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List of abbreviations

CAP-Gly: Cytoskeleton-associated protein, glycine-rich

CLIP: cytoplasmic linker protein

CLASP: cytoplasmic linker protein associated protein

cpm: count per molecule

EB1: end-binding protein 1

FCA: fluorescence cumulant analysis

FCCS: fluorescence cross-correlation spectroscopy

FCS: fluorescence correlation spectroscopy

FRAP: fluorescence recovery after photobleaching

FRET: fluorescence resonance energy transfer

MAPRE: microtubule associated protein, RP/EB family

MEF: mouse embryonic fibroblast

MT: microtubule

MTB: microtubule binding domain

PCH: photon counting histogram

PI-3: phosphatidylinositol-3

PIP3: phosphatidylinositol-3,4,5-triphosphate

s: second

SD: standard deviation

SEM: standard error of the mean

SNR: signal-to-noise ratio

+TIPs: Plus-end-tracking proteins

TOG: tumor over-expressed gene
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Scope of the Thesis

The cytoskeleton forms the “backbone” of all eukaryotic cells and consists of 
microtubules, actin filaments and intermediate filaments. Microtubules have sev-
eral functions within the context of the cell: among others they form the mitotic 
spindle, act as rails for long-range motor-driven transport, and help positioning 
the nucleus. Structurally, microtubules are long hollow polar tubes built from α/β-
tubulin dimers. The ends of a microtubule differ in their dynamic properties and 
intracellular localization/function. In most cells, the less dynamic minus-ends are 
embedded close to the nucleus, while the more dynamic plus-ends are oriented 
towards the cell periphery. Plus-end tracking proteins (+TIPs) bind specifically to 
growing plus-ends, where they have been reported to influence MT dynamics and 
function, for example in cell migration and division. The aim of my work was to 
study the mechanisms of plus-end accumulation in vivo with the use of fluores-
cently-tagged +TIPs, and to investigate the role of +TIPs in cell migration. In this 
thesis I describe the results I obtained and what they signify.

Chapter 1 gives an introduction to the cytoskeleton, microtubules, tubulin 
isoforms, and posttranslational modifications of tubulin. This provides the back-
ground information to describe microtubule associated proteins in general and 
+TIPs in particular. Subsequently, current theories of +TIP accumulation on micro-
tubule plus-ends are introduced. 

Although in vitro experiments can give a good idea about the function of an iso-
lated protein, they do not allow studying protein behavior in the cellular context. 
Therefore chapter 2 introduces current methods to visualize protein dynamics 
and protein-protein interactions in  vivo. 

These methods are applied in chapter 3 to study the function of the +TIP 
CLASP2 in cell polarization and motility. We investigated the influence of CLASP2 
on microtubule dynamics and cell migration, and upstream factors that regulate 
CLASP2 localization. 

Chapter 4 presents results on the mechanism by which CLIP-170, another +TIP, 
accumulates at growing microtubule plus-ends in vivo. This led to the description 
of a new model, wherein the accumulation of CLIP-170 on plus-ends is much more 
dynamic than previously postulated.

Finally, the findings on +TIP function and accumulation on microtubule plus-
ends are discussed in chapter 5. 
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Structure and Function of the Cytoskeleton
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Structure and Function of the Cytoskeleton

Although the existence of filamentous structures inside of eukaryotic cells or sur-
rounding them had been debated for more than 100 years (Frixione, 2000), it took 
until the beginning of the 20th century before the concept of a “cytoskeleton” was 
widely accepted. This acceptance was mainly based on theoretical considerations. 
The first clues came from centrifugation experiments with eggs of Crepidula. 
Because these eggs quickly regained their structural identity after centrifugation, a 
“spongioplasmic network” was postulated (Conklin, 1917). Another consideration 
were the increasing number of known intracellular enzymatic reactions and their 
kinetics. As an unstructured cytoplasm would not allow for the observed orches-
trated metabolic reactions, Rudolf Peters postulated an “organized network of 
protein molecules” that serves as structural backbone in or on which enzymes are 
organized (Peters, 1930).

Visualizing these “networks” proved difficult, because they do not show enough 
contrast in regular light microscopy. The mitotic spindle had been visualized with 
polarized light (Schmidt, 1939), but a systematic visualization of the cytoskeleton 
was only made possible around 1950 with the adaptation of electron microscopy 
for use with biological specimens. Microtubules were visualized in cilia (Fawcett 
and Porter, 1954) and consequently in the cytoplasm of all studied cells (Fawcett, 
1961). The filamentous nature of muscle fibers was confirmed and myofibers were 
described (Hall et al., 1946; Rozsa et al., 1950), but it took some time until non-
muscle filaments were realized to belong to two distinct groups – microfilaments 
(actin filaments), which are structurally identical to myofilaments in muscle cells 
(Pollard and Korn, 1973; Schroeder, 1973), and intermediate filaments (Ishikawa 
et al., 1968).

All three components of the cytoskeleton – microtubules, actin filaments and 
intermediate filaments – are linear polymers, but they differ in their mechanical 
and chemical properties. This translates to their specific functions, although there 
is also a broad functional overlap, for example all three provide the cell with resis-
tance to mechanical forces.

Microtubules are hollow tubes assembled from α/β-tubulin dimers. Most 
microtubules consist of 13 protofilaments and have a diameter of 25  nm. They 
are the most rigid component of the cytoskeleton, with a persistence length (poly-
mer length above which the direction of the two ends is not correlated anymore) 
exceeding the diameter of cells (Gittes et al., 1993). α/β-tubulin dimers are polar-
ized and because they assemble in a head-to-tail fashion, the resulting microtubule 
is polarized as well with a so called “plus-end” and “minus-end”. Microtubules are 
essential for cell division and all long-range motor-driven transport is microtubule 
mediated.

Actin assembles into a two-stranded helical polymer with a diameter of 5-9 nm, 
which is known as actin filament or microfilament. The most visual role of actin 
filaments is in muscle contraction, but they have been consecutively found in 
nearly all eukaryotic cells, where they play important roles in for example cell-cell 
contacts, cytokinesis, and maintenance and adaptation of cell morphology. Actin 
filaments, like microtubules, show polarity as actin monomers assemble head-to-
tail. The two ends have been described as barbed and pointed ends, which is based 
upon their appearance when decorated with the head domain of myosin (a motor 
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protein described in more detail in chapter 1.2.2.1), which binds asymmetrically 
to polymerized actin monomers (Huxley, 1963). Actin filaments are the tracks for 
myosin-mediated short-distance-transport. Single actin filaments are much less 
stiff than microtubules (Gittes et al., 1993), but accessory proteins (Winder and 
Ayscough, 2005) facilitate their assembly into bundles and networks so that they 
can withstand greater forces.

Intermediate filaments differ from actin filaments and microtubules in that they 
do not have polarity because their building blocks are symmetrical. In contrast to 
actin filaments and microtubules, intermediate filaments can be formed by a whole 
family of proteins that form hetero- and/or homo-polymers. In humans, 65 pro-
teins are described to form intermediate filaments (IFs), which can be divided into 
5 subfamilies (Oshima, 2007): the heteropolymeric keratins type I and II (found 
in hair, nails and skin); homopolymeric filament proteins (like vimentin), neuro-
filament subunits, and nuclear lamins (which form the nuclear lamina). Although 
IF proteins have variable C- and N-terminal domains, they share a structurally 
conserved core domain. Mediated by this core domain, IF proteins assemble into 
parallel coiled-coiled dimers, which in turn dimerize into antiparallel tetramers. 
These symmetrical tetramers are packed into a fiber of about 10  nm diameter 
(Strelkov et al., 2003). Due to their tight packaging, IFs are less bendable than actin 
filaments and less breakable than microtubules (Kreplak and Fudge, 2007). They 
can be found mainly in cells that need to resist mechanical strain, like neurons, 
muscle cells, and the keratinocytes of the skin.

The three components of the cytoskeleton can not be seen as separate enti-
ties, but they show a complex structural and functional interplay. Schliwa and van 
Blerkom suggested already in 1981 that “the cytoskeleton is a highly intercon-
nected unit” (Schliwa and van Blerkom, 1981). They describe that actin filaments, 
microtubules and intermediate filaments are linked by filamentous structures. 
These structures might very well be spectraplakins, elongated proteins that have 
been shown to be able to interact with (at least) two different components of the 
cytoskeleton (Roper et al., 2002).

Functional interactions between actin filaments and microtubules have been 
shown for transport of melanosomes in melanophores, which depends on long-
range microtubule-based movement and short-ranged actin-based spreading at 
the cell periphery (Wu et al., 1998). A more complex structural-functional interplay 
between microtubules and actin filaments was shown to allow microtubules to 
bear enhanced loads in the cytoplasm without breaking (Brangwynne et al., 2006), 
because forces are dissipated into the surrounding actin-mesh. 

Microtubules1.1.	
Microtubules are important for divergent cellular functions. Among others, they 
form the mitotic spindle that separates chromosomes during cell division, serve as 
backbone for long-range intracellular transport, and are involved in directed cell 
movement. Cilia contain specialized microtubules that allow movement of single-
cell organisms and fluid displacement in higher-order organisms.
Microtubules are important for divergent cellular functions. Among others, they 
form the mitotic spindle that separates chromosomes during cell division, serve as 
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backbone for long-range intracellular transport, and are involved in directed cell 
movement. Cilia contain specialized microtubules that allow movement of single-
cell organisms and fluid displacement in higher-order organisms.

Microtubules are polarized hollow tubes assembled of protofilaments of α/β-
tubulin dimers. The two ends of a microtubule are structurally different. In most 
cell types, the minus-ends of microtubules are embedded in the microtubule orga-
nizing center (MTOC) (Kellogg et al., 1994; Schiebel, 2000), which in many celltypes 
is located in a dent of the nuclear membrane (Huslpas et al., 1994). The plus-ends 
radiate into the cytoplasm and switch between episodes of growth and shrinkage, a 
process called dynamic instability (Fig. 1-1). The transistion to growth is called MT 
rescue, and the tranistion to shrinkage MT catastrophe. Dynamic instability was first 
described in vitro (Mitchison and Kirschner, 1984) and subsequently confirmed in 
living cells (Cassimeris et al., 1988; Sammak and Borisy, 1988; Schulze and Kirsch-
ner, 1988). Dynamic instability results in a wider spread of microtubule length 
and a faster turnover of MTs than expected for passive polymerization (Howard, 
2001). This allows the cell to constantly probe the cytoplasm and to quickly adapt 
to a changing environment. The functional implications of dynamic instability and 
the underlying structural details on the molecular and macromolecular level have 
been studied extensively and will be introduced in more detail.

Microtubule structure1.1.1.	
α/β-tubulin dimers assemble head-to tail into linear protofilaments, which in turn 
assemble laterally to form hollow microtubules with a diameter of about 25 nm. 
The number of protofilaments per microtubule is tightly regulated and most 
microtubules grown in vivo consist of 13 protofilaments, while most microtubules 
grown in vitro consist of 14 protofilaments. 

EM experiments of microtubules have shown pattens that could be explained 
by two possible tubulin lattices (Erickson, 1974) – The A-type lattice where lateral 
bonds are formed between α- and β- tubulins of adjacent protofilaments , or the 
B-type lattice where lateral bonds are formed between two α-tubulins and two 
β-tubulins, each of adjacent protofilaments. Consecutive experiments have excluded 
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the A-type lattice and confirmed that the B-type lattice is the natural occurring 
tubulin arrangement. In a B-type lattice protofilaments are slightly staggered, 
resulting in a left-handed 3-star helix with 12  nm pitch, in which lateral bonds 
between adjacent protofilaments are formed between the same tubulin subunits 
(Mandelkow et al., 1986; Song and Mandelkow, 1993). This could be confirmed by 
computational experiments (Sept et al., 2003). 

One helical turn in a B-type lattice corresponds to a shift of 1.5 tubulin dimers, 
because they are 8 nm long. This implies that microtubules have a “seam” where α- 
and β-tubulin subunits from adjacent protofilaments form lateral bonds (Kikkawa 
et al., 1994). The distinct structure of the seam has been proposed as a binding 
surface for microtubule associated proteins (MAPs). This could be confirmed for 
the MAP Mal3 in yeast (Sandblad et al., 2006).

Free tubulin dimers bind two GTP molecules – one at the nonexchangeable 
N-site of α-tubulin and one at the exchangeable E-site of β-tubulin. Incorporation 
of tubulin into growing microtubules results in interactions between consecu-
tively incorporated tubulin dimers that trap the GTP in the E-site and trigger its 
hydrolysis to GDP. Therefore, β -tubulin along the length of a microtubule is bound 
to GDP, while the plus-end is capped by a layer of GTP-bound β-tubulin (Carlier, 
1982). GTP-bound tubulin is relatively straight and favours polymerization, while 
GDP-bound tubulin favors a curved conformation. Lateral and longitudinal bonds 
between adjacent tubulin dimers prevent that GDP-tubulin adopts the curved con-
formation that is energetically favourable for free GDP-tubulin. Computer simula-
tions show that the interaction forces, which keep GDP-tubulin in the MT-lattice 
straight, are weaker close to the end of the microtubule (Janosi et al., 2002). To 
prevent depolymerization, the top-layer of GDP-tubulin needs to be protected by a 
“cap”. The cap might be formed by a terminal tubulin sheet that has not yet closed 
into a tubule, but the most favoured view is a terminal layer of GTP-tubulins that 
form strong lateral bonds. Dependent on the nature of the MT-cap, different events 
lead to MT catastrophe and disassembly: 1) closure of the tubulin sheet up to the 
MT end or 2) slowed MT assembly that allows GTP-hydrolysis to catch up with 
GTP-tubulin polymerization and expose GDP-tubulin at the MT end.

The “infamous GTP cap” (as it was dubbed by an anonymus reviewer) has been 
the focus of many studies over the last 25 years, but as of today, no consensus could 
be reached about the size and precise function of this cap. Several groups have 
reported that a single layer of GTP-bound tubulin is enough to stabilize microtu-
bules (Caplow and Shanks, 1996; Panda et al., 2002) but newer studies cast serious 
doubt on these results (Caplow and Fee, 2003; Molodtsov et al., 2005). A model 
that describes dynamic MT behaviour assuming first-order reaction kinetics for 
GTP-hydrolysis is able to mirror dynamic instability (Margolin et al., 2006; VanBu-
ren et al., 2002). Simulations based on this model predict that indvidual protofila-
ments can shorten without provoking a catastrophe even when the microtubule as 
a whole is in a growth phase. Tracking microtubule growth with optical tweezers 
confirmed these simulations (Schek et al., 2007). These experiments show that the 
speed of tubulin incorporation is highly variable at the molecular level, and that 
this is not due to the incorporation of tubulin oligomers of variable length. These 
findings are in contrast to reports that show the incorporation of tubulin oligom-
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ers (Kerssemakers et al., 2006). Even though further experiments are needed to 
confirm the exact nature of incorporated tubulin entities, both studies agree on a 
less straight front of tubulin growth than a “GTP-cap” would imply.

The structure of tubulin dimers assembled in vitro into zinc-induced sheets has 
been solved at 3.5 Å resolution (Lowe et al., 2001; Nogales et al., 1998). “Docking” 
this tubulin structure into a lower-resolution structure of microtubules as obtained 
by EM resolved the microtubule-structure with 8 Å resolution (Li et al., 2002a). 
Together with the recently reported structure of GDP-bound tubulin (Wang and 
Nogales, 2005), this allows for a more structural description of intermediate states 
during microtubule polymerization and depolymerization (Nogales and Wang, 
2006).

The energy stored in GTP-bound β-tubulin is released in several steps during 
the “tubulin-lifecycle” (reviewed in Desai and Mitchison, 1997), making it possible 
for the microtubule to exert pushing forces during assembly and pulling forces 
during disassembly (Dogterom et al., 2005; Nogales and Wang, 2006).

Dynamic instability1.1.2.	
Initial attempts to describe polymerization of tubulin and actin led to the devel-
opment of the classical polymerization theory (Oosawa, 1970). It is based on the 
assumption that microtubules are polymers in equilibrium, and that their length 
fluctuation thus only depends on the concentration of free tubulin, the affinity of 
tubulin for microtubules, and the dissociation rate with which tubulin is lost from 
microtubule ends. Applying the classical polymerization theory to MT dynamics 
results in very limited length fluctuations for any given MT. It would take a year for 
a 15 μm long MT to fluctuate to zero length at equilibrium conditions (Mitchison 
and Kirschner, 1984).

MT length in vitro has been shown to fluctuate much more than can be explained 
by the classical polymerization theory. Individual MTs were shown to either shrink 
or grow with infrequent transitions between the two states. This non-equilibrium 
behavior has been termed “dynamic instability” (Mitchison and Kirschner, 1984). 
MTs in living cells also show dynamic instability (Cassimeris et al., 1988; Sammak 
and Borisy, 1988), as seen by the rapid incorporation of microinjected fluorescently 
labeled tubulin into the microtubule array of interphase cells (Saxton et al., 1984).

Dynamic instability requires an energy source, which is the hydrolysis of tubu-
lin-bound GTP after polymerization. Hydrolysis releases chemical energy that is 
stored as mechanical strain in the microtubule lattice as GDP-bound tubulin dimers 
prefer a curved conformation but are kept straight in the microtubule lattice. When 
microtubules undergo catastrophe and switch from growth to shrinkage, this strain 
is released, and individual curved protofilaments peel outwards, resulting in rapid 
depolymerization. When new GTP-bound tubulin dimers are incorporated, the 
shrinking microtubule is rescued and starts polymerizing again. Dynamic instabil-
ity can be described by four parameters: elongation rate, shortening rate, rescue 
frequency and catastrophe frequency. Microtubules can also pause in a metastable 
state in which the microtubule neither grows nor shrinks (Janosi et al., 2002).

If microtubules were classical polymers at equilibrium, it would take years for 
a cell to reorganize its microtubule array in order to progress from interphase to 
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mitosis. Obviously, this exceeds the lifespan of many organisms. Therefore dynamic 
instability is crucial for cells to migrate and progress through the cell cycle, and 
for the attachment of kinetochores to spindle microtubules (“search-and-capture”, 
Holy and Leibler, 1994). Both polymerization and depolymerization can generate 
forces, which are comparable to forces generated by motor proteins (Howard, 
2001) and can be used to push vesicles or cell membranes, pull chromosomes 
apart during mitosis and stabilize the nucleus in the cell center.

MT polymerization rate in vivo is about 5-10 times higher than in vitro (Cas-
simeris, 1993). Unexpectedly, the catastrophe frequency is also increased in vivo. 
This points towards the existence of factors that independently modulate polymer-
ization rate and catastrophe frequency (Cassimeris, 1993). It has long been known 
that MT dynamics are tightly regulated during the cell cycle and at cell differentia-
tion (Bulinski and Gundersen, 1991) with the most obvious changes at the transi-
tion from interphase to mitosis (McNally, 1996). The spatial regulation of dynamic 
instability could also be shown, with increased MT turnover at the cell periphery 
(Komarova et al., 2002b) and local stabilization of microtubules during cell polar-
ization (Gundersen and Bulinski, 1988) Using known parameters of dynamic insta-
bility during interphase and mitosis, the observed changes in microtubule dynam-
ics at the progression into mitosis could be simulated (Gliksman et al., 1993).

Microtubule dynamics might be regulated through several mechanisms: 1) 
influencing the pool of free tubulin dimers, 2) modulating the mechanical strain 
of GDP-tubulin through interactions along the microtubule lattice, 3) changing the 
structure of growing/shrinking MT ends and 4) severing MTs and inducing depo-
lymerization of the new uncapped ends. Mechanisms 2) and 3) require proteins 
that bind MTs or the MT end and will be discussed in more detail in chapter 1.2 
and 1.3.

The mean length of MTs increases very steeply with increasing tubulin concen-
tration (Howard, 2001). Therefore, proteins like Stathmin/Op18 that can sequester 
tubulin monomers (reviewed in Cassimeris, 2002) are expected to influence MT 
dynamics. Stathmin activity is phosphorylation-dependent, and phosphorylation 
of stathmin in turn has been shown to be spatio-temporally regulated (Nietham-
mer et al., 2004), which emphasizes the tight regulation of microtubule dynamics.

Several microtubule severing enzymes have been described, which work 
together to control spindle length (McNally et al., 2006), move chromosomes during 
mitosis (Zhang et al., 2007), and regulate axonal outgrowth (Wood et al., 2006).

Tubulin isoforms and their posttranslational modifications1.1.3.	
For quite some time after the discovery of tubulin as building block of microtubules, 
the only known isoforms were α- and β-tubulin. A screen for proteins that interact 
with β-tubulin in Aspergillus nidulans led to the discovery of γ-tubulin (Oakley 
and Oakley, 1989). γ-tubulin is an essential protein of all eukaryotic cells that is 
involved in microtubule assembly through γ-tubulin ring complexes (reviewed in 
Schiebel, 2000). It has been suggested that γ-tubulin not only has a role in micro-
tubule nucleation, but also in the regulation of microtubule dynamics, although 
the underlying mechanisms still need to be elucidated (Raynaud-Messina and 
Merdes, 2007). Over the last 15-20 years, additional isoforms of tubulin have been 
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discovered that are less ubiquitously expressed than the core tubulin repertoire 
of α-, β- and γ-tubulin and function in the assembly of axonemes and basal bodies 
(reviewed in Dutcher, 2001).

The variety of microtubule functions and the existence of subsets of micro-
tubules that differ in their stability and resistance to proteolytic enzymes led to 
the postulation of the existence of several forms of tubulin (Behnke and Forer, 
1967) even before the discovery of the heterodimeric nature of tubulin (Bryan and 
Wilson, 1971; Feit et al., 1971). This was consequently elaborated as the “multitu-
bulin hypothesis” (Fulton and Simpson, 1976). The existence of different tubulins 
could be confirmed with the sequencing of several isotypes of α- and β-tubulin in 
animals, plants, fungi and some protists (compiled by Luduena, 1993; Luduena, 
1998). Mice for example express 6 isotypes of α-tubulin and 7 isotypes of β-tubulin. 
Their expression is tissue-specific and regulated during development, but most 
cells express an overlapping set of isotypes. 

Sequence differences between isotypes have been conserved between species, 
pointing towards conserved specific functions of different isotypes (Luduena, 
1998). Microtubules normally contain several isoforms and these can be readily 
interchanged. Even a chimera of chicken- and yeast-β-tubulin transfected into 3T3-
cells gets readily incorporated into all microtubules (Bond et al., 1986). This global 
interchangeability might mask smaller, more subtle differences in structure or 
dynamic behavior. For example, the touch-receptor neurons of C. elegans contain 
specialized MTs with a particular isotype of β-tubulin (MEC-7) and an increased 
number of protofilaments. MEC-7 null mutants lack these specialized MTs and 
show no touch sensitivity (Hamelin et al., 1992; Savage et al., 1994). Budding 
yeast (S. cerevisea) contains only two isotypes of α-tubulin and a single β-tubulin. 
Mutants lacking one of the α-tubulins are viable, but tubulin isolated from these 
mutant strains assembles into MTs with different dynamic behavior in vitro (Bode 
et al., 2003). This is supported by isotype-dependent assembly dynamics of bovine 
β-tubulin in vitro (Lu and Luduena, 1994; Panda et al., 1994). Microtubules assem-
bled from α/βIII-tubulin are more dynamic, with faster assembly and disassembly 
rates and less time spent in the pause state. βIII-tubulin is mainly expressed in the 
brain, but it is also found in a variety of tumors, even if the original tissue did not 
express βIII-tubulin (Katsetos et al., 2003). βIII-tubulin is less susceptible to taxol-
induced MT stability, which might explain taxol-resistance in many types of cancer 
cells (Kavallaris et al., 1999).

Most variability between tubulin-isotypes is found in the C-terminal regions. 
This relatively unstructured region seems to be located at the surface of the MT. 
Some distinct “hot spots” of variability have been found in the N-terminus of 
β-tubulin as well. They differ between isotypes but not between species, and have 
been proposed to interact with the C-terminus in the tertiary structure (Burns and 
Surridge, 1990).

The importance of the C-terminus in the specification of tubulin-funciton is 
enhanced by possible posttranslational modifications (PTMs) of tubulin. A broad 
range of modifications have been described, of which most affect C-terminal resi-
dues: detyrosination, removal of the last 2 amino acids of α-tubulin (Δ2), polyglycy-
lation and polyglutamylation. Only phosphorylation and acetylation affect residues 
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in the “N-terminal core”. All modifications except the Δ2-truncation are reversible. 
In light of the variety and variability of PTMs, Verhey and Gaertig (2007) proposed 
a “tubulin code” that regulates MT function in analogy to the “histone code” that 
regulates gene transcription.

Acetylation1.1.3.1.	
Nearly all α-tubulins can be acetylated at a conserved lysine at position 40 
(L’Hernault and Rosenbaum, 1985). The enzyme responsible for acetylation has 
not yet been identified, but HDAC6 and SIR2 (North et al., 2003) have been shown 
to catalyze deacetylation (Hubbert et al., 2002; Zhang et al., 2003b). Acetylation 
seems to be a modification that a subset of long-lived microtubules (for example 
axonemal MTs) acquires over time. These microtubules are more resistant to depo-
lymerization by the MT destabilizing agent nocodazole, but they are not protected 
from depolymerization by cold treatment (Piperno et al., 1987). Mutating lysine-40 
in tetrahymena resulted in complete loss of acetylation (Gaertig et al., 1995) but 
had no detectable phenotype. In contrast, acetylation influences the migration of 
NIH-3T3 cells, as overexpression of HDAC6 increased cell motility while depletion 
of HDAC6 inhibited cell migration (Tran et al., 2007). Down-regulation of SIR2 in 
granular cells resulted in increased levels of acetylated microtubules and mediated 
protection from axonal degeneration (Suzuki and Koike, 2007). 

GLFND (also known as MIR1 (Stein et al., 2002) and FSD1 (Carim-Todd et al., 
2001)) specifically localizes to acetylated MTs, and an excess of GLFND increases 
the number of acetylated MTs in cells (Manabe et al., 2002). Anterograde transport 
of JIP-1 containing vesicles is facilitated in neurites containing acetylated tubulin 
(Reed et al., 2006), therefore acetylation is the first post-translational modification 
that has been shown to mediate spatial selectivity of transport in asymmetric cells 
(Bulinski, 2007).

Tyrosination/Δ2-truncation1.1.3.2.	
Most mammalian α-tubulins have a C-terminal tyrosine, which can be removed by 
a tubulin tyrosine carboxypeptidase (TTCP) and added back by tubulin-tyrosine 
ligase (TTL). TTL has been cloned and studied extensively (Erck et al., 2000; Erck et 
al., 2003; Trichet et al., 2000), but TTCP escaped detection, although recent studies 
point in the direction of a Nna1-like metallocarboxypeptidase (Fonrose et al., 2007; 
Kalinina et al., 2007; de la Vega et al., 2007). TTCP and TTL differ in their substrate 
preference: TTCP preferentially detyrosinates assembled mirotubules, while TTL 
readily tyrosinates free tubulin dimers. As a result, detyrosination might be used 
as a marker of microtubule lifetime, but does not stabilize microtubules itself. 
The relation between detyrosination and microtubule lifetime is not reflected by 
an increase of detyrosination towards the microtubule minus-end (Geuens et al., 
1986).

Polarization of cells is linked to the extensive detyrosination of a subset of 
microtubules that is oriented towards the direction of cell migration (Gundersen 
and Bulinski, 1988). In some cell types the stabilization of microtubules (and the 
detyrosination that is linked to this modification) may depend on signaling via 
lysophosphatidic acid (Nagasaki and Gundersen, 1996). Regulated detyrosination 
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is necessary for proper myogenic differentiation (Chang et al., 2002). Protrusions 
containing detyrosinated tubulin have been found to mediate cell-cell and cell-
matrix contacts in mammary epithelial cells (Whipple et al., 2007).

Targeted deletion of the TTL-encoding gene in mice has been shown to be lethal, 
due to neuronal problems (Erck et al., 2005). While a pool of tyrosinated tubu-
lin remains in dividing cells (through tubulin synthesis), no tyrosinated tubulin 
remains in differentiated cells. This seems to be especially detrimental to neuronal 
cells, as they fail to develop and migrate properly. Cultured TTL null neurons have 
an altered timecourse of neurite outgrowth and their axons differentiate prema-
turely. It was speculated that this was due to the loss of CLIP-170, a microtubule 
associated protein that binds microtubules via its CAP-Gly domains, from neurite 
outgrowth and growth cones in TTL null neurons. However, mice in which the gene 
encoding CLIP-170 was deleted, have no overt neuronal phenotype (Akhmanova 
et al., 2005).

Removal of the last residue in detyrosinated α-tubulin results in Δ2-tubulin that 
can no longer be tyrosinated. Δ2-tubulin can mostly be found in neurons with very 
long-lived microtubules, but not much is known about its function.

Phosphorylation1.1.3.3.	
Phosphorylation of tubulin was the first modification to be described (Eipper, 
1972). Although phosphorylation has now been reported for several tubulins from 
turkey to carrots (reviewed in Luduena, 1998), it remains a less common modifica-
tion. This might be due to the fact that tubulin itself is already negatively charged 
and addition of a negative phosphate-group might not have a big impact (Wester-
mann and Weber, 2003). It remains partly unclear which enzymes catalyze tubulin 
phosphorylation in vivo, although casein kinase II appears to mimic phosphoryla-
tion in vitro (Serrano et al., 1987), and a microtubule-associated casein kinase-like 
kinase has been reported (Crute and Van Buskirk, 1992).

Removal of phosphate from βIII-tubulin does not affect microtubule assembly 
in vitro (Khan and Luduena, 1996). More recently, opposing effects of tubulin 
phosphorylation on microtubule integrity have been described. Banan et al. (2004) 
describe the disruption of the MT cytoskeleton in Caco-2 cells that have a decreased 
concentration of active PKC-θ, which they show to correlate with a decreased level 
of phosphorylated tubulin. Tubulin phosphorylation in Caco-2 cells on the other 
hand appears to promote its incorporation into MTs. The opposite seems to be the 
case in HeLa cells at the transition from interphase to mitosis. There, Cdk1 is phos-
phorylating β-tubulin, and phosphorylated tubulin is not incorporated into the MT 
array (Fourest-Lieuvin et al., 2006).

Polyglutamylation/Polyglycylation1.1.3.4.	
Polyglutamate and polyglycine can be covalently attached to conserved glutamate 
residues in the C-terminus of α- and β-tubulin. Several glutamates in the same 
tubulin molecule can be modified, and single sidechains can contain more than 30 
glycines or 20 glutamates. Both modifications are predominantly found in long-lived 
microtubules, for example in sperm, neurons, and cilia. The majority of enzymes 
that catalyze polyglycylation and polyglutamylation and their reverse reactions are 
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still unknown, but a family of TTL-like proteins responsible for polyglutamylation 
has been described (Janke et al., 2005). Members of this protein family differ in 
their substrate specificity (α- vs. β-tubulin) and in the catalyzed reaction (side-
chain formation vs. elongation) (van Dijk et al., 2007).

Polyglutamylation and polyglycylation are important for cilia formation 
(Thazhath et al., 2002) and influence the binding of microtubule associated pro-
teins and motor proteins to microtubules (Bonnet et al., 2001). The side-chain 
length at which optimal binding is observed seems to be dependent on the binding 
protein (Bonnet et al., 2001). Defects in polyglutamylation reduce the MT-binding 
of several motor proteins in vitro and alter the subcellular distribution of motor 
proteins in vivo (Ikegami et al., 2007).

Microtubule associated proteins1.2.	
Many proteins can bind microtubules. They can be divided into three groups:

Microtubule associated proteins (MAPs) that bind along the microtu-1.	
bule lattice. They were discovered due to their cosedimentation with 
microtubules assembled in vitro (Borisy and Olmsted, 1972; Murphy 
and Borisy, 1975; Runge et al., 1979).
Motor proteins, which use energy from ATP-hydrolysis to move along 2.	
the microtubule.
Plus-end tracking proteins (+TIPs) that specifically accumulate at the 3.	
plus-end of growing microtubules. The first member of this group, 
CLIP-170, was described almost a decade ago (Perez et al., 1999).

Obviously the division described above is imperfect. For example, +TIPs have 
been shown to localize to minus-ends of microtubules, to the microtuble lattice, 
and/or to associate with tubulin (Akhmanova and Hoogenraad, 2005). Further-
more, members of the kinesin motor protein family specifically depolymerize 
microtubules from the plus-end using ATP hydrolysis, but have been described to 
reach the microtubule end independent of motor activity (Blaineau et al., 2007; 
Helenius et al., 2006). 

Classical MAPs1.2.1.	
Tubulin can be selectively enriched from brain lysate by repeated cycles of polym-
erization and depolymerization, with the purified protein being able to form 
microtubules in vitro (Shelanski et al., 1973; Weisenberg, 1972). Although most 
impurities are removed by the repeated polymerization cycles, several proteins 
were shown to get enriched together with tubulin (Murphy and Borisy, 1975; 
Runge et al., 1979). These proteins were termed MAPs (microtubule associated 
proteins), and more family-members have been described (reviewed in Amos and 
Schlieper, 2005; Maccioni and Cambiazo, 1995).

MAPs tend to be elongated proteins that contain several microtubule binding 
domains, enabling them to bind several tubulin dimers at the same time. This might 
explain how MAPs stabilize MTs (Sloboda and Rosenbaum, 1979), and promote 
MT assembly in vitro (Hirokawa, 1994; Itoh and Hotani, 1994; Matus, 1990). The 
affinity of MAPs for microtubules is tightly regulated by kinases and phosphatases 
(Cassimeris and Spittle, 2001).
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MAPs are predominantly found in neurons, but more ubiquitously expressed 
MAPs have also been cloned (for example MAP4). Neuronal MAPs have been linked 
to neuro-degenerative disorders (Fischer et al., 2007; Lace et al., 2007), putting 
them into the spotlight of research. Although tau and MAP2 are expressed in the 
same cell and are both MAPs, they show a mutual exclusive distribution in nearly 
all cells – tau is constrained to the axon, while MAP2 localizes to dendrites and 
the cell body. Contrasting, the distribution of MAP1, another neuronal MAP, is not 
restricted to one or the other compartment.

Motor proteins1.2.2.	
Motor proteins transform the chemical energy released through ATP-hydrolysis 
into mechanical energy to move along actin filaments or microtubules. The micro-
tubule-based motors are dynein, which moves towards the –end, and the kinesins, 
of which most move towards the +end. Organelles often move bi-directionally, 
requiring the attachment and activity of minus- and plus-end directed motors to 
be coordinated and tightly regulated (Gross, 2003; Welte, 2004).

Kinesin1.2.2.1.	
Kinesins transport a variety of cargo, ranging from membranous structures and 
protein complexes to viruses, chromosomes and mRNA. Kinesins form a large pro-
tein family, with 14 subfamilies distinguished thus far (Lawrence et al., 2004). They 
can be grouped according to the position of their head domain. N-terminal kinesins 
(all of which are +end directed motors) are most abundant. C-terminal kinesins 
form a small group of ‑end directed kinesins. The destabilizing I-kinesins contain 
an internal domain and do not move cargo along microtubules, but use the energy 
from ATP-hydrolysis to promote MT depolymerization.

Kinesins share a common globular motor domain (also referred to as head 
domain) that binds to microtubules and hydrolyses ATP. Adjacent domains deter-
mine structure and cargo-specificity, and bind accessory proteins. “Conventional” 
kinesin (KIF5) contains an N-terminal motor domain, a central α-helical homodi-
merization domain and a C-terminal tail domain that can bind KAR3, a kinesin 
light chain that mediates cargo-binding (see Mandelkow and Mandelkow, 2002). 
Conventional kinesin is a processive motor that keeps at least one head attached 
to the microtubule at all times, which allows it to move hundreds of steps without 
falling off the microtubule. The two motor domains of a KIF5-dimer “walk” in an 
asymmetric hand-over-hand fashion with 8 nm step length – the length of a tubulin 
dimer (reviewed in Asbury, 2005).

Cell division depends at several stages on the proper function of N-terminal 
kinesins (reviewed in Wozniak et al., 2004). For example, members of the Eg5 family, 
which are homotetrameric, cross-link microtubules from both poles and help to 
form a bipolar spindle (Kwok and Kapoor, 2007). Furthermore, CENP-E supports 
bipolar attachment of kinetochores to microtubules. In addtion, a diverse group of 
kinesins can bind to DNA and is involved in the alignment of chromosomes at the 
metaphase plate. Finally, kinesins of the MKLP1 family organize the microtubules 
during cytokinesis.
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Another group of kinesins involved in mitosis are the depolymerizing kinesins 
of the kinesin-13 subfamily – MCAK and KIP2. Motile kinesins preferentially bind to 
the straight microtubule lattice, while depolymerizing kinesins preferentially bind 
to curved MT protofilaments at MT ends. They use energy from ATP-hydrolysis 
to induce a bent conformation of protofilaments that facilitates depolymerization 
(Kinoshita et al., 2006; Moore and Wordeman, 2004; Ovechkina and Wordeman, 
2003; Sharp et al., 2005; Wordeman, 2005).

Defects in kinesin mediated long-range transport have been linked to neuro-
degenerative diseases like ALS and Alzheimer’s, to cause failure of cilia-function 
leading to polycystic kidney disease or hearing loss, and mutations in depolymer-
izing kinesins can lead to mitotic defects (Chevalier-Larsen and Holzbaur, 2006; 
Hirokawa and Takemura, 2003; Mandelkow and Mandelkow, 2002).

Dynein/dynactin1.2.2.2.	
Dyneins are –end directed motor proteins. They can be divided into 2 groups (Hook 
and Vallee, 2006) – axonemal dyneins that couple microtubules in cilia and are 
responsible for ciliary movement, and cytoplasmic dyneins that transport cargo 
along microtubules. In contrast to what its name implies, cytoplasmic dynein 2 is 
found in cilia where it mediates retrograde traffic. The only dynein found in the 
cytoplasm is cytoplasmic dynein 1, on which the following description will focus.

Cytoplasmic dynein 1 is a multisubunit protein of 1.2 MDa. It contains a dimer 
of dynein heavy chains, which form the core motor domain, and intermediate and 
light chains, which determine cargo specificity. Each heavy chain folds into a ring 
structure of 6 AAA (ATPase Associated with diverse cellular Activities) domains 
and an additional non-ATPase domain. From this ring emerges a stem that connects 
dynein to the microtubule and a stalk that folds over the ring and stabilizes it. This 
stalk is necessary for cargo attachment (Burgess et al., 2003; Samso and Koonce, 
2004). Like kinesins, dynein uses energy from ATP-hydrolysis to move along the 
microtubule. Upon ATP hydrolysis, a small structural change in the AAA domains, 
which is amplified through the stem (Serohijos et al., 2006), causes dynein to step 
along the microtubule.

Dynein is not very efficient in cargo binding on its own (Karki and Holzbaur, 
1999), but makes use of dynactin, a heteromultimeric protein complex, to tether 
cargo (Gill et al., 1991), which is especially important for long-range neuronal 
transport (Waterman-Storer et al., 1997) Over the years, the components of the 
dynactin-complex and their function have been untangled (Schroer, 2004). The 
largest subunit of the dynactin-complex is p150(glued), a protein that can bind to 
microtubules on its own and thereby might improve dynein processivity (Culver-
Hanlon et al., 2006). As p150(glued) also functions as a +TIP, it will be described in 
more detail in chapter 1.3.2.2. Furthermore, it should be noted that dynactin was 
recently shown to associate with kinesin and is therefore likely to be involved in 
coordinating motors of opposite polarity (Gross, 2003).

As a motor protein, dynein is involved in many cellular functions, among which 
are vesicle movement, maintenance of Golgi integrity and the positioning of the 
nucleus (Martin et al., 2004). It is also important during mitosis (Karki and Holz-
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baur, 1999) and many viruses reach the nucleus via dynein-mediated transport 
(Greber and Way, 2006).

+TIPs1.3.	
The term “plus-end-tracking protein” (+TIP) was coined by Schuyler and Pellman 
in 2001 to describe an emerging family of proteins that specifically localize to 
the growing +ends of microtubules (Schuyler and Pellman, 2001). Dynamic plus-
end-tracking was first described for CLIP-170, based on a GFP-fusion protein of 
CLIP-170 that was visible as “cellular fireworks” of comet-like fluorescent dashes 
moving mostly from the cell center to the periphery (Perez et al., 1999).

The family of +TIPs has been growing since its initial description, and new 
family members are described every year. Several reviews have focussed on the 
function of +TIPs and the mechanisms that mediate +end specificity (Akhmanova 
and Hoogenraad, 2005; Carvalho et al., 2003; Galjart, 2005; Galjart and Perez, 2003; 
Lansbergen and Akhmanova, 2006; Mimori-Kiyosue and Tsukita, 2003; Morrison, 
2007; Vaughan, 2004). 

Numerous functions have been linked to +TIPs:
They influence MT dynamic instability (Komarova et al., 2002a).1.	
They link MTs to other cellular structures like vesicles, the cell mem-2.	
brane, and components of the cytoskeleton (Vaughan et al., 2002).
They might act as chaperones to promote MT assembly (Slep and Vale, 3.	
2007).
They might function in mechanotransduction (D’Addario et al., 2003).4.	
They play a role in signal transduction (Zhou et al., 2004).5.	
They are essential in mitosis, as they modulate MT dynamics and guar-6.	
antee proper kinetochore-attachment (Pereira et al., 2006).

Although +TIPs share the ability to track growing MT +ends in vivo, they do not 
share a common microtubule binding domain (MTB) (Slep and Vale, 2007). +TIPs 
can be grouped based on their MTB (see Fig. 1-3). 

For example, CLIP-170, its homologue CLIP-115, and p150(glued) contain CAP-
Gly (Cytoskeleton-associated protein glycine-rich) MTBs. The crystal structures of 
several CAP-Gly domains have been solved (Honnappa et al., 2006; Li et al., 2002b; 
Mishima et al., 2007; Weisbrich et al., 2007) and provide insight into their structure-
function relationship. CAP-Gly domains contain a highly conserved groove that 
binds the C-terminus of α-tubulin and of EB1-like family members. Furthermore, 
the Cap-Gly domain of p150(glued) was shown to bind to a conserved coiled-coil 
region of EB1, termed the “EB-domain”.

Proteins of the EB1-family in turn bind MTs via their calponin homology (CH) 
domain. CH domains are found in a large group of proteins, most of which interact 
with actin (Korenbaum and Rivero, 2002). The crystal structure of the CH-domain 
of EB1 led to the hypothesis that EBs bind to MTs primarily via electrostatic and 
hydrophobic interactions (Hayashi and Ikura, 2003).

Members of the XMAP215-family contain several TOG (tumor over-expressed 
gene) domains, of which representative structures have been solved (Al-Bassam 
et al., 2007; Slep and Vale, 2007). CLASPs contain a single TOG domain and several 
TOG-like domains, which might classify them as distant members of the XMAP215-
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family (Slep and Vale, 2007). Finally, the recently discovered Navigators contain 
a conserved domain that mediates microtubule binding but lacks homology with 
other known MTBs (Martinez-Lopez et al., 2005). Although the four MTB domains 
described here do not represent all plus-end binding regions, the examples show 
that a wide variety of structures can associate with the MT end.

Theories of +end specificity1.3.1.	
Not only do +TIPs differ in their MTB, but also in the way they accumulate at +ends. 
Since the first description of CLIP-170 as a +TIP, the mechanisms that lead to +end 
specificity have been studied, and several theories have been proposed (Fig. 1-2). 
These can be divided into mechanisms that describe +end specificity as depen-
dent on the +TIP and tubulin/microtubules alone, and those that involve a third 
factor. The first group of theories encompasses treadmilling, co-polymerization 
and 1‑dimensional diffusion; the second group encompasses motor-mediated 
delivery of +TIPs and “hitchhiking” on another +TIP. Much effort has been put 
into understanding +end specificity, and the emerging picture is a complex one. 
The mechanisms may vary between orthologues of the same +TIP (i.e. CLIP-170, 
which is proposed to co-polymerize in mammals (Folker et al., 2005) and to be 
motor-delivered in yeast (Maekawa and Schiebel, 2004)). In addition, even a single 
+TIP might accumulate through different mechanisms, depending on the position 
in the cell and the cell cycle (i.e. APC, which can accumulate in EB-dependent and 
–independent manners, Kita et al., 2006).

Treadmilling1.3.1.1.	
Treadmilling microtubules are simultaneously polymerizing at one end (the +end) 
and depolymerizing at the other (the –end). When Perez et al. described GFP-CLIP-
170 to move in fluorescent comets from the nucleus to the cell periphery, they envi-

tubulin dimer

+TIP

tubulin bound +TIP

other protein

motor-loaded +TIP

Motor driven transport Hitchhiking

Co-polymerization Treadmilling

Figure 1-2 Current theories of +end accumulation
For the description of +end accumulation, copolymerization and treadmilling only depend on the 
MT end and the +TIP. They differ in the way the +TIP reaches the +end (either together with tubulin 
dimers or after the incorporation of tubulin).  In motor driven transport, a +TIP is transported along 
the MT towards the +end. In the case of hitchhiking, the localization of one +TIP to the MT end 
depends on the +end localization of another +TIP.   
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sioned a comparable mechanism underlying this movement (Perez et al., 1999). 
Fluorescence speckle microscopy (see chapter 2.3.3) indicated that CLIP-170 
binds to the polymerizing MT end and dissociates after some time without sliding 
along the microtubule (Perez et al., 1999). Two questions need to be answered to 
understand the mechanisms underlying treadmilling: How does a +TIP specifically 
accumulate on the +end? And what triggers its subsequent dissociation?

+TIPs can localize to the +end either through co-polymerization with tubulin, 
a mechanism that will be dealt with in chapter 1.3.1.2, or through recognition of a 
specific conformation of the microtubule tip. Dissociation can be triggered either 
by conformational changes of the microtubule, or by modifications and/or confor-
mational changes of the +TIP itself.

Conformational differences between the microtubule lattice and the plus-end 
have been described (see chapter 1.1.2). Polymerizing microtubule ends adopt a 
sheet-like conformation, which can extend for up to 2 μm in vitro before closing 
into a tube (Chretien et al., 1995). The corresponding mean sheet-length is 0.3 μm. 
Conformational changes also occur on a smaller level as tubulin dimers adopt a 
slightly curved conformation upon GTP-hydrolysis.

Binding of CLIP-170 to microtubules has been shown to be inhibited by phospho-
rylation (Rickard and Kreis, 1991). Kinase-activity is preferentially located at the 
microtubule, while phosphatase-activity seems cytoplasmic. A phosphorylation-
cycle therefore might regulate the treadmilling of CLIP-170, but a study by Choi et 
al. (2002) shows that different phosphatases and kinases can influence MT-binding 
of CLIP-170 differently. They report that rapamycin can phosphorylate CLIP-170 
through FRAP/mTOR (FKBP12-rapamycin-associated protein). This rapamycin-
sensitive phosphorylation of CLIP-170 can overrule the inhibition of MT-binding 
upon rapamycin-insensitive phosphorylation of CLIP-170 (Choi et al., 2002).

Co-polymerization1.3.1.2.	
Microtubules elongate through polymerization of tubulin dimers. If a +TIP is bound 
to the incorporating tubulin and co-polymerizes with it, it will localize to growing 
+ends. Obviously, this requires that the +TIP has affinity for free tubulin dimers. A 
lower affinity for tubulin incorporated into the microtubule lattice results in dis-
sociation of the +TIP from the MT. Co-polymerization has been hypothesized to 
be the mechanism underlying in vitro accumulation of CLIP-170 at +ends (Arnal 
et al., 2004; Folker et al., 2005). Addition of CLIP-170 to MTs in vitro increases 
the rescue frequency and induces the formation of curved tubulin-oligomers that 
might function as “prefab”-elements to rescue shrinking MTs (Arnal et al., 2004). 
This is supported by a much higher affinity of a CLIP-170 fragment for free GTP-
bound tubulin (Kd=0.037 μM) than for MTs mimicking a GTP-bound (0.12 μM) or a 
GDP-bound conformation (0.23 μM) (Folker et al., 2005).This interaction of CLIP-
170 with tubulin depends on the C-terminal tyrosine of α-tubulin (Mishima et al., 
2007).

Motor-driven transport1.3.1.3.	
Motor-driven transport to the MT end requires a +end directed kinesin. The yeast 
homologues of CLIP-170, Bik1p in budding yeast (Lin et al., 2001), and Tip1p in 
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fission yeast (Brunner and Nurse, 2000), have been shown to depend on a kinesin 
to accumulate at the +end. The kinesins are Kip2p in budding yeast (Carvalho et 
al., 2004) and Tea2p in fission yeast (Busch et al., 2004). NUDM, the orthologue of 
p150(glued) in Aspergillus nidulans, also requires a kinesin for +end accumulation 
(Zhang et al., 2003a), as does APC in mammalian cells (Cui et al., 2002; Mimori-
Kiyosue et al., 2000).

Motor-driven transport does not automatically result in accumulation of a pro-
tein at the MT +end. If he kinesin would just “walk along the microtubule” and fall 
off at the +end taking the +TIP with it, the +TIP would be distributed all along the 
microtubule with a linear gradient towards the +end, but it would not result in a 
comet-like appearance of the +TIP at the MT end with (nearly) no staining along 
the microtubule lattice. In order to achieve +end accumulation, +TIPs need to be 
retained when they reach the +end (Galjart and Perez, 2003). This might explain, 
why APC that lacks the MTB can still bind the kinesin adaptor protein Kap3 but 
fails to accumulate at +ends (reviewed in Nathke, 2004).

If the processes that accumulate motor-delivered +TIPs at the MT end can not 
distinguish between MT +end conformations, “+TIPs” can remain bound to the 
ends of pausing and/or shrinking microtubules, as has been shown for APC (Lang-
ford et al., 2006).

Hitchhiking1.3.1.4.	
Most +TIPs described so far can bind to growing MTs directly (Morrison, 2007), 
even though they might depend on each other for increased binding (Komarova et 
al., 2005). Another group of +TIPs can interact indirectly with the +end by binding 
to the core group of directly interacting +TIPs, a phenomenon dubbed “hitchhik-
ing” (Carvalho et al., 2003). As hitchhiking +TIPs depend on core +TIPs for +end 
accumulation, the maximum time they stay accumulated is limited by the disap-
pearance of the core +TIPs. 

APC and Kar9, the yeast homologue of APC, have been described to depend on 
EB1 for +TIP accumulation (Nakamura et al., 2001). Another hitchhiking protein is 
the dynein heavy chain 2 (dyn2) in S. cerevisiae, which requires the LIS1-homologue 
Pac1 for +end accumulation (Lee et al., 2003). More recently, the dependence of 
melanophilin and myosinVa on EB1 for +end tracking has been shown (Wu et al., 
2005). In Drosophila, the spectraplakin Shot normally localizes to the MT +end but 
fails to do so in cells depleted of DmEB1 (Slep et al., 2005). Most hitchhiking +TIPs 
can bind to EB-proteins directly and depend on EBs for localization to the +end. 
Interestingly, although the staining patterns of DmEB1 and Shot on +ends partly 
overlap, Shot accumulates along a longer stretch of MT than DmEB1 (Slep et al., 
2005), hinting at an EB-independent mechanism of Shot-retention on the +end.

1D-diffusion1.3.1.5.	
Decreasing the dimensions in which a molecule can diffuse decreases the time it 
takes for this molecule to reach a specific target. The “reduction in dimensionality” 
has first been proposed for proteins binding a specific target-sequence of DNA (von 
Hippel and Berg, 1989). A similar mechanism might facilitate the accumulation of 
proteins at the MT +ends. The possibility of a microtubule binding protein to diffuse 
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along a microtubule has been shown for flagellar dynein. In the presence of ATP, 
a partly dissociated outer arm flagellar dynein complex (containing the β-heavy 
chain and an intermediate chain) translocated unidirectionally along a microtu-
bule in vitro. Unexpectedly, the same complex lost directionality after inhibition of 
ATPases, but continued diffusing in 1D along the microtubule (Vale et al., 1989).

More recent papers propose 1D diffusion for the depolymerizing kinesin MCAK 
(Helenius et al., 2006) and a basic MT-binding domain of p150(glued) (Culver-
Hanlon et al., 2006). This basic domain can move processively along MTs in vitro, 
and increases the processivity of dynein, while the CAP-Gly domain of p150(glued) 
inhibits dynein motility. 1D-diffusion along the MT increases the speed with which 
MCAK targets to microtubule ends (Helenius et al., 2006).

+TIP families1.3.2.	
Although +TIPs can be grouped according to the mechanisms by which they accu-
mulate at MT +ends, these mechanisms are not easily discernible, can vary between 
orthologues of the same +TIP, could co-exist, and might be subject to scientific 
debate. With protein-sequences easily available, a more obvious classification of 
+TIPs is based on sequence homologies (Fig. 1-3).
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Microtubule binding domain

AAA ATPase domain
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CLASP2

p150(glued)
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Figure 1-3: Schematic representation of +TIP sequences
CLIP-170 and p150(glued) bind +ends through their CAP_Gly domains. The central domain of 
CLASP2, containing an arginine/serine rich region is thought to mediate MT binding, although the 
N-terminal HEAT repeat is homologue to the HEAT repeats mediating MT-association of XMAP-215. 
The calponine homology domain of EB proteins mediates their interaction with +ends. The MTB 
region of Navigator proteins differs from known  microtubule binding domains, but has not been 
further characterized yet.
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Cytoplasmic linker proteins (CLIPs)1.3.2.1.	
In a screen for nucleotide-sensitive microtubule-binding proteins in HeLa cells, 
Rickard and Kreis found a protein with a molecular mass of 170  kDa (initially 
termed pp170, now known as CLIP-170) that associates with microtubules in vitro 
and accumulates at the ends of a subset of microtubules in vivo (Rickard and Kreis, 
1990). Subsequent experiments showed that these accumulations colocalize with 
newly polymerized microtubule +ends (Diamantopoulos et al., 1999) and that a 
GFP-CLIP-170 fusion protein tracks polymerizing +ends (Perez et al., 1999). CLIP-
170 is considered the prototype +TIP, because it was the first protein described to 
exhibit this dynamic microtubule-association. Homologues of CLIP-170 have been 
described in many eukaryotes.

CLIP-170 can bind to MTs through its N-terminus, which contains two CAP-Gly 
domains (Riehemann and Sorg, 1993). Two Zn-knuckles in the C-terminus are 
important for protein-interactions. These two interaction-domains are linked by a 
long coiled-coil that forms a rod-shaped dimerisation domain (Pierre et al., 1992). 
The coiled-coil region contains two “kinks” (Scheel et al., 1999) at which the rod 
might bend to allow intramolecular interactions of the N-terminal CAP-Gly domains 
with the C-terminal Zn-knuckles (Lansbergen et al., 2004). CLIP-170 is ubiqui-
tously expressed and shows highest expression levels in muscle, testis, liver and 
brain (Akhmanova et al., 2005). Several isoforms have been described that differ in 
their expression profile (Akhmanova et al., 2001; Akhmanova et al., 2005; Bilbe et 
al., 1992; Griparic and Keller, 1998; Scheel et al., 1999). The closest homologue of 
CLIP-170 in vertebrates is CLIP-115, which is mainly expressed in the brain, lacks 
the C-terminal Zn-knuckles (De Zeeuw et al., 1997), and localizes to growing MT 
+ends as well (Hoogenraad et al., 2000). The phenotype of knock out mice for CLIP-
115 resembles the symptoms of patients with Williams Syndrome (Hoogenraad et 
al., 2002), a neurodegenerative disorder that is caused by the hemizygous deletion 
of a chromosomal region containing the gene encoding CLIP-115.

Members of the CLIP-family influence MT dynamics: mammalian CLIP-170 pro-
motes rescue of shrinking MTs (Komarova et al., 2002a), while Tip1p, the homo-
logue in fission yeast, is an anti-catastrophe factor (Brunner and Nurse, 2000). 
The interaction of CLIP-170 with MTs seems to be regulated on several levels: 1) 
Interaction of CLIP-170 and CLIP-115 with MTs is phosphorylation-dependent 
(Hoogenