., 2005), was clearly reduced in ELKS-depleted cells and often
undetectable in LL5B—depleted cells (Fig.5d). In conclusion, LL5f and ELKS act in concert
with CLASPs to organise microtubule tips at the cortex of HeLa cells.

While LL5B-ELKS-CLASP complexes are needed for the normal microtubule
organisation, microtubules are not strictly required for the cortical accumulation of these
proteins (Fig.4a, Fig.5e). Interestingly, microtubule disassembly by nocodazole often caused
some redistribution of LL5B-ELKS puncta to the regions directly surrounding focal
adhesions (Fig.5e). This relocalisation might be attributable to some signalling cascades,
associated with the activation of Rho GTPase and enhanced formation of focal adhesions
and stress fibres caused by microtubule depolymerisation (Bershadsky et al., 1996; Liu et
al., 1998).

Regulation of LLSB localisation in HeLa cells and Swiss 3T3 fibroblasts by P13
kinase

Our results demonstrated that LL5p is essential for recruitment of CLASPs and ELKS to the
cell cortex. Previous investigations showed that LL5 contains a pleckstrin homology (PH)
domain which can bind to PIP3 (Paranavitane et al., 2003), raising the possibility that the
presence of PIP3 and hence PI3 kinase activity might regulate the distribution of LL5f and
its partners. The deletion of the PH domain of LL5f abolished its localisation to cortical
clusters (Fig.6a); in agreement with previously published data, LL5B-APH localised to small
vesicle-like structures, and not to the cell edge, indicating that the PH domain is important
for cortical localisation of LL5B (Paranavitane et al., 2003). The LL5B PH domain itself,
tagged with GFP, did localise to the plasma membrane of HeLa cells (Fig.6b). However,
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Figure 5. Relationship between LL5B-ELKS complexes and microtubules in HelLa cells.

a. HelLa cells, fixed with methanol, were stained with antibodies against o-tubulin and LL5B. An
enlargement of the rightmost cell margin is shown on the right.

b, c. Hela cells were cultured for 72 hrs after transfection with the indicated siRNAs, fixed with methanol
and stained for a-tubulin. b. Plots of average intensity of the staining within a 5 um? box at 5 ym distance
from the cell edge, with subtracting the background. Measurements were performed in 20 cells per
siRNA in 3 different cell regions. Standard deviation is shown by whiskers. Statistical analysis was
performed using Komogorov-Smirnov two sample test.

c. Images of individual HeLa cells, treated with the indicated siRNAs.

d. HelLa cells, stably expressing GFP-o-tubulin, were imaged by TIRF microscopy 72 hrs after
transfection with the indicated siRNAs.

e. Hela cells were treated with 10 uM nocodazole for 1 hr, fixed with methanol and stained with
antibodies against LL5B (green in the overlay), focal adhesion marker vinculin (red in the overlay) and o-

tubulin. Bars, 10 um.

this fusion protein was not restricted to the ventral cortex, but was abundantly present at all
filopodia and sites of intercellular contacts. This distribution was affected by inhibiting PI3
kinase with wortmannin (Fig.6¢) or LY294002 (not shown), which caused its redistribution
to the nucleus.

We next investigated the distribution of PIP3 using the yellow fluorescent protein
(YFP) fusion of the PH domain of Akt as a sensor (Haugh et al., 2000). Also this protein
was not restricted to the basal plasma membrane and had a tendency to localise to filopodia
(not shown). Ratiometric imaging using CFP as a reference demonstrated that in the ventral
membrane PIP3 was most abundant in filopodia and was somewhat enriched in the
peripheral cell regions harbouring the CLASP-LL5B-ELKS complexes (visualised with
RFP-CLASP2) (Fig.6d).

The peripheral accumulation of LL5B-ELKS-CLASP signals was very strongly
reduced in serum-starved HeLa cells and could be restored within ~60 min after serum
addition (Fig.6e,f). Interestingly, PI3 kinase inhibition with wortmannin during serum
addition to serum-starved cells markedly reduced, albeit not abolished LL5f recruitment to
the cell edges (Fig.6e,f,h). LY294002 addition had a milder effect on the serum-induced
LL5p relocalisation to the cell margin, but resulted in a more irregular, patchy pattern of
LL5B distribution (Fig.6e,f). Treatment of serum-grown HeLa cells with PI3 kinase
inhibitors diminished, but did not eliminate the cortical band of LL5B-positive signals
(Fig.6g). This conclusion was confirmed by the quantification of the ratio between the LL5
signals at the cell margin and in the internal cytoplasm (Fig.61). Taken together, these results
suggest that PIP3 is likely to contribute to the proper cortical localisation of LL5f, but
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Figure 6. Inhibition of PI3 kinase activity affects the recruitment and maintenance of cortical LL58
clusters.

a-c. Hela cells transiently expressing GFP-LL5B-APH (a) or GFP-LL5B-PH (b,c) were fixed with PFA
and imaged directly. In panel (c) cells were incubated for 1 hr with 100 nM wortmannin before fixation.

d. Confocal images of the basal plasma membrane of HelLa cells, transiently expressing YFP-AktPH,
CFP and RFP-CLASP2. In the right two panels the YFP/CFP ratio is shown by shades of grey. RFP-
CLASP2 signals are shown in red.

e. Hela cells were serum-starved for 3 days, and either fixed directly or incubated for 1 hr in medium
containing serum and 0.1%DMSO, serum and 100 nM wortmannin or serum and 100 uM LY294002.
Cells were fixed with methanol and stained with the mouse anti-LL5@ antibody.

f. Plots of average intensity of fluorescence of LL5@ staining, performed as described in (e). The average
intensity was measured within a 1um’ box along the cell radius, with subtracting the background.
Measurements were performed in 5 different cell regions in 20 cells per treatment. Whiskers show the
standard error of mean.

g. Plots of average intensity of fluorescence of LL5@ staining in control serum-grown cells and in serum-
grown cells treated with 100 nM wortmannin or 100 yM LY294002 for 1 hr. Quantification was performed
as in (f).

h,i. Ratio of the peak value of average intensity of LL5B staining to the average intensity in the internal
cytoplasm at a 10 ym distance from the peak along the same radius. Values, significantly different from
those for the serum-stimulated cells (h) or for the control serum-grown cells (i) are indicated by asterisks

(p<0,001, Kolmogorov-Smirnov two sample test). Bars, 10 um.

additional factors are involved in it. It is possible that the PH domain of LL5p binds to some
other lipids. Alternatively, additional proteins might be involved in the membrane
recruitment of LL5p.

We next investigated if the cortical accumulation of LL5B-ELKS-CLASP
complexes was a peculiarity of HeLa cells. We detected no significant expression of LL5p
or peripheral accumulation of CLASPs in COS-1 or COS-7 cells (data not shown).
However, both LL5B and ELKS were strongly accumulated at the leading edges of Swiss
3T3 fibroblasts, migrating into a monolayer wound (Fig.7a,b). LL5B and ELKS-positive
signals colocalised with each other (Fig.7b) and partially overlapped with CLASP-decorated
microtubule ends at the leading edge (Fig.7a). Also in low density cultures LL5p was
strongly enriched at the leading edges of fibroblasts with a characteristic motile shape
(Fig.7¢). Similar to HeLa cells, the focal adhesions were free of LL5 label (Fig.7c¢).

Our previously published data on CLASP2 showed that it bound only weakly to
microtubule tips in serum-starved cells, but acquired a highly polarised distribution in
response to serum (Akhmanova et al., 2001). In agreement with these data, as well as
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Figure 7. CLASP-LL5B-ELKS complexes localise to the leading edge in migrating Swiss 3T3
fibroblasts.

a,b. Swiss 3T3 cells were grown to a monolayer, serum-starved for 2 days and serum stimulated for 1
hour after scratching the monolayer. Cells were fixed with methanol and stained with a mixture of
antibodies against CLASP1 and CLASP2 (a, green in the overlay), mouse anti-LL58 antibody (a, red in
the overlay); rabbit anti-LL5@ antibody (b, green in the overlay) and mouse anti-ELKS antibody (b, red in
the overlay).

c. Swiss 3T3 were grown at low density in serum-containing medium, fixed with methanol and stained
with a rabbit anti-LL53 antibody (b, green in the overlay) and mouse anti-vinculin antibody (b, red in the
overlay).

d,e. Swiss 3T3 were grown to a monolayer, serum-starved for 2 days and after scratching the
monolayer, were incubated for 1 hour in serum-free medium (serum-starved), in serum-containing
medium supplemented with either 0.1%DMSO (1hr serum) or with one of the indicated inhibitors (100 nM
wortmannin, 10 uM nocodazole or 100 uM LY294002). Cells were fixed with methanol and stained with a
rabbit anti-LL5@3 antibody (green in the overlay in panel (e)) and mouse anti-vinculin antibody (red in the
overlay in panel (e)). White rectangles indicate the portion of the overlay shown enlarged on the right.
Bars, 10 um.

the LL5B behaviour in HeLa cells, LL5B cortical signals were almost undetectable in
serum-starved 3T3 fibroblasts (Fig.7d), but were strongly recruited to the leading edge
within ~20 minutes after serum addition (Fig.7d). Similar to HeLa cells, this recruitment
was partially inhibited by the addition of PI3K inhibitor wortmannin (Fig.7d), and to a lesser
extent by LY294002 (Fig.7d,e). The latter reagent induced patches of LL5p, which often
correlated with focal adhesions (Fig.7¢). Recruitment of LL5p to the leading cell edges also
occurred in the presence of microtubule-depolymerising drug nocodazole, indicating that
intact microtubules are not strictly required for the polarised distribution of LL5f. Given the
fact that CLASPs are needed for microtubule stabilisation at the leading edge of Swiss 3T3
cells (Akhmanova et al., 2001) and that the behaviour of LL5B-ELKS-CLASP complexes is
similar in HeLa and 3T3 cells, it seems likely that these complexes contribute the
polarisation of the microtubule network in 3T3 fibroblasts.
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Discussion

In this study we have identified a novel link between interphase microtubules and the cell
cortex. This link includes CLASPs, well-characterised +TIPs, and LL5f and ELKS, which
have no similarities to microtubule-binding proteins and appear to form a microtubule-
independent membrane-bound complex. The data from this paper combined with our
previous study (Mimori-Kiyosue et al., 2005) suggest that CLASPs laterally attach distal
microtubule ends to LL5B -ELKS puncta (see model in Fig.8), allowing the microtubule
ends to polymerise and depolymerise freely, but restricting their dynamic behaviour to the
peripheral cell region. This attachment increases the stability and density of the parts of
microtubule network directed to the LL5B-ELKS-enriched cortical sites.

CLASPs bind directly to LL5B (and the cell cortex) through their C-terminus, the
same domain, which we have previously shown to interact with CLIP-170 (Akhmanova et
al., 2001). Although CLIP-170 was the most abundant partner, co-purified with CLASP2, it
was not co-precipitated together with LL5p and ELKS, suggesting that CLASPs participate
in the cortical complexes independently of CLIP-170. Similarly, CLASPs bind to the Golgi
complex through their C-terminal domain, while CLIP-170 is not present at the Golgi
(Mimori-Kiyosue et al., 2005). It seems that the binding partners of the C-terminal domain
of CLASPs determine the subcellular site of CLASP activity. Binding to the CLIPs is
probably needed to enhance CLASP localisation to the microtubule plus ends and may serve
as an attenuator of CLASP interaction with the Golgi and/or the cell cortex.

Membrane targeting of the CLASP-LLSB-ELKS complex is dependent on LL5,
since the depletion of this protein leads to the loss of its partners from the cortex. A previous
study demonstrated that LL5p binds to PIP3 (Paranavitane et al., 2003). Our data with PI3K
inhibitors support the idea that PIP3 is important for the proper recruitment of LL53 to the
cortex. However, whereas the PIP3-binding PH domain of LL5f is necessary for its cortical
localisation, this domain alone, as well as the PH domain of Akt, an established PIP3 sensor
(Haugh et al., 2000), show a much broader membrane localisation in HeLa cells. Therefore,
the spatial distribution of LL5p must be determined by other binding partners or regulatory
factors, which are probably dependent on the cell interaction with extracellular matrix, since
LL5B complexes are strongly enriched at the ventral cortex. Interesting in this respect is the
frequent clustering of LL5B around focal adhesions, which is particularly apparent in
nocodazole-treated cells. It indicates that focal adhesion-derived signals might play a role in
regulating LL5f recruitment. Existence of a connection with the actin cytoskeleton is also
suggested by the binding of LL5p to y-filamin, an actin-cross-linking protein (Paranavitane
et al., 2003).

LL5p has two homologues, LL50 and a more distantly related LL5y, which have
not been characterised yet (Katoh, 2003; Kishi et al., 2005). Our preliminary data indicate
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that LL5a is expressed in HeLa cells only at a very low level, which might explain the
essential role of LL5pB for targeting ELKS and CLASPs to the cortex in this cell type.
However, in other cell types the LL5B homologues may share its functions to organise
microtubule arrays.

CLIP-170
microtubule

Figure 8. A model for cortical microtubule attachment through CLASPs, LL5f3 and ELKS.

CLASPs can interact with the plus end of a growing microtubule directly and/or through the association
with EB1 and the same time make contact with the cell cortex through the association with LL5B. LL53
clusters at the membrane are formed with the participation of ELKS and are recruited to the membrane
by PIP3, as well as other lipid and/or protein partners. As an alternative, CLASPs can form a microtubule

tip-bound complex with CLIP-170, which is not involved in LL5B-mediated membrane attachment.

ELKS, the second component of the identified complex, has no membrane-binding
motifs; its structure is composed of domains of heptad repeats (Nakata et al., 1999). ELKS,
as well as its brain-specific homologue CAST were identified in numerous studies on
protein-protein interactions (Deguchi-Tawarada et al., 2004; Ko et al., 2003; Lu et al., 2005;
Monier et al., 2002; Nakata et al., 1999; Ohtsuka et al., 2002; Takao-Rikitsu et al., 2004;
Wang et al., 2002), and are likely to play a scaffolding role. In agreement with this idea,
depletion of ELKS did not abolish the targeting of LL5 to the cortex, but prevented it from
forming tight peripheral clusters. ELKS depletion also failed to prevent CLASP-LL5p
interaction, and therefore had a milder effect on microtubule density. Since RNAi-mediated
depletion is never complete, we cannot exclude that the LL5f cortical puncta, observed after
ELKS knockdown were due to remaining low levels of ELKS. Still, we favour the idea that
the role of ELKS in the complex is an accessory one. Such an interpretation is in line with
absence of essential function of the only ELKS homologue in worms (Deken et al., 2005).

The potential functions of the microtubule-cortex link described here extend
beyond the regulation of microtubule density and stability. Microtubule attachment to
certain peripheral sites may be important for organising endo- and exocytosis. Remarkable
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in this respect is the recent demonstration of the frequent coincidence of the docking sites of
insulin granules with the ELKS clusters at the membrane of insulin-secreting pancreatic 3
cells (Ohara-Imaizumi et al., 2005). Another potential function is suggested by the
enrichment of LL5B around focal adhesions after microtubule disassembly. This
localisation is reminiscent of the enrichment of dynamin, a large GTPase necessary for
endocytosis, around focal adhesions after nocodazole washout (Ezratty et al., 2005).
Dynamin, as well as targeting by microtubules are required for focal adhesion disassembly
(Ezratty et al., 2005; Kaverina et al., 1999), and the capacity of the LL5B-containing
complexes to accumulate around focal adhesions and connect microtubules to the cortex
raises the question about the involvement of LL5B and its partners in focal adhesion
dynamics.

A promising avenue of investigation is the potential function of the CLASP- LL5p-
ELKS complex in neurons. CLASPs are present in growth cones and are required for axon
guidance (Lee et al., 2004). ELKS and its homologue CAST1 are also enriched in axons,
where they constitute an important component of the presynaptic sites, cytomatrix at the
active zone (Deguchi-Tawarada et al., 2004; Ohtsuka et al., 2002). LL5p was so far only
identified at post-synaptic sites at the neuromuscular junction, while its neuronal localisation
still remains to be elucidated (Kishi et al., 2005). CLASP-LL5B-ELKS complexes seem to
be attractive candidates to mediate microtubule-membrane attachment during neurite
morhogenesis and synaptogenesis in developing neurons. Taken together, our data describe
a novel component of cytoarchitecture, which could be employed in different cellular and
tissue settings.

Materials and Methods

Cell lines and transfection of plasmids and siRNAs

HeLa, COS-1, COS-7 and Swiss 3T3 cells were grown as described previously (Akhmanova
et al.,, 2001). Nocodazole, wortmannin and LY294002 were purchased from Sigma.
PolyFect (Qiagen), Lipofectamine 2000 (Invitrogen) or FuGENE 6 (Roche) transfection
reagents were used for plasmid transfection. Mass transfection of COS-1 cells was
performed by DEAE-dextran method (Akhmanova et al., 2001). The stable HeLa clone,
expressing GFP-o-tubulin was cultured in the presence of 0.4 mg/ml G418 (Roche).
Synthetic siRNAs were transfected, using Oligofectamine (Invitrogen) at a concentration
100 nM or with HiPerFect (Qiagen) at a concentration 5 nM. Both methods yielded very
similar results. SIRNAs against CLASP1 and CLASP2 (CLASP1#B and CLASP2#B), as
well as the control oligonucleotide were described previously (Mimori-Kiyosue et al.,
2005). siRNA against LL5B (siRNA 38298, Ambion) was directed against the sequence
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GGAGATTTTGGATCATCTA, siRNA against ELKS (siRNA 43397, Ambion) was
directed against the sequence GTGGGAAAACCCTTTCAAT.

Expression constructs

The expression vectors for GFP-CLASP1/2 and their deletion mutants were described
previously (Akhmanova et al., 2001; Mimori-Kiyosue et al., 2005). GFP-a-tubulin, pECFP
and pEGFP vectors were purchased from Clontech. GFP-LL5B (Paranavitane et al., 2003)
was a gift from Dr. L.Stephens (The Babraham Institute, Cambridge, UK). To generate
RFP-LL5pB, GFP was substituted for mRFP (a gift of Dr. R.Tsien (UCSD, La Jolla, USA)).
GFP-LL5p deletion mutants were produced by a PCR-based strategy in pEGFP-C2. GFP-
ELKSo was described by Deguchi-Tawarada et al., 2004. To generate GFP-ELKSe, mouse
ELKSe cDNA was obtained from the total mouse brain RNA by RT-PCR with RNA PCR
kit (TAKARA, Japan) and cloned into pCAEGFP vector (Niwa et al., 1991), which was a
gift from Dr. M. Takeichi (RIKEN, Kobe, Japan). Biotinylation tags were inserted in GFP-
CLASP20, GFP-LL5B, GFP-ELKSo. and GFP-ELKSe by cloning at the Nhel and Agel
sites in front of the GFP a linker, encoding the amino acid sequence
MASGLNDIFEAQKIEWHEGGG. BirA expression construct (pSCT-HA-BirA, (Driegen et
al., 2005)) was a gift from Dr. D.Meijer (Erasmus MC, Rotterdam, The Netherlands). YFP-
AktPH was a gift from Dr. T.Balla (NICHD, Bethesda, USA). YFP-AktPH and CFP were
inserted into the pSV40 Zeo2 (Invitrogen), to express the two genes in the same cell at
equal expression levels.

Streptavidin pull down assays, mass spectrometry and analysis of mass
spectrometry data
HeLa cells were transiently transfected using Lipofectamine 2000 (Invitrogen) and used for
extract preparation ~16 hours later. Cells were washed with PBS and lysed in ice cold buffer
containing 100 mM NaCl, 20 mM Tris-HCI, pH 7.5, 1% Triton X-100 and protease
inhibitors (Complete; Roche). Cell lysates were centrifuged at 13.000 rpm for 15 minutes at
4°C, and the supernatant was incubated for 45 minutes with Dynabeads M-280 Streptavidin
(Dynal). After magnetic separation, the beads were washed three times in a buffer
containing 150 mM NaCl, 20 mM Tris-HCI, pH 7.5, 0.1% Triton X-100 and protease
inhibitors. Subsequently, the beads were resuspended and boiled in NuPAGE LDS Sample
Buffer, containing NuPAGE Reducing Agent (Invitrogen). After magnetic separation, the
supernatants were run on a 3-8% NuPAGE Tris-Acetate Gel and stained with the Colloidal
Blue Staining Kit (Invitrogen), or analysed on Western blot.

For mass spectrometry, each gel lane was cut into ~30 slices using an automatic gel
slicer and subjected to in-gel reduction with dithiothreitol, alkylation with iodoacetamide
and digestion with trypsin (Promega, sequencing grade), essentially as described by (Wilm
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et al., 1996). NanoLC-MS/MS was performed on a CapLC system (Waters, Manchester,
UK) coupled to a Q-ToF Ultima mass spectrometer (Waters, Manchester, UK), operating in
positive mode and equipped with a Z-spray source. Peptide mixtures were trapped on a
Jupiter™ C18 reversed phase column (Phenomenex; column dimensions 1.5 cm x 100 pm,
packed in-house) at a flow rate of 7 pl/min. Peptide separation was performed on Jupiter™
C18 reversed phase column (Phenomenex; column dimensions 15 cm x 50 um, packed in-
house) using a linear gradient from 0 to 80% B (A = 0.1 M acetic acid; B = 80% (v/v)
acetonitrile, 0.1 M acetic acid) in 70 min and at a constant flow rate of 200 nl/min using a
splitter. The column eluent was directly sprayed into the ESI source of the mass
spectrometer. Mass spectra were acquired in continuum mode; fragmentation of the peptides
was performed in a data-dependent mode (1 survey scan and three MS/MS channels,
MS/MS spectra <5 sec).

Peak lists were automatically created from raw data files using the ProteinLynx
Global Server software (version 2.0). The background subtraction threshold for noise
reduction was set to 35% (background polynomal 5). Smoothing (Savitzky-Golay) was
performed (number of iterations: 1, smoothing window: 2 channels). Deisotoping and
centroiding settings were: minimum peak width: 4 channels, centroid top: 80%, TOF
resolution: 5000, NP multiplier: 1. The Mascot search algorithm (version 2.0,
MatrixScience, London, UK) was used for searching against the NCBInr database (release
data: 20™ April 2005; taxonomy: H. sapiens) that was available on the MatrixScience server.
The peptide tolerance was typically set to 150 ppm and MS/MS tolerance to 0.2 Da. Only
doubly and triply charged peptides were searched for. A maximum number of 1 missed
cleavage by trypsin was allowed and carbamidomethylated cysteine and oxidised
methionine were set as fixed and variable modifications, respectively. Individual Mascot
score cut-off values for each peptide MS/MS spectrum were >35. Peptide MS/MS spectra
with individual Mowse scores below 40 were checked manually and either interpreted as
valid identifications or discarded.

Protein purification, in vitro binding assays, immunoprecipitation and Western
blotting

To produce HIS-tagged CLASP1-C, a mouse CLASP1 cDNA fragment (nucleotides 1-810
of the sequence AJ288061) was cloned into pET-28a, expressed in Rosetta (DE3) pLysS E.
coli and purified using Ni-NTA agarose (Qiagen). GST-tagged fusions of LL5f fragments
were generated using pGEX-3X, produced in BL21 E. coli and purified using glutathione-
Sepharose 4B (Amersham Biosciences). GST pull-down assays, immunoprecipitations,
Western blotting and signal quantifications were performed as described previously
(Mimori-Kiyosue et al., 2005).
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Antibodies and immunofluorescent staining

Rabbit antibodies against LL5p were raised as described before (Akhmanova et al., 2001)
using purified GST-LL5B-M2 fusion. We used rabbit polyclonal antibodies against GFP
(Abcam), CLASP1 (Mimori-Kiyosue et al., 2005), CLASP2 (Akhmanova et al., 2001),
CLIP-170 (Coquelle et al., 2002), ELKS (Deguchi-Tawarada et al., 2004), mouse
monoclonal antibodies against LL5B (a gift from Dr. J. Sanes, Washington University,
St.Louis, USA, (Kishi et al., 2005)), actin (Chemicon); phosphotyrosine and vinculin
(Sigma) and a rat monoclonal antibody against a-tubulin (YL1/2, Abcam). For secondary
antibodies, Alexa 350 and Alexa 594-conjugated goat antibodies against rabbit, rat and
mouse IgG were purchased from Molecular probes, and FITC-conjugated goat anti-rabbit
antibody from Nordic Laboratories. Fresh medium was added to cells ~1-2 hrs before
fixation. Cells were fixed for 20 min in 100% methanol at —20°C or in 4% PFA in
phosphate-buffered saline (PBS) at room temperature, permeabilised in 0,15% Triton X-100
in PBS, blocked in 1% bovine serum albumin in PBS and incubated with antibodies as
described previously (Akhmanova et al., 2001).

Fluorescence microscopy and image analysis

Unless indicated differently, images of cells were collected with a Leica DMRBE
microscope with a PL Fluotar 100x, 1.3 NA objective, equipped with a Hamamatsu CCD
camera (C4880). Confocal imaging was performed using LSM510 confocal laser scanning
microscope (Ver. 2.3, Carl Zeiss). TIRF microscopy was performed on an Olympus 1X70
(PlanApo 100x/1.45 NA, oil TIRFM objective), equipped with an argon laser (488 nm line)
and an OrcaER cooled CCD camera (Hamamatsu photonics), controlled by Aquacosmos
software (Hamamatsu photonics) or on a Nikon TE2000U (PlanApo 60x/1.45 NA, oil
TIRFM objective), equipped with an argon laser (488 nm line) and a Cascade 512B CCD
camera (Photometrics), controlled by MetaMorph software (Universal Imaging Corp.). The
quantification and analysis of fluorescent signals was performed using MetaMorph software.
Images were prepared for publication using Photoshop (Adobe). Statistical analysis was
performed using with a SigmaPlot (SPSS Inc) and Statistica for Windows (StatSoft Inc.).
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Summary

In this chapter we describe an optimised procedure for using mass spectrometry to identify
components of membrane-bound protein complexes. This procedure is based on
formaldehyde cross-linking, followed by one-step protein purification. Cultured cells,
expressing biotinylation-tagged protein of interest are fixed with formaldehyde, membrane
proteins are solubilised with an anionic detergent and used for streptavidin pull down assay.
Purified protein complexes are de-cross-linked and subjected to mass spectrometry. We
applied this procedure to a membrane-bound fragment of LL5p, a cortical protein involved
in attaching microtubules to the membrane. We show that at least one of the isolated
potential partners of LL5B, liprin-al, is indeed a component of the LL5f clusters at the
margin of HeLa cells.

Results and discussion

In our previous study (Chapter 5) we showed that CLASPs, LL5B and ELKS form a
complex, which is responsible for the attachment of microtubules to the cortex of HeLa
cells. We found that LL5p is likely to be the core component of the complex, because its
depletion by RNA interference caused loss of its partners, CLASPs and ELKS, from the
peripheral cortical sites. LL5B is a phosphatidylinositol-3,4,5-triphosphate (PIP3)-binding
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protein and its recruitment to the plasma membrane is regulated by PI3 kinase activity
(Paranavitane et al., 2003, Chapter 5). However, inhibition of PI3 kinase resulted only in a
partial loss of LL5B from the cell cortex, suggesting that additional partners may be
involved in anchoring LL5f at the membrane.

To identify such partners, we have first searched for LL5B-binding proteins in the
Triton-X100 soluble fraction of HeLa cells. Biotinylation- and green fluorescent protein
(GFP)-tagged LL5p (bio-GFP-LL5p; Chapter 5) was transiently co-expressed in HeLa cells
together with the protein-biotin ligase BirA. Biotinylated proteins and their binding partners
were isolated by streptavidin pull down and subjected to mass spectrometry (Appendix A).
The most abundant proteins, co-purified with LL5B, were ELKS (already described in
Chapter 5) and plectin. Plectin is a large cytoskeletal linker, which can bind to intermediate
filaments as well as actin and microtubules; it participates in plasma membrane-cytoskeleton
junctions (Wiche, 1998). Unfortunately, in immunofluorescent staining of HeLa cells we
were unable to find significant colocalisation of LL5B and plectin, because the first was
mainly restricted to cortical clusters while the latter was mostly present along intermediate
filaments (data not shown). It is still possible that LL5B-plectin interaction is functionally
important; however, we were unable to find cytological evidence supporting the idea that
plectin contributes to the cortical targeting of LL5B. Taken together, this analysis of LL5[
partners suggested some links to cytoskeletal components, but provided no clear clues on
the specific targeting of LL5p to the ventral plasma membrane.

The disadvantage of using non-ionic detergents, such as Triton X-100, to solubilise
cell proteins prior to pull down assays is that many membrane proteins are lost in the
insoluble fraction. One notorious example are lipid raft proteins, which can be isolated
based on their insolubility in Triton-containing buffers (Rajendran and Simons, 2005). To
dissolve most cellular proteins, one can use anionic detergents, such as sodium
dodecylsulfate (SDS). Unfortunately SDS also denatures proteins and thereby dissociates
protein complexes. To overcome this problem, one can cross-link the interacting proteins
before extracting them in an SDS-containing buffer, to preserve the association between the
protein partners. We chose formaldehyde cross-linking, because formaldehyde is a cell-
permeable fixation reagent. Its other big advantage is that it induces cross-links that can be
fully reversed by heating. As a result protein peptides do not retain chemical modifications,
which would alter their mass and complicate their identification by mass spectrometry.
Formaldehyde cross-linking has been widely used to study chromatin architecture (Orlando,
2000; Orlando et al., 1997). It has been also applied in combination with mass spectrometry
to search for novel components of protein complexes (see Vasilescu et al., 2004, and
references therein). We combined formaldehyde cross-linking with the highly efficient and
rapid streptavidin-based purification of biotinylated proteins (de Boer et al., 2003; Chapter
5).
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We have initially applied this procedure to the full-length bio-GFP-LL5, but were
unable to recover significant amounts of this fusion protein after cross-linking (data not
shown). Instead, we used bio-GFP-LL5B-C deletion mutant (Fig.la), because it is the
smallest LL5pB fragment which localises to the ventral membrane and colocalises with the
endogenous LL5p (Fig.1b) After some optimisation, we developed a protocol which allowed
us to dissolve the cross-linked proteins from the Triton-X100-insoluble fraction and perform
an efficient streptavidin pull down (Fig.2; see also Materials and Methods). The proteins co-
purified with bio-GFP-LL5B-C after formaldehyde cross-linking were identified by mass
spectrometry (Appendix B).

Analysis of the mass spectrometry results indicated that the endogenous full-length
LL5B co-purified with LL5B-C, because the sample contained N-terminal LL5f peptides,
which were not present in LL5B-C. ELKS, an abundant component of LL5B clusters
(Chapter 5), was also present among the isolated proteins. In addition, we identified several
actin-binding proteins, including calponin-2, IQGAP1 and filamin. Filamin was already
identified as a partner of LL5f (Paranavitane et al., 2003). In HeLa cells, filamin displayed a
broad distribution, which mostly correlated with the actin fibres but showed no specific
enrichment at the LL5P patches (data not shown). Binding to filamin may play a role in
linking LL5B-based microtubule attachment sites to the actin network. We also identified
two focal adhesion components, zyxin and talin (Zaidel-Bar et al., 2004). Given the fact that
LL5p patches are often clustered around focal adhesions (Chapter 5), this potential link is
interesting and deserves further investigation.

a

amino acids cC  CCPH
LL5B 1-1253 [ N W]
LL5B-C  917-1253 —

overlay

Figure 1. a. Schematic representation of LL5@ structure and the LL5B-C deletion mutant, used in this
study. CC-coiled coil domain, PH — pleckstrin homology domain.

b-d. HelLa cells were transfected with GFP- expression construct. One day later cells were fixed and
stained with a rabbit polyclonal antibody against LL5B (this antibody is raised against the middle part of
LL5B and does not cross-react with GFP-LL5B-C. (b) GFP signal; (c) endogenous LL5B; (d) overlay with

GFP shown in green and endogenous LL58 in red. Bar, 10 um.
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The list of proteins cross-linked to bio-GFP-LL5B-C also included liprin-ol and
liprin-B1. Liprins comprise an evolutionary conserved protein family, present in worms,
flies and vertebrates (Serra-Pages et al., 1998). In humans this family includes four liprin-o
(01-04) and two liprin-p (B1 and B2) genes (Serra-Pages et al., 1998). They contain N-
terminal coiled coil domains and C-terminal SAM domains (Katoh, 2003; Serra-Pages et al.,
1998). a- and B- liprins interact with each other through their C-terminal parts; they can also
homodimerise via the N-terminal domains (Serra-Pages et al., 1998). Liprin-ct1 was initially
identified as the binding partner of receptor protein tyrosine phosphatase LAR (Pulido et al.,
1995; Serra-Pages et al., 1995). Subsequent studies demonstrated that liprins have multiple
protein partners, suggesting that they are scaffolding proteins acting at the plasma
membrane or on vesicles (Ko et al., 2003a; Ko et al., 2003b; Schoch et al., 2002; Shin et al.,
2003; Wyszynski et al., 2002). We decided to focus our attention on these proteins, because
liprin-otl was already identified as a binding partner of ELKS (Ko et al., 2003b), a
prominent component of LL5B patches (Chapter 5). In agreement with these data, liprin-p1
was present among the proteins identified in the bio-GFP-ELKSo pull down assay
(Appendix A).

bio-GFP-
LL5B-C
+BirA BirA
kDa : ; Figure 2.
| M Streptavidin pull down assays were performed
250— = i with the extracts of HelLa cells, co-expressing
150— : =t bio-GFP-LL5B-C together with BirA or BirA
e et . .
alone. The cells were cross-linked with
100— formaldehyde and extracted with Triton X-100.
Triton-insoluble material was dissolved in an
75—\ | Y bio-GFP SDS-containing buffer and used for the pull
! '.-—~! LL5B-C down assay. Proteins, bound to streptavidin
'-:-—- beads were analysed on a Coomassie-stained
50— 4-12% acrylamide gel.
37—
25—
20—
15— | S T —
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To investigate the subcellular localization of liprin-atl, we transfected HeLa cells
with a hemagglutinin (HA)-tagged liprin-o.1 expression construct and co-stained the cells
with antibodies against the HA tag and LL5B (Fig.3a). HA-liprin-oll was present in the
cytoplasm and displayed prominent colocalisation with the endogenous LL5B. Also the
endogenous liprin-al colocalised with LL5B in HeLa cells (Fig.3b). Surprisingly, the
depletion of ELKS, the common binding partner of LL5 and liprin-o.1, did not abolish their
colocalisation (Fig.3c), although LL5B and liprin-ol-positive puncta acquired a more
diffuse distribution, in agreement with the data shown in Chapter 5. Since the RNAi-based
depletion is always incomplete, we cannot exclude that the colocalisation of LL5f and
liprin-oul is caused by the residual small amounts of ELKS. Alternatively, LL5f and liprin-
o1 may be binding to each other directly or through another common partner.

Depletion of LL5p abolished cortical accumulation of liprin-oul (Fig. 3d), similar to
its effect on ELKS distribution (Chapter 5). After LL5B knockdown, very little liprin-ct1
was detectable in methanol-fixed cells, probably because it became soluble and was
extracted during the staining procedure. This result is in agreement with our previous
conclusion that LL5B forms the core of cortical clusters responsible for microtubule
attachment (Chapter 5). Still, it is possible that liprins contribute to the cortical localization
of LL5B. Liprin-al binds to LAR, a transmembrane tyrosine phosphatase (Pulido et al.,
1995; Serra-Pages et al., 1995), which may provide an additional membrane anchor to LL5
and its partners. In agreement with this notion, we did identify LAR among the proteins
cross-linked to bio-GFP-LL5B-C (Appendix B). Interestingly, LAR partially colocalises
with focal adhesions (Serra-Pages et al., 1995) and may be in some way responsible for
clustering of LL5p patches around focal adhesions after certain drug treatments (Chapter 5).

Cytological data presented above support the existence of a physical and functional
link between LL5p and liprins. Therefore, we can conclude that the simple and rapid method
of purification of cross-linked protein complexes described here is valid and can be applied
to searching for partners of membrane-associated proteins. The identified connection
between LL5B and liprins requires further biochemical and functional analysis. Future
studies will likely focus on the role of these protein complexes in neuronal tissue, since
similar to CLASPs and ELKS, liprins and LAR are involved in the control of synapse
formation and axon guidance (for review, see Johnson and Van Vactor, 2003; Zarnescu and
Moses, 2004). It would be interesting to investigate whether complexes of CLASPs, LL5f,
ELKS and liprins are formed in neurons and whether they are involved in microtubule
organisation in developing or mature neuronal cells.
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Figure 3.

a. Hela cells were transfected with a construct expressing HA-liprin-a1, fixed and co-stained with
antibodies against the HA tag and LL5@3. Bar, 10 um.

b-d. HelLa cells were cultured for 72 hrs after transfection with the indicated siRNAs. Cells were fixed

with methanol and stained with the indicated antibodies. Bar, 10 um.

Materials and methods

Cell lines, transfection of plasmids and siRNAs, expression constructs, antibodies
and immunofluorescent staining

HeLa cells were grown as described previously (Akhmanova et al., 2001). Lipofectamine
2000 (Invitrogen) or FuGENE 6 (Roche) transfection reagents were used for plasmid
transfection. Synthetic siRNAs were transfected, using HiPerFect (Qiagen) at a
concentration 5 nM. The control oligonucleotide were described previously (Mimori-
Kiyosue et al., 2005). siRNA against LL5f (siRNA 38298, Ambion) was directed against
the sequence GGAGATTTTGGATCATCTA, siRNA against ELKS (siRNA 43397,
Ambion) was directed against the sequence GTGGGAAAACCCTTTCAAT.

GFP-LL5B-C expression construct was generated by PCR as described in Chapter
5. Bio-GFP-LL5f-C was produced by cloning at the Nhel and Agel sites in front of the GFP
a linker, encoding the amino acid sequence MASGLNDIFEAQKIEWHEGGG. BirA
expression construct (pSCT-HA-BirA, Driegen et al., 2005) was a gift from Dr. D.Meijer
(Erasmus MC, Rotterdam, The Netherlands). HA-tagged liprin-ct1 construct was generated
in the mammalian expression vector GW1 (CMV promoter).

Rabbit antibodies against liprin-all were raised against the peptide
SFRRAPSWRKKFRPKDIR; the antibody was affinity purified against its own peptide
before use. We used rabbit antibodies against LL5f (Chapter 5) and mouse monoclonal
antibodies against the HA tag (Babco) and LL5fB (a gift from Dr. J.Sanes, Washington
University, St.Louis, USA, Kishi et al., 2005). For secondary antibodies, we used Alexa
594-conjugated goat anti-mouse antibodies (Molecular probes) and FITC-conjugated goat
anti-rabbit antibodies (Nordic Laboratories).

For immunofluorescent staining, fresh medium was added to cells ~1-2 hrs before
fixation. Cells were fixed for 20 min in 100% methanol at —20°C, permeabilised in 0,15%
Triton X-100 in PBS, blocked in 1% bovine serum albumin in PBS and incubated with
primary antibodies (all diluted 1:300) for 1 hr at room temperature. Slides were washed 3
times with PBS/0,15% Tween-20, incubated with the secondary antibodies, washed again 3
times with the same buffer, incubated briefly with 70% and 100% ethanol, air-dried and
mounted in Vectashield.
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Streptavidin pull down and mass spectrometry analysis of protein complexes
cross-linked with formaldehyde

16 hrs after transfection with Lipofectamine 2000, HeLa cells co-expressing protein-biotin
ligase BirA and bio-GFP-LL5B-C were washed with PBS and cross-linked with 0.5%
formaldehyde PBS for 10 minutes at room temperature. Cells were washed with PBS
containing 125 mM glycine and lysed in ice cold buffer containing 100 mM NaCl, 20 mM
Tris-HCI, pH 7.5, 0.5% Triton X-100 and protease inhibitors (Complete; Roche). Cell
lysates were centrifuged at 13.000 rpm for 15 minutes at 4°C, and the pellet was
resuspended in a buffer containing 100 mM NaCl, 50 mM Tris-HCI, pH 7.5, 0.5% SDS,
protease inhibitors (Complete; Boehringer), followed by sonication and centrifugation at
13.000 rpm for 15 minutes. The supernatant was incubated for 45 minutes with Dynabeads
M-280 Streptavidin (Dynal). After magnetic separation, the beads were washed three times
in a buffer containing 250 mM NaCl, 20 mM Tris-HCI, pH 7.5, 0.1% Triton X-100 and
protease inhibitors (Complete; Roche). Thereafter, the beads were resuspended in NuPAGE
LDS Sample Buffer and NuPAGE Reducing Agent (Invitrogen) and boiled for at least 20
minutes to de-cross-link. After magnetic separation, the supernatant was loaded and run on a
4-12% NuPAGE Bis-Tris Gel, followed by staining with the Colloidal Blue Staining Kit
(Invitrogen). Mass spectrometry and analysis of mass spectrometry results were performed
as described in Chapter 5.
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Discussion

7.1 Introduction

Microtubules (MTs) constitute one of the main structural components of the eukaryotic
cytoskeleton. They are made up of tubulin heterodimers that polymerize into protofilaments.
Laterally attached protofilaments form hollow tubes with a diameter of about 25 nm. MTs
are dynamic: they have a fast growing (plus) end and a slow growing (minus) end, which
switch between phases of growth, pause and shrinkage, a phenomenon called dynamic
instability. The dynamic properties of MTs enable them to function in many processes, such
as cell division, vesicle transport, cell polarization and migration. In general, MT minus
ends are often stable, while the plus-ends undergo growth and depolymerization excursions.
They explore the cellular space and can be captured by certain cellular targets such as
kinetochores or the cell cortex. This so-called "search-and-capture” mechanism (1, 2) is
highly regulated by MT plus-end-tracking proteins (+TIPs), which associate specifically
with the plus-ends of growing MTs and regulate their dynamics (3-6). The mechanism of the
specific +TIP localization still remains largely enigmatic. Its unravelling is complicated by
the fact that many +TIPs interact with each other as well as with other MT associated
proteins (MAPs), forming highly dynamic protein-protein complexes at the growing MT
ends. Many of these complexes are conserved from yeasts to mammals and are essential for
normal cell functioning. In this thesis we have mainly focussed on deciphering the hierarchy
of interactions between mammalian +TIPs, as well as their role in cortical MT stabilization.
In this chapter we will discuss how our findings fit with the knowledge on the organization
and functioning of the +TIP complexes in different model systems.

7.2  EBI: a spider in the web

EB1 family members are well-characterized +TIPs, which are conserved in plants,
yeasts and mammals (7). In general, all EB-like proteins share a common role in preventing
microtubules from pausing and total depolymerization. In all species EB homologues promote
MT polymerization by increasing MT rescue frequencies, and decreasing the rate of
depolymerization and the time MTs spend pausing (8-10). However, Drosophila EB1 and
budding yeast Bimlp increase the catastrophe frequencies, in contrast to the fission yeast
Mal3p and vertebrate EB1, which decrease the catastrophe frequencies (9-12).

The important role of EB proteins is underscored by the fact that virtually all +TIPs
shown to interact with MTs directly are also able to bind to the EBs (Fig. 1). EB1 was
initially identified as a binding partner of the tumour suppressor APC (13). The budding
yeast homologue of EBI1, Bimlp, interacts with Kar9p, which is often regarded as a
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counterpart of APC (14, 15). EB1 interacts with the COOH-terminus of APC, the part that is
lost due to mutations in many malignant colorectal cancers (13, 16-18). EB1 contributes to
the accumulation of APC at the MT ends, where EB1-APC complexes can promote MT
polymerization and stability (19, 20). The mammalian formin mDia, acting downstream of
RhoA, associates directly with both EB1 and APC, and may form a triple complex with
these proteins, regulating their MT-stabilizing activity (21).

Two other groups of large MT-stabilizing +TIPs — MT-actin cross-linking factor
(MACF) family of spectraplakins and CLASPs — can also associate with EBI.
Spectraplakins bind to both actin and MTs through their opposite ends and may coordinate
the interaction between the two cytoskeletal networks. Both mammalian MACF2 and the
Drosophila homologue Shot accumulate at MT tips through a direct interaction with EB1
and contribute to the control of cell polarity and migration (18, 22, 23).

In this thesis, we have shown that CLASPs also interact with EB1 (and EB3)
directly (24). Similar to spectraplakins, CLASPs may also need EB proteins for their plus-
end targeting. In addition to a direct effect, EBs might contribute to the plus-end
accumulation of CLASPs indirectly, through binding to the CLIPs (see below), since CLIPs
are also CLASP binding partners (25). CLASP-EB interactions may be also important for
the MT rescue function of CLASPs. When MTs start shrinking, CLASPs are partially
retained on the distal segments of MTs and rescue MTs by enhancing their affinity for EB1.
Since EBs promote MT growth, it is possible that EBs stimulate a switch to the growth
phase, causing a rescue. The Drosophila CLASP homologue, Orbit/Mast, was co-purified in
an EB1-pull down assay, suggesting that the interaction is conserved in evolution (22).
However, a recent study suggests that at least in mitosis Orbit/Mast acts independently of
EB1 (26), though it should be noted that the authors analysed only one of the several
Drosophila EB1 homologues.

The structure of EB1 has been extensively characterized. It contains an NH,-
terminal calponin homology domain, which binds to MTs (27), a coiled coil domain (“EB1
motif”’), which dimerizes and at the same time forms a surface for binding of various
partners (17, 18) and a negatively charged COOH-terminal tail. The region of APC that
binds to EB1 contains a conserved Ile-Pro sequence, which binds to a hydrophobic cavity of
the EB1 motif (17). Interestingly, the Ile-Pro sequence within a similar conserved context is
also found in the EB1-binding regions of spectraplakins as well as in the EB1-interacting
repeat motifs present in CLASPs (18, 24, 28). This suggests that APC, spectraplakins and
CLASPs bind to EB1 in a similar way. It should be noted that in addition to the EB1 motif,
the highly negatively charged tails of EB1 also play a significant role in the interactions with
EB partners, at least in the case of CLASPs (24).

The acidic tails of EB1 are also essential in the association with another group of
+TIPs - the CAP-Gly (cytoskeleton associated protein with a conserved glycine) domain
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containing proteins, which include the CLIPs and p150°™

OGlusd

, the large subunit of the dynein
accessory complex dynactin. p15 contains a single NH,-terminal CAP-Gly domain per
monomeric subunit, which is essential for the binding to MTs as well as EB1 (16, 29-31).
The MT plus-end accumulation of p150“"*! may partly result from the direct MT binding;
however, it probably mostly occurs via hitchhiking on CLIP-170 and EB1 (29, 31-33).

A number of recent studies, including our own, produced evidence of a direct
interaction between EB proteins and the CLIP family members, including S. pombe Tiplp,
Drosophila CLIP-190 and mammalian CLIP-170 and CLIP-115 (12, 34-36). Drosophila
CLIP-190 interacts directly with EB1 via its MT-binding CAP-Gly domain and requires
EB1 for plus-end binding (35). Also Mal3p, the fission yeast EB1 homologue, binds to
Tiplp, the CLIP homologue, and is needed for its plus-end localization (12). In this thesis
we have shown that CLIP-170 and CLIP-115 interact directly with EB1 via their CAP-Gly-
containing NHj-terminal domains, and that this interaction plays a role in CLIP
accumulation at the MT tips (36). This accumulation is governed by two kinetic parameters
— association and dissociation rates. Our data suggest that CLIPs can recognize and bind the
growing MT tips independently of EB proteins, while the latter mainly control CLIP
dissociation from the MTs (36). A very rapid dissociation of CLIPs from the MTs caused by
the lack of EB proteins may strongly reduce their MT tip accumulation and might appear in
immunofluorescent staining as an absence of binding, especially if the sensitivity of CLIP
staining were not very high. Therefore, the mechanism described by us for the mammalian
cells might also hold true for flies and fission yeast. The EB-dependent dissociation control
might have been lost by the budding yeast CLIP homologue, Bik1p, explaining why it does
not require Bim1p, the EB1 homologue, for MT plus-end targeting (37).

A recent structural study has shown that p150"® makes contact predominantly
with the tail of EB1 (31). This result is in complete agreement with other studies, including
our own, on the critical binding region of EB1 for both CLIPs and p150°". All CAP-Gly
family members interact with the acidic COOH-terminus of EB1 in a manner dependent on
the last tyrosine (Tyr268) of EB1 (16, 31, 36). The acidic tail of EB1 contains a sequence
that is strikingly similar to the tail of a-tubulin. It is therefore interesting to note that MT
binding of the budding yeast CLIP-170 homologue Biklp depends on the COOH-terminal
aromatic residue of a-tubulin (38). Moreover, mouse neurons deficient in tubulin tyrosine
ligase (TTL) show a perturbed distribution of mammalian CLIP-170 due to a strongly
reduced pool of COOH-terminally tyrosinated a-tubulin (39). The binding of CAP-Gly
family members to a-tubulin as well as to EBI-like proteins thus depends on their last
tyrosine. Taken together, the results obtained in different studies and species display
significant similarities and demonstrate that the interaction of various +TIPs with EBI is
highly conserved in evolution.
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Interestingly, p150“"™* was found to act as an allosteric activator for the auto-

inhibited head-to-tail conformation of EB1. By binding the COOH-terminal tail of EBI,
p1509" releases the NH,-terminus of EBI to stimulate MT assembly (31). An EB1-APC
complex was also shown to promote MT growth (19), suggesting that other partners, which
bind to the EB1 COOH-terminus, may serve as EB1 activators by inducing a conformational
change. Existence of self-inhibitory closed conformations may represent a common theme
in regulating rapidly recycling +TIPs, since we have shown that this principle also applies to
CLIP-170 (32).

Spectraplakins
ACFT7/MACFs/BPAG1 (Mm)
Shortstop/Shot/Kakapo (Dm)

Kinesin-13
KLP10A (Dm)

RhoGEF-family
RhoGEF2 (Dm)
Kinesin-like
Tea2p (Sp)
XMAP215-famin - T taini otei
f -Gly containing proteins
DACP224 (Dd) === ( EB1/Mal3p/Bim1p y
<=, | CLIP-170/ CLIP-115 (Mm)
Stu2p (Sc) CLIP-190 (Dm)
Tip1p (Sp)
p150%4= (Mm)
APC-family
APC (Mm) CLASPs
Kar9p (Sc) - - CLASP1/2 (Mm)
Formins Eukaryotic translation Orbit/Mast (Dm)
mDia (Mm) initation factor
Moe1p (Sp)

Figure 1: EB1 interacting proteins. The figure illustrates the binding partners of EB1, Bim1p and Mal3p
of different species, with MT plus-end binding proteins (+TIPs) shown in blue boxes. S. cerevisiae (Sc),
S. Pombe (Sp), D. Melanogaster (DM), mammals (Mm) (16, 17, 21, 22, 24, 29-31, 34-36, 40-43).

All above-mentioned EB1 partners stimulate MT rescue and/or promote MT
growth and stability. Strikingly, MT destabilizing factors such as the Drosophila kinesin-13
family member KLP10A also accumulate on MT plus-ends through hitchhiking on EB1
(40). In addition, the XMAP215 family members in Dictiostelium (DdCP224) and budding
yeast (Stu2p) interact with EB1 and regulate MT dynamics (42, 44). In different studies,
XMAP215 family members have been shown to function as MT stabilizers as well as
destabilizers, and so may aid or oppose the activity of the catastrophe-inducing kinesin-13
family members (45-49). The interaction of EBs with MT stabilizing and destabilizing
factors at the MT tips might help to create a balance of activities, necessary for rapid
regulation of MT dynamic properties. These functionally diverse interactions may also
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account for the partly controversial effects of EB depletion on the MT dynamics in different
systems.

Interaction with EB1 might also be needed to transiently concentrate certain
regulatory molecules at the MT tips. This mechanism may apply to the Drosophila Rho-type
DRhoGEF2, which regulates actomyosin contraction in epithelial cells during gastrulation
(22). DRhoGEF2 associates with MT plus-ends via EB1, and may use MT dynamics to
contact certain cortical subdomains (22). Microtubule-cortex interactions, regulated by
different +TIPs, are therefore important not only for organizing the MT network, but also
for regulating cortical dynamics, shape and contractility. These interactions, based on
similar building blocks in systems as divergent as yeasts and humans, will be the focus of
the remaining part of this chapter.

7.3  MT-cortex interactions in yeasts.

MT networks are able to associate with or be in close proximity to membrane structures.
Although MTs seem to form self-assembled complexes with cationic liposomes, it is more
plausible that interactions with cellular membranes, like the plasma membrane, depend on
particular proteins (50). To date, a large number of proteins have been characterized, which
contain specific domains to interact with MTs or membranes. Some of these proteins belong
to the group of MAPs or +TIPs and cross-bridge MTs and membranes, either directly or
indirectly, and cause MT stabilization. MT-cortex interactions are important for diverse
cellular processes, including mitosis, migration, vesicle transport and polarization. For
instance, secretory vesicles often move to the plasma membrane along the MTs and MT
anchoring at the plasma may thus define the sites of secretion.

In budding yeast (Saccharomycess cerevisiae) temporal and spatial MT-cortex
interactions regulate correct spindle positioning in the bud during mitosis. The capture of
astral MTs by the cell cortex is closely linked to the progression of mitosis. MTs grow from
the spindle pole body (SPB) in the mother cell towards the tip of the bud and are captured at
the bud cortex. Subsequently, the SPB is pulled into the bud whereas a newly formed SPB
remains in the mother cell, resulting in chromosomal separation along the mother-bud axis
(for review see (51)). One of the mechanisms of MT delivery to the bud cortex comprises
the Kar9p-mediated transport of MTs along actin cables (Fig. 2a). Kar9p forms a complex
with Bimlp and is transported along MTs from the SPB to the bud neck by the motor
activity of kinesins. There, the Kar9p-Bimlp complexes, bound to MT tips, are further
pulled by myosin along actin filaments towards the bud tip (51-54). This MT movement
causes reorientation of the spindle. The formin Bnilp and an actin interactor Bud6p
participate in this process by organizing actin cables (55). Kar9p also has a function in
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preventing the MTs inside the bud from depolymerization (56, 57). It is clear that Kar9-
mediated MT capture is regulated by Cdkl (51-54), but the details of this regulation are
complicated and require further elucidation. Bud6p can probably also capture MTs at the
bud cortex in a separate pathway, independent of Kar9p (51, 56).

During anaphase, cytoplasmic dynein exerts pulling forces on the astral MTs,
causing the insertion of the mitotic spindle into the bud neck. Targeting of cytoplasmic
dynein to MT tips depends on Bik1p (CLIP-170), Paclp (LIS1) and possibly Kip2p (37, 58,
59) (Fig.2a). Dynein is the central minus-end directed motor that generates pulling forces on
MTs involved in spindle positioning at mitosis, as well as the movement of the nucleus and
the centrosome during cell migration in different systems (60). In budding yeast, the
connection of cytoplasmic dynein with the cell cortex is mediated by the cortical protein
Numlp. Numlp contains a COOH-terminal pleckstrin homology (PH) domain, which can
specifically bind phosphoinositides. Num1p binds to Bnilp and requires Bnilp for its bud
tip localization (61). Although the dynein-mediated spindle positioning pathway is actin-
independent (51), the dynein-dynactin complex is regulated by Bud14p-Glc7p phosphatase,
which requires intact actin cytoskeleton and kelch domain-containing proteins Kellp/Kel2p
for the accumulation at the bud tip (62).

In shmooing budding yeast, MT plus-ends are anchored to the cortex through two
different mechanisms depending on their dynamics. During MT polymerization Bim1p links
MT plus-ends to the cortex in a Kar9-depended manner, while during depolymerization the
minus-end directed kinesin Kar3 anchors MTs with the cortex via a certain membrane factor
(63, 64).

In fission yeast (Schizosaccharomyces pombe) MTs regulate cell growth and
polarization by recruiting essential polarity factors to the cell ends that modulate the actin
cytoskeleton. After cell division, the rod-shaped yeast cells grow in a monopolar manner,
but then change to a bipolar growth during the G2 phase of the cell cycle. The switch of
polarization, in which the new cell end starts to grow, is called “new end take off” (NETO)
and is induced by MTs (65). Interphase MTs are arranged in anti-parallel bundles with
overlapping minus-ends near the nucleus and the plus-ends extending towards the cell
periphery. To induce NETO, the CLIP-170 homologue Tiplp is transported to MT plus-
ends by Tea2p kinesin and accumulates there in a Mal3p (EB1 homologue) dependent
manner (Fig. 2b) (43, 66, 67). Tiplp recruits the kelch repeat protein Tealp, which is
essential for polarized cell growth (68). When MTs depolymerize at the cell end, Tealp
remains targeted to the cell cortex through an interaction with the prenylated membrane
anchor protein ModS5p; in its turn, Tealp restricts ModSp distribution to the cell ends (69).
In addition, Tealp directly interacts with Teadp (homologue of the S.cerevisiae Bud14p),
which in its turn recruits the actin-nucleating formin For3p to the cell tip (70). With the aid
of Bud6p, For3p nucleates actin cables from the new end to initiate polarized cell growth
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Figure 2: MT-cortex interactions in yeasts: A. The bud cortex in S. cerevisiae (budding yeast). Astral
MTs interact with the cortex through different mechanisms. 1. Upon phosphorylation by Cdk1, Kar9p can
be transported in complex with Bim1p towards the bud neck in a Kip2p/Kip3p-depended manner.
Subsequently, the Kar9p/Bim1p-complex is transported along actin filaments towards the bud tip by the
type V myosin Myo2p (51-54). 2. The Kar9p/Bim1p-complex anchors astral MTs at the bud cortex with
proposed support of the actin-interacting protein 3 (Aip3/Bud6p) and the Rho-family activated formin
Bni1p. This notion is based on the fact that cortical localization of Kar9p is affected by inactivation of
Bud6p or Bni1p, as well as treatment of the actin-depolymerizing agent latrunculin A (55, 72). In addition,
Bud6p is able to (directly) link astral MTs at the bud-cortex in a Kar9p-independed manner (56, 57). The
dynein/dynactin-complex plays a role in the organization of the mitotic spindle. It binds to Bik1p and may
be delivered to MT plus-ends together with it by the action of a kinesin-7, Kip2p (37, 58). The pleckstrin
homology domain protein Num1p attaches dynein-dynactin to the membrane and may also activate the
dynein motor (58, 61). 3. This mechanism of dynein activation is supported, possibly via Num1p, by the
Bud14p-Glc7 phosphatase complex together with the cortical kelch-domain proteins Kel1p/Kel2p (62). 4.
Additionally, Num1p can associate with the Bni1p/Kar9p-complex, although its localization at the bud tip
is only dependent on Bni1p (61).

B. The cell end in S. pombe (fission yeast). MT tips are targeted to the cell end and promote actin
nucleation, which is involved in polarized growth. Tip1p is transported along MTs by the kinesin-7 family
member Tea2p, and accumulates at the plus-ends in a Mal3p-depended manner (43, 66, 67). 1. Tip1p
can recruit the Tealp/Teadp-complex. Tealp can be linked to the cell end by associating with the
membrane-binding protein Mod5p (68-70). 2. The polarized deposition of Tealp-Teadp recruits the
For3p/Bud6p-complex to the cell end by binding directly to Teadp (70). Subsequently, actin is nucleated
and polymerized to promote polarized cell growth and thereby NETO (65, 68, 71). 3. Tealp is also
necessary for the recruitment of the actin-binding protein End4/Sla2p, which is able to bind PIP2 through
a specific AP180 N-terminal homology domain (73, 74). Together with a novel partner Pal1p, End4/Sla2p
is thought to be involved in the establishment of a new growth zone (75).

and thereby NETO (65, 68, 71). End4/Sla2, a phosphatidylinositol-4,5-diphosphate (PIP2)-
and actin-binding protein, also participates in the organization of the actin cytoskeleton at
the membrane and localizes to the new cell ends in a Teal p-dependent manner (73, 74). In
conclusion, fission yeast MTs play an essential function in recruiting polarity factors to the
cell end to promote actin nucleation, which is required for NETO. In general, the cross-talk
between +TIPs and actin organizing proteins is well conserved from yeasts to mammals.

7.4 +TIPs at the mammalian cell cortex

Similar to yeasts, mammals utilize multiple overlapping systems for organizing their cortical
microtubules. A large part of this thesis focuses on CLASPs, +TIPs involved in MT
stabilization and attachment at the periphery of interphase cells. CLASPs are conserved
from fungi and plants to animals, with well-studied homologues in D. melanogaster
(Orbit/Mast), C. elegans (CLS-2/R106.7) and S. cerevisiae (Stulp) (Table 1). Several
studies have shown that CLASPs are essential for mitosis and participate in the generation
of polarized MT networks (28, 76-79). Mammalian CLASP2 acts as a MT stabilizer at the
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leading edge of motile cells, where its activity is negatively regulated by GSK3j, a
downstream target of PI3 kinase, and Racl (25, 80). In this thesis we show that CLASP1
and CLASP2 play redundant roles in the organization of interphase MTs in HeLa cells.
CLASPs stabilize MT plus-ends at the cell periphery by inducing pauses and/or short
polymerization-depolymerization transitions. As already mentioned, CLASPs act as local
rescue factors, possibly with the aid of EB proteins. Moreover, CLASPs can localize to the
cell cortex in a MT-independent manner (24). This property is shared by CLASP isoforms,
which lack membrane-binding domains, indicating that the cortical localization of CLASPs
is effected by additional membrane-bound proteins. Using mass spectrometry, we identified
new binding partners of CLASP2a, LL5B and ELKS, which cross-bridge CLASP-bound
MTs with the cell cortex (Chapter 5) (Fig. 3a). LL5p can be linked to the plasma membrane
through its COOH-terminal pleckstrin homology (PH) domain, which binds membrane-
bound phosphatidylinositol-3,4,5-triphosphate (PIP3) (81). In addition, ELKS, and probably
also LL5p interact with liprin, which might be linked to the plasma membrane through a
receptor protein tyrosine phosphatase LAR (Chapter 6) (Fig.3a). In addition to this indirect
membrane link, the brain-specific CLASP2P isoform may anchor MTs at the membranes
directly, since it has a dual palmitoylation motif at the NH,-terminus (25).

Other pathways of MT capture at the cell cortex are dependent on the +TIP APC.
Similar to CLASPs, APC is also negatively regulated by GSK3f and binds directly to EB1
(13, 20). APC accumulates at MT plus-ends through different mechanisms, where it can
stabilize MTs, stimulate their polymerization and anchor them to the cell cortex (19-21, 82).
Like CLASPs (except CLASP2f), APC has no membrane-binding domain and appears to
make use of actin-binding proteins, such as mDia (a RhoA effector) and IQGAP1 (a
Racl/Cdc42 effector), to attach MTs to the cell cortex (21, 83-85). In an alternative
pathway, APC interacts with DIgl to link MTs to the plasma membrane and generate
polarized MT arrays (86). Similar to APC, also CLIP-170 is shown to interact with [QGAP1
to target MT plus-ends to the cell cortex (87). As discussed above, EB1 is involved in all
MT-related activities of APC; it also binds to mDia and may form a tripartite complex
together with mDia and APC at MT plus-ends (21). Moreover, EB1 was shown to interact
with the spectraplakins (18), which can link MTs to the actin filaments, organize the
directional growth of MTs along actin fibers and stabilize MTs in mDia-dependent fashion
(88). CLASP-, APC- and spectraplakin-based pathways show clear similarities, as they all
depend on EB1, are regulated by an overlapping set of signaling molecules (GSK3, mDia)
and stabilize MTs, thereby connecting them to the plasma membrane. It is unclear so far
whether these MT stabilizers can act on the same MT simultaneously or sequentially, or
whether they compete with each other. The only study where two of these +TIPs, CLASP2
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Mammalian cortex (interphase)

Membrane

Microtubule

Figure 3: Cortical array of mammalian cells: Mammalian cell cortex during interphase. MTs are
targeted to the cortex through different mechanisms, in which actin plays an essential role. Rac1/Cdc42-
activated IQGAP1 binds to actin filaments and recruits MT plus-ends bound to CLIP-170 or APC towards
the cell margin (83-85, 87, 95, 96). The formin mDia is activated by RhoA, and is also able to connect
with the APC/EB1-complex on MT plus-ends (21, 96). The cytoskeletal cross-linker ACF7 links actin with
MTs by directly binding MT plus-ends and/or plus-end associated EB1 at the cell margin, possibly also in
mDia-regulated fashion (18, 88). APC attaches MT ends to the membrane also in an actin-independent
manner, by binding to the large PDZ domain-containing protein DIg1 (86). Another mechanism of cortical
MT capture can be established via CLASP1/2. With the aid of EB1, CLASPs stabilize MTs at the cell
cortex, where they form a complex with LL58 and ELKS. This complex can be anchored to the
membrane via the pleckstrin homology (PH) domain of LL5f, which binds PIP3, or by binding the
Liprin/LAR-complex (Chapter 5 & 6). Dynein-dynactin complex, attached to the cortex by as yet poorly
elucidated mechanisms can cause MT sliding along the membrane and exert pulling forces on the MT
network (60). CLIP-170 contributes to dynein localization at the tips (32, 34). CLIP-170-dynactin
association, as well as dynein activity, can be regulated by Lis1 (32, 93).

and APC, were analyzed in the same system suggests these proteins act differently, as only a
subset of CLASP-decorated MTs bears APC clusters (80).

Similar to budding yeast, also in mammals cytoplasmic dynein is involved in MT-
cortex interactions (60). Dynein is implicated in centering the centrosome in interphase cells
and in positioning the mitotic spindle, as it can pull the plus-ends of cortically attached MTs
(Fig. 3b) (60, 89-91). Lisl and CLIP-170 contribute to this aspect of dynein function,
because, as shown in this thesis and other studies, they regulate dynactin association with
the microtubule tips (32, 92, 93). Lisl and dynactin are also believed to regulate dynein
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motor activity (93, 94). The nature of the actual link between dynein and the plasma
membrane is not yet entirely clear. It may involve dynactin interaction with spectrin

(97, 98). In mitotic cells astral MTs are positioned by a complex of dynein-dynactin with
NuMa, acting in concert with the mitotic regulator LGN (the mammalian Pins orthologue)
and several other polarity factors, such as Inscuteable and Par3 (99). This complex is
localized to the cell cortex via the G protein alpha subunit I (Gol). NuMa, bound to LGN
and Gol, may be also acting on MTs directly (100). Until now, there are no indications that
the dynein-dynactin pathway directly depends on MT stabilizers such as CLASPs, APC or
spectraplakins, but this issue deserves further attention.

S. cerevisiae S. pombe Plants Flies Vertebrates
Bnilp For3p Formin-family members Dia mDia

Bud6p Bud6p X X X

Budl4p Teadp X X X
Kellp/Kel2p Tealp X X X

Kar9p X X dAPC1, E-APC APC

Bimlp Mal3p EBI EB1 EBI

Biklp Tiplp X D-CLIP-190 CLIP-170
Nipl00p Ssm4p X Glued p150Glued
Dynl Dhcl X Dhc64C Dynein HC
Paclp X LIS1-like (At5g67320) LIS1 LISI

Stulp X CLASP Orbit/ MAST CLASP1,2

X X X CG30336 ELKS/CAST
X X X X LL5B

X X X Pins / Raps LGN

X X X X NuMa

X X X Shot, Kakapo ACF7/BPAGI
Stu2p Dislp Morl Msps XMAP215/ch-TOG
PLD-1/Spol4 SPAC2F7.16c  PLD PLD PLD 1-4

X X SPR1 X X

X X MAP-65 X X

Table 1: Overview of comparable proteins that control the MT cortical array in at least one of the
depicted species; yeasts (S. cerevisiae & S. pombe), Plants (Arabidopsis thaliana & Nicotiana
tabacumy), flies (Drosophila melanogaster) and Vertebrates (Xenopus laevis, Homo sapiens, Mus

musculus). “X” means absence of clear homologues.
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There are many other protein candidates that are likely to link MTs to membranes. For
instance, CLIPR-59 is a protein belonging to the CLIP family, which associates with lipid
rafts and the frans-Golgi network (101, 102). Also protein 4.1, an abundant component of
human erythrocytes, stabilizes the spectrin-actin network and anchors it to the plasma
membrane. It also has a MT binding domain and seems to be involved in MT organization,
although its role in this process may be confined to the centrosome rather than the plasma
membrane (103, 104). Given the multiplicity of potential cortical attachment factors in the
mammalian system, the main challenge now is to characterize their relative importance and
functional interplay in different processes, such as cell migration or mitosis.

7.5 Cortical MT arrays in plants.

Except for the mitotic spindle, which is similar in all species, the cytoskeleton of plant cells
has a different organization compared to animal cells (105). Dividing plant cells entering the
G, phase of the cell cycle possess a preprophase band (PPB) that consists of interconnected
MTs and microfilaments encircling the nucleus. The PPB predicts the mitotic division plane.
Late in mitosis the phragmoplast is formed, which is composed of opposing sets of parallel
MTs and microfilaments. This cytoskeletal structure is responsible for the transport of
Golgi-derived vesicles to the equatorial region. It forms a network filled with cell wall
precursors for separating the two daughter cells. During interphase, MTs form cortical spiral
arrays that are perpendicular to the growth direction and very closely apposed to the plasma
membrane (106). The cortical MT array controls the directional expansion of plant cells, as
well as the deposit of cellulose microfibrils that form the plant-specific cell wall (107-110).
Plant cells have centrosomes without centrioles, instead MTs are thought to nucleate at the
cortex in a pathway described by the ‘branching’ model (105, 111). According to this
model, MT-nucleating templates are produced with the help of katanin by severing MT
minus-ends with a y-tubulin ring complex. These templates are transported by kinesins
along the MTs to serve as new MT nucleating sites. Through this way plant cells are
guaranteed a continual supply of cortical MTs, which are essential for cell growth. Because
of the close proximity of the whole MT array to the plasma membrane, protein complexes at
MT plus-ends of plant cells play a less significant role in the control of MT capture,
compared to animal or yeast cells. The different cytoskeletal arrays within plant cells are
therefore mainly regulated by specific MAPs that bind the whole MT lattice, instead of the
+TIPs at MT plus-ends (112-114).

Higher plant cells seem to have several mechanisms to link cortical MTs with the
plasma membrane (Fig. 4). MOR1 (MT organization 1) is the Arabidopsis thaliana
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homologue of the TOGp/XMAP215/Disl family, and is involved in the organization and
stabilization of the cortical MT array during plant interphase (105, 115, 116). Mutations in
MORU1 display a disruption of the cortical MT array, suggesting a possible role for MOR1 in
anchoring MTs to the membrane (115). Interestingly, the Dictyostelium homologue of
MORI1 (DdCP224) is required for the interaction of MT plus-ends with the cell cortex (117).
The budding yeast homologue Stu2p affects the dynamics of MT plus-ends and also plays a
role in MT interactions with cortical sites in a Kar9p-dependent manner (64, 118). However,
the question remains whether MORI1 really anchors MTs at the cortex in plants, and how
does it achieve it. The molecular mechanisms involved may be quite diverse in different
systems: for example, in Dictyostelium DACP224 acts together with cytoplasmic dynein
(117), while Arabidopsis lacks dynein-encoding genes altogether.

Another interesting protein found in tobacco (Nicotiana tabacum) is the 90-kDa
phospholipase D (PLD), which interacts with MTs and the plasma membrane (119). PLDs
are also found in Arabidopsis thaliana, yeast and mammals, and contain several domains
that interact with phospholipids and phosphoinositides in the plasma membrane (e.g. Ca’'-
dependent C2 lipid binding domain (only in plants), pleckstrin homology (PH) domain, and
a Phox (PX) domain) (119-121). They function as enzymes that catalyze the initial step of

Plant cortex (during interphase)

Membrane _ R TRRRA R
PLD
(6)
Minus-end ) Plus-end
‘1\#?'6 “\P?'b

Microtubule bundles

Figure 4: Cortical MT arrays in plants

Combined display of the interphase cortical arrays from different plants. MTs are arranged in spiral
arrays in close proximity to the plasma membrane and perpendicular to the growth direction (106). MAP-
65 family members are MT bundlers and form cross-bridges that space MTs ~30 nm apart (130). EB1
family members predominantly associate with MT plus-ends together with the plant-specific SPIRAL1
(SPR1), but can also be found at MT minus ends (128, 129, 131, 132). The XMAP215-like Mor1
stabilizes cortical MTs and possibly forms a link with the plasma membrane (105, 115). Also the plant
phospholipase D & (PLD-8) associates with cortical MTs and contains specific domains to bind the
plasma membrane and serve as an anchor protein (119-121, 127, 132). Because of the spiral array of
cortical MTs, MAPs play a more prominent role in MT capture compared to +TIPs.
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lipid hydrolysis, which produces phosphatidic acid (PA) and free head groups. PA thereby
acts as a lipid messenger that is involved in several processes, like secretion, cytoskeleton
rearrangement and several signalling pathways (122, 123). It is known that some PLDs
directly interact with the cytoskeleton via tubulin or actin, which thereby influence the
activity of PLD (124-126). In plants, membrane-associated PLDs appear to form a link with
MTs, which is disconnected upon PLD-activation and may induce cytoskeletal
reorganization (119, 127). It still remains to be elucidated which form of plant PLD is
responsible for linking MTs to the membrane (127).

Similar to yeasts and animals, plants also have proteins that associate specifically
with growing MT ends (113). In Arabidopsis thaliana three EB1 genes (AtEBla, AtEB1b
and AtEBIlc) were identified as the first plant +TIPs, which bind MT ends, cortical MT-
nucleation sites, as well as internal membrane organelles (Fig.4) (128, 129). CLIP family
members have not been found in plants yet, and at least some plants, such as Arabidopsis,
completely lack dyneins. However, one CLASP homologue is present in the Arabidopsis
genome, although there is no indication whether this AtCLASP behaves like a +TIP (78).

Plant genomes encode a whole group of kinesins, some of which are likely to
behave as +TIPs (133). These include the minus end directed kinesin-14 ATKS, which
tracks the growing MT tips and is distantly related to S.cerevisiae Kar3p, a protein
responsible for linking shrinking MT ends to the cortex (63, 134). Some plant kinesins are
related to the budding yeast Kip2p and Kip3p and the fission yeast Tea2p, which in yeasts
are involved in the mechanism of MT-cortex targeting (133, 135). In addition, two
Arabidopsis kinesins belong to the kinesin-13 family (133). This family comprises proteins
with an internal motor, which act as MT destabilizers and can bind to polymerizing MT
ends (40, 136). The real function of plant kinesins still needs to be characterized, but
considering their homology they will likely resemble their counterparts from other
eukaryotes.

In general, the proteins discussed above play overlapping roles in shaping MT
arrays and MT targeting to the cell cortex. Although the MT organization varies between
different species, many proteins are conserved in evolution and form comparable complexes
(Fig. 2, 3, Table 1). However, some proteins are absent in particular species, like CLIP-
family members in plants, whereas their binding partners are present. With full knowledge
of multiple genomic sequences and extensive proteomic characterization of MT-bound
complexes, it seems unlikely that we are missing many MT tip-binding factors and
associated components. Still, the mechanistic aspects underlying their function remain
elusive, mostly due to the difficulties in reconstructing MT plus-end tracking in vitro.

Among all +TIPs, EB1 family members seem to be the most central players. They
are multi-functional proteins, which regulate MT dynamics as well as the delivery of diverse
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+TIPs to MT plus-ends. The COOH-terminal region of EB1 shares similarities with that of
a-tubulin, suggesting that at least some proteins (like the members of the CAP-Gly family)
may recognize EBs and tubulin through comparable mechanisms. One could also imagine
that while EBs, present at the MT tips, create a sterical hindrance for MT binding by other
+TIPs, their tails might form additional accessible binding sites, similar to those of tubulin
subunits. Conversely, binding of various COOH-terminal partners may relieve EB auto-
inhibition and promote tubulin/MT binding and EB-induced MT polymerization. How the
EBI1 binding by its multiple partners is regulated remains to be examined. Obviously,
phosphorylation is a likely candidate, since EB1 possesses several potential phosphorylation
sites including the COOH-terminal tyrosine. In agreement with this notion, in fission yeast
only the dephosphorylated form of the EB1 homologue Mal3p can interact with the CLIP-
170 homologue Tiplp (12). Moreover, the acidic tail of EB1 is strikingly similar to the tail
of a-tubulin and therefore can possibly be detyrosinated by a tubulin carboxypeptidase. This
would influence the interaction of EB1 with some partners such as CAP-Gly family
members, which require the last tyrosine of EB1 for efficient binding.

Taken together, the existing data suggest that in many (if not all) species EB
proteins form the core of the MT tip-associated complexes and may be the key to
unravelling the mechanisms of their action on the MT structure and dynamics and their
broader role in cellular architecture.
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Appendix A

Mass Spectrometry results for Bio-GFP-CLASP2a (Q-TOF)

Molecular | NCBI Gl |Mascot| Identified

Identified proteins weight (D) | number | Score | Peptides

KIAA0467 59124 | 55960666 37 1
NEDDS5 protein, Septin2 42886 | 23274163 41 1
KIAA0002, chaperonin containing TCP1, subunit 8 59035 1136741 412 8
TCP1 protein, t-complex 1 60819 | 12653759 56 2
Zinc finger CCCH type antiviral protein 1 68717 | 16550682 190 6
Cortactin 71599 | 21707902 57 1
Serine/threonine protein kinase, MARK2 83524 7446398 96 3
Hypothetical protein FLJ23790 66060 | 21450643 96 2
Hect domain and RLD 5, HECT E3 ubiquitin ligase 118199 | 7705931 49 1
Actinin alpha 104358 | 4501893 44 1
Epidermal Langerhans cell protein LCP1 66552 7662274 71 2
NIMA-related kinase 108849 | 4885695 48 1
Rab6 interacting protein 2 (ELKS, ERC1, CAST2) 108840 | 14149661 73 3
LL5 beta protein 142813 | 27650425| 317 8
Microtubule-vesicle linker CLIP-170 - human 157440 420071 755 19
CENPJ, Centromere protein J 154120 | 19923548 43 1
CLIP-associating protein 2, CLASP2 145046 | 7513045| 2275 45
GRIP coiled-coil protein GCC185 isoform a 196873 | 31563507 | 459 15
CH-TOG protein (XMAP 215 homologue) 227076 | 3121951 88 3
Dystonin isoform 1, bullous pemphigoid antigen 1 632532 | 34577047 | 673 27
Plectin 1 515332 | 41322908 | 587 21
KIAAQ754 123177 | 20521149 92 2
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Mass Spectrometry results for Bio-GFP-ELKSa (Q-TOF)

associated structural protein)

Molecular | NCBI Gl |[Mascot|Identified

Identified proteins weight (D) | number | Score | Peptides

Transcription factor NF-AT 45K chain 44898 1082855 82 1
Flotillin 1 47554 | 5031699 45 1
Novel protein HSPC117 55688 | 4468866 51 1
Ci};tg::ca)z{:;c chaperonin hTRIC5 (gamma subunit of CCT 60862 609308 71 2
Growth regulated nuclear 68 protein 67394 226021 69 3
1D7I’3)R(:\;phrgltiizs,£EAD (Asp-Glu-Ala-Asp) box polypeptide 72953 | 12653635 58 9
Zinc finger CCCH type antiviral protein 1 68717 | 16550682 | 434 6
Fragile X mental retardation syndrome protein, FMRP 70325 457237 98 2
HnRNA-binding protein M4 77897 479852 72 2
DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 3 73625| 13514817 67 1
KIAA1321, FMRP Interacting RNA binding protein 78137 | 7243023 163 4
Rab6 interacting protein 2 (ELKS, ERC1, CAST2) 108840 | 14149661 | 1450 36
Hect domain and RLD 5 118199 | 7705931 52 1
Liprin-beta1, protein-tyrosine phosphatase-interact. protein 113632 | 3309539 61 1
LL5 beta protein 142813 | 27650425| 1332 25
LL5 alpha, KIAA0638, pleckstrin homology-like domain 152923 | 20521113 181 8
CAST1, KIAA0378 (cytomatrix protein p110, CAZ- 112200 | 20521019 44 4
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Mass Spectrometry results for Bio-GFP-LL5[B (Q-TOF)

Molecular | NCBI Gl |Mascot| Identified

Identified proteins weight (D) | number | Score | Peptides

Chromosome 19 open reading frame 21 75482 | 27735067 80 3
Hypothetical protein FLJ23790 66060 | 21450643 90 3
Alpha actinin 102661 2804273 77 2
Rab6 interacting protein 2 epsilon (ELKS, ERC1, CAST2) 128236 | 38045898 | 1296 30
Desmoglein2 preproprotein 123050 | 4503403 35 2
CLIP-associating protein 2, CLASP2 145046 | 7513045 93 2
Multiple aster 1, CLASP1 142315| 7513102 88 2
Clathrin heavy chain 1 193260 | 4758012 42 1
LL5 beta protein 142813 | 27650425| 2569 54
Ubiquitin specific protease 9 292860 | 11641423 93 3
Plectin 1 isoform 11 517822 | 41322923 | 1932 50
Plectin 1 isoform 6 533462 | 41322916 | 1907 51

The tables show proteins identified in pull downs with streptavidin beads from extracts of
HelLa cells co-expressing biotin ligase BirA and Biotin-tagged GFP-CLASP2, ELKSo or
LL5p. The lists are corrected for background proteins, which were identified in a control pull-
down using extracts of HeLa cells expressing BirA only. For each identified protein, the lists
are filtered for duplicates and show only the hits with the highest Mascot score and most
identified peptides.
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Appendix B

Mass Spectrometry results for Bio-GFP-LL5B-C (Q-TOF)

(dead-domain, DNA-replication, helicase)

Molecular | NCBI Gl |Mascot| Identified

Identified proteins weight (D) | number | Score | Peptides

GTP-binding protein Rab8 / H-ray 22891 2144600 44 1
14-3-3 protein zeta (YWHAZ) 27899 | 55631158 | 190 4
Nascent polypeptide-associated complex alpha chain 23370 | 4092060| 292 3
Lung cancer oncogene 7, GTP-binding regulatory protein 38378 | 37724561 201 6
Calponin-2 33943 | 6226844 51 1
GTP-binding regulatory protein beta-2 chain 38048 | 40032497 80 2
CPNES5, Copine V, Ca"*-dep. membrane binding protein 32781 | 31753190 41 1
Zyxin (Focal adhesion) 61238 7513441 21 1
PDE4D protein (Phosphodiesterase 4D, cAMP-specific) 24413 | 32306513 22 1
Transportin 2 (Importin 3, karyopherin beta 2b) 101909 | 19923142 112 2
Importin beta subunit b 98062 5107670 42 1
Programmed cell death 6 interacting protein 97395 | 22027538 34 1
Neurabin II, spinophilin, protein phosphatase-1 89629 | 13928136 134 4
:.;&Tgcgﬁéaplétzir:tein Tyrosin Phosphatase Receptor Type F 113641 3309539 148 3
Protein kinase N2 (EC 2.7.1.-) PRK2 112834 | 56204512 49 1
RABS interacting protein 2 (ELKS, ERC1, CAST2) 113966 | 38045898 33 1
LL5 beta protein (including peptides end. LL5 beta) 142813 | 27650425| 450 10
Leucine-rich PPR motif-containing protein 159023 | 31074371 263 7
Liprin alpha, LAR-interacting protein, PPFIA1 protein 136135| 21707845 106 4
Coatomer complex alpha chain homolog 139810 1002369 70 1
MAPK/ERK kinase kinase kinase 4 142767 | 29427585 53 2
LAR; Receptor-type tyrosine-protein phosphatase F precursor 212929 125978 50 3
High density lipoprotein-binding protein 141990 345882 38 1
Scribble isoform a 175809 | 18032008 | 124 4
Hypothetical protein FLJ20035 109729 | 23958712 125 4
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IQGAP1, Ras GTPase activating protein-related protein 191936 | 62089472 97 3
KIAA1728 protein, Tanc 181171 | 12698001 43 1
Talin 1 257920 | 55859707 63 3
Filamin B 276765 | 53791217 53 2

The table shows proteins identified in a pull down with streptavidin beads from an extract of
formaldehyde cross-linked Hela cells co-expressing biotin ligase BirA and Biotin-tagged
GFP-LL5B-C. The list is corrected for background proteins, which were identified in a control
pull-down using extracts of HelLa cells expressing BirA only. For each identified protein, the
lists are filtered for duplicates and show only the hits with the highest Mascot score and most

identified peptides.
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Summary:

The cytoskeleton of eukaryotic cells consists of three main types of structures: actin
filaments, intermediate filaments and microtubules. This thesis is focused on microtubules
and in particular on proteins that specifically bind to microtubules. Microtubules have a
polarized structure. They are made up of o/B-tubulin heterodimers that polymerize in a
head-to-tail fashion into linear protofilaments. Generally, 13 protofilaments associate
laterally and with the same polarity to shape a hollow tube with a diameter of 20-25 nm, the
microtubule. Microtubules have a slow growing minus-end and a fast growing plus-end,
where the tubulin heterodimers can be incorporated. Since microtubules can grow
(polymerize) or shrink (depolymerize), the cell is able to re-arrange its microtubule network
very rapidly. When a microtubule shifts from a growing phase to a shrinking phase, this is
called catastrophe. The opposite transition, when a microtubule starts growing again after a
phase of shrinking, is called rescue. The process of switching between these different
microtubule states is called dynamic instability. In many cell types, microtubules are
nucleated at the centrosome, or the microtubule organizing centre (MTOC) and remain
attached to it with their minus-ends, while the plus-ends grow towards the cell periphery.
While growing, microtubules can search and capture diverse targets in a three-dimensional
cytoplasmic space. This process can be random, but it may also be regulated by specific
proteins that guide microtubules to certain contact sites. The plus ends of microtubules
interact with specific microtubule plus-end binding proteins (also known as plus-end
tracking proteins, or +TIPs). Since many +TIPs can associate with each other, a variety of
protein complexes can be formed on microtubule tips. This thesis focuses on the functional
analysis of the protein interactions at the microtubule plus-ends.

Chapter 2 shows how the +TIP CLIP-170 (cytoplasmic linker protein of 170 kDa)
regulates its association with microtubules by changing its conformation. CLIP-170 contains
two CAP-Gly domains at the NH, terminus that interact with microtubules, and two metal-
binding domains at the COOH terminus to interact with various partners. The NH, terminus
of CLIP-170 interacts directly with the COOH terminus via its first metal-binding domain.
Other binding partners such as the dynactin subunit p1509"“* and LIS also interact with the
COOH terminus of CLIP-170, but depend on the second metal-binding domain. Microtubule
association of CLIP-170 is inhibited by its folded head-to-tail conformation, which in
addition interferes with the binding of dynactin and LIS1 to the CLIP-170 COOH terminus.

Chapter 3 describes the functional relationship of CLIP-170 and CLIP-115 with the
three EB family members EB1, EB2 and EB3. Several biochemical assays demonstrated
that CLIPs directly interact with the COOH terminus of the EB proteins. This interaction is
essential for the normal localization of CLIP-170 and enhances its intrinsic affinity for
growing microtubule ends.

160



Summary

CLIP-associating proteins, CLASP1 and CLASP2 are two +TIPs that play
redundant roles in regulating the density, stability and dynamics of interphase microtubules.
Chapter 4 demonstrates that CLASPs stabilize microtubules at the cell periphery, possibly
by forming a complex with EB1 at microtubule tips. CLASPs associate with the cortex in a
microtubule-independent manner and mediate interactions between microtubule tips and the
plasma membrane. Since CLASPs lack membrane-binding domains, their cortical
localization depends on membrane-bound partners. Chapter 5 describes the identification of
two novel cortical partners of CLASP1 and CLASP2 by using pull down assays coupled to
mass spectrometry. These partners, LL5f and ELKS, are required for normal cortical
CLASP accumulation and microtubule organisation. Since LL5f contains a PIP3-binding
pleckstrin homology (PH) domain it is proposed that LL5B and ELKS can form a PIP3-
regulated cortical platform, to which CLASPs attach distal microtubule ends.

Chapter 6 reports an optimized procedure to identify components of membrane-
bound protein complexes with the use of mass spectrometry. For the cortical protein LL5f,
which is involved in attaching microtubules to the membrane, it is shown that at least one of
the isolated potential partners, liprin-al, is indeed a component of the LL5p clusters at the
margin of HeLa cells. The identified connection between LL5B and liprins requires further
biochemical and functional analysis, which will be a subject of future studies.

The data described in the experimental chapters of this thesis are further discussed
in Chapter 7 in the context of related studies on microtubule plus end binding proteins in
other animal systems as well as in plants and in fungi.
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Samenvatting:

Dit proefschrift beschrijft de functie van verschillende eiwitten die betrokken zijn bij de
werking van het cytoskelet. Wat is nou zo’n cytoskelet? Planten en dieren zijn allemaal
opgebouwd uit cellen, die op hun beurt weer organen vormen, zoals een blad aan een plant
of een lever in een mens. Er zijn heel veel verschillende soorten cellen met elk hun
specifieke functie en uiterlijk; denk bijvoorbeeld aan zenuwcellen, bloedcellen,
epitheelcellen, enz. Cellen bevatten het genetische materiaal in de vorm van DNA en maken
daarmee eiwitten aan die fungeren als bouwstenen, werkuitvoerders of boodschapper-
signalen. Het DNA van mensen bevat zo’n 25.000 genen, die naar schatting meer dan
250.000 verschillende eiwitten coderen. Bepaalde eiwitten, zoals tubuline, binden aan elkaar
d.m.v. een kop-staart verbinding en vormen zo een lange kabel of draad. Cellen maken op
deze manier verschillende type draden, ook wel filamenten genoemd, die samen een stevig
netwerk vormen; het cytoskelet (zie hoofdstuk 1, fig. 2).

Het cytoskelet is betrokken bij een aantal essenti€le processen van de cel. Ten
eerste biedt het stevigheid aan de cel zoals onze botten het skelet vormen van ons lichaam
en voorkomen dat we niet in elkaar zakken. Aangezien het cytoskelet heel dynamisch is kan
het er voor zorgen dat bepaalde cellen zich kunnen bewegen. Daarnaast worden de
filamenten gebruikt als een soort lopende band of roltrap waarover actief transport kan
plaatsvinden van plek A naar plek B binnen de cel. Dit gebeurt met speciale motoreiwitten
die over de filamenten lopen met hun te transporteren lading. Een andere belangrijk proces
waar het cytoskelet een rol speelt is celdeling. Wanneer een cel zich gaat delen wordt het
genetische materiaal eerst gekopieerd om vervolgens te worden gescheiden over twee
nieuwe dochtercellen. Mechanisch gezien moet het gekopicerde DNA dus uit elkaar
getrokken worden, hetgeen gebeurt door de filamenten van het cytoskelet (zie hoofdstuk 1,
fig. 4).

Voor het normaal functioneren van cellen is het cytoskelet dus essentieel. Het is
dan ook te begrijpen dat wanneer er een foutje optreedt dit ernstige gevolgen kan hebben
voor de cel. Zo kan een opeenhoping van het cytoskelet-bindende eiwit Tau in hersencellen
leiden tot de ziekte van Alzheimer. Ook kan het cytoskelet bewust worden aangetast
waarmee o.a. de celdeling wordt stopgezet om bijvoorbeeld tumoren te bestrijden.

Zoals gezegd kent het cytoskelet verschillende filamenten; de intermediaire
filamenten, actine filamenten en de microtubuli. Dit onderzoek concentreert zich op
microtubuli, buisvormige filamenten met een diameter van 25 micrometer en opgebouwd uit
twee type bouwstenen ofwel eiwitten; o en B tubuline. Eén uiteinde (min-einde) van de
microtubuli is stabiel en wordt vastgehouden bij het centrosoom in het midden van de cel.
Aan het andere uiteinde (plus-einde) kunnen telkens tubuline bouwstenen worden
ingebouwd waardoor de microtubuli langer wordt, en vallen er tubuline bouwstenen vanaf
waardoor het korter wordt. Het is te vergelijken met het bouwen van een toren die telkens
weer een stukje in elkaar stort om vervolgens weer opgebouwd te worden. Dit mechanisme
zorgt voor het dynamische karakter van microtubuli. In de meeste cellen groeien microtubuli
van het midden uit naar de rand van de cel. Om ervoor te zorgen dat de gebouwde toren niet
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Samenvatting

in elkaar stort kan het uiteinde gestabiliseerd worden door speciale eiwitten; microtubuli
plus-eind bindende eiwitten. Deze groep van eiwitten binden dus aan microtubuli uiteinden,
maar kunnen ook onderling een interactic aangaan. Zo kunnen er diverse eiwitcomplexen,
verschillend in samenstelling, binden aan microtubuli uiteinden en daarmee de dynamiek
van microtubuli reguleren. Een uitgebreidere introduktie van het cytoskelet wordt
beschreven in hoofdstuk 1. Dit proefschrift concentreert zich op de functionele analyse van
eiwit interacties aan de plus-uiteinden van microtubuli.

In hoofdstuk 2 wordt beschreven hoe de binding van het microtubuli plus-eind
bindende eiwit CLIP-170 met microtubuli is gereguleerd. Om aan microtubuli te binden
heeft CLIP-170 een specifiek domein aan de kop-kant, echter kan dit domein naast
microtubuli ook aan de eigen staart van CLIP-170 binden. Wanneer de kop-kant van CLIP-
170 direkt met de staart-kant verbonden is, dan is er een cirkelvormige conformatie waarbij
de kop niet meer in staat is om aan microtubuli te binden. Ook andere eiwitten, zoals
plSOG'“Cd en LIS1, die normaal aan de staart van CLIP-170 zouden kunnen binden, worden
nu gehinderd door deze conformatie.

Hoofdstuk 3 laat vervolgens zien dat CLIP-170 en CLIP-115 een direkte interactie
aan kunnen gaan met de staart-kant van EB-familie eiwitten (EB1, EB2 en EB3). De
verbinding tussen deze eiwitten speelt een belangrijke rol voor de lokalisatie van CLIP-170
en verhoogt de affiniteit voor groeiende microtubuli uiteinden.

CLASP1 en CLASP2 zijn andere microtubuli plus-eind bindende eiwitten en
reguleren de stabiliteit, dynamiek en dichtheid van microtubuli voornamelijk aan de randen
van de cel. Dit wordt beschreven in hoofdstuk 4. Deze CLASPs blijken ook een complex te
kunnen vormen met EB1 aan de uiteindes van microtubuli. Doordat CLASPs zich nabij het
plasma membraan bevinden kunnen ze microtubuli plus-eindes binden en daarmee de
dichtheid vergroten van microtubuli aan de randen van de cel.

In hoofdstuk 5 wordt de vondst beschreven van twee nieuwe bindingspartners van
CLASPI1 en CLASP2 m.b.v. massaspectrometrie; LL5B en ELKS. Beiden zijn betrokken bij
de normale, microtubuli-onafthankelijke, lokalisatie van CLASPs nabij het plasma
membraan. LL5B heeft een special domein waarmee het zich kan vastankeren aan het
membraan. Naast dit domein blijkt er echter nog een andere factor of eiwit bij betrokken te
zijn, welke is getracht te identificeren in hoofdstuk 6.

Hoofdstuk 6 beschrijft een geoptimaliseerde procedure voor het identificeren van
membraan gebonden eiwitten m.b.v. massaspectrometric. Hiermee is een potentiéle
bindingspartner van LL5 geisoleerd, liprin-a.l, welke mogelijkerwijs betrokken is bij de
vastankering van LL5f aan het plasma membraan.

Tot slot geeft hoofdstuk 7 een overzicht van de microtubuli plus-eind bindende
eiwitten in verschillende organismen zoals gisten, planten en zoogdieren. EB1 wordt als
centraal eiwit beschouwd welke interacties kan aangaan met veel verschillende type
eiwitten. Hierdoor zou EB1 een sleutelfunctie kunnen hebben voor het ontrafelen van
werkingsmechanismen van de structuur en dynamiek van microtubuli en hun rol in de
architectuur van de cel.
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Dankwoord:

Het tot stand brengen van een proefschrift heeft vanzelfsprekend heel wat voeten in aarde en
is iets wat je alles behalve alleen doet. Naast het vier jaar lang pipetteren en gieten van ruim
1000 SDS-PAGE gels hebben heel veel mensen mij op verschillende wijze geholpen en
gesteund om tot dit eindresultaat te komen. Ik wil dan ook beginnen met iedereen te
bedanken die in welke vorm dan ook hun steentje hebben bijgedragen aan de
totstandkoming van dit proefschrift. Bepaalde mensen wil ik nog in het bijzonder bedanken.

Allereerst mijn promotor Frank, van wie ik goede sturing en advies heb gekregen
gedurende mijn promotie. De informele werkbesprekingen bij jou op de bank waren zeer
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hiervoor.
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ontzettend veel mogen leren wat betreft het pipetteerwerk, het opzetten van experimenten,
het interpreteren van resultaten, het presenteren, en ga zo maar door. Jij wist altijd precies de
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Hierbij wil ik tevens de overige leden van de promotiecommissie bedanken voor het lezen
en bekritiseren van mijn proefschrift; Niels, Dies, Sjaak en Roland.

Dit proefschrift bevat ook data die verkregen zijn door andere mensen en door
samenwerkingen met andere internationale labs. Om te beginnen wil ik Yulia Komarova en
Yuko Mimori-Kiyosue bedanken voor de vele experimenten en metingen die zij verricht
hebben die mede hebben bijgedragen aan dit proefschrift. Hierbij noem ik ook de
betrokkene Gary Borisy, Holly Goodson, David Drechsel, Erik van Munster, Theodorus
Gadella, Hiroyuki Sasaki, Chiyuki Matsui, Fedaor Severin, Ivan Vorobjev, Shoichiro
Tsukita en Toshihisa Ohtsuka. Claire Wyman bedankt voor het maken van de prachtige
Scanning Force Microscopy plaatjes van CLIP-170. Mauro Modesti bedankt voor alle
medewerking betreffende de eiwitexpressies, Baculovirus-technieken en alle hulp bij de
FRET-metingen. Casper Hoogenraad bedankt voor de goede samenwerking en alle advies.
Het is toch bijzonder dat ik met de mass spec een eiwit oppik waar jij juist aan gewerkt hebt.
Wat betreft al het mass spec werk wil ik Jeroen en Karel heel erg bedanken voor de vele
gels die jullie gerund hebben over de Q-TOF. We moeten trouwens nog steeds eens
uitzoeken of al die keratines nou van mij of van jullie waren!

Dan wil ik alle mensen van lab1063 en 1030 in het bijzonder bedanken voor alle
gezelligheid binnen en buiten de werktijden. Jullie hebben mij een leuke tijd bezorgd waar
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ik goede herinneringen aan zal blijven houden. Ik ben blij dat ik jullie toch een stukje Jazz-
kennis heb mee mogen geven door constant Arrow Jazz Fm aan te zetten in het lab (sorry
Niels). Wie heeft trouwens die batterijen van de afstandsbediening?
Uiteraard wil ik mijn labgenoot en bench-buurman Daniél bedanken, je bent een gezellige
kameraad om mee samen te werken en je hebt een goed gevoel voor humor. Dagelijks
“Jensen in de middag”, alle verhalen over je wilde poezen thuis en bijna standaard 17:00 uur
telefoon voor mij van het thuisfront (mis je het al?). Fijn dat je mijn Lambda-Pst taak zo
graag over wilde nemen. Voor eventuele vragen kun je beter bij Michiel terecht denk ik.
Succes in het Russische lab en bedankt dat je mijn paranimf wilt zijn.
Ilya, it was a surprise that we share our birthday on the 8th of August once we both arrived
with cake on the same day. In addition we share the same hobby photography, and so you
gave me enough inspiration and interesting tips about Photoshop. Thanks for all your help
and assistance concerning the quantification measurements and statistical analyses.
Marja, met jou ben ik ongeveer tegelijkertijd begonnen en we zaten dus zo’n beetje in
hetzelfde schuitje (en dezelfde zitkamer). De congressen en workshops waren altijd reuze
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huurauto in Nice. Wanneer gaan we weer eens mountainbiken in Gosau tegen de berg op?
Voel je niks van! Bedankt voor de gezellige tijd en veel succes met het afronden van je
eigen promotie. Leuk dat je mijn paranimf wilt zijn.
Marco, geen groter genot dan een western blot! Ik zal de Huub Hangop-CD achterlaten
zodat je kunt blijven genieten van dat “lekke reddingsvest” en Nol. Ook nog bedankt
namens “mijn vrouw”, voor de gelegenheid tot het vullen van je blauwe puntjes!
Jeffrey, wanneer er weer een BBQ in Tiel komt dan hoor ik dat graag. Ook voor Hollandse
tegeltjes met spreuken houd ik me aanbevolen. Wellicht gaan we nog eens naar ‘t North Sea
Jazz, of een concert van Treble; kijken of ze weer uit de maat slaan als ze naar ons kijken....
Trouwens sorry dat bijna de hele afdeling je Flipje noemde.
Frank, jouw eerste week op het lab zal ik niet snel vergeten, dat spontane luide geloei en
wolvengejank. Jouw lab-video’s, week-CDs, week-trofee’s, de ontdekking van het
“Rottirdamse fenotype”, je muziekale(?) inbreng, en niet te vergeten Mabel, maakte je een
bijzondere labgenoot. Mocht je nog een panoramafoto willen maken dan weet je me wel te
vinden.
Suzanne de M&M-koningin, bedankt voor je soms heerlijke naiviteit. Wanneer je nog eens
met Marco en mij mee wilt naar de Apenheul om 6 uur ’s morgens (tegen de mensenstroom
in want dan heb je alle apen voor jezelf) dan moet je het maar zeggen. Sorry nog voor het
maken van die succesvolle Suzanne-CD.
Ook bedank ik Nanda, Michael, Katharina, Xenia, Helen, Laura, Michiel en natuurlijk niet
te vergeten Phebe, Rick, en Bjorn.
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pakjes persoonlijk af te geven op mijn bench). Marike en Jasperina bedankt voor de
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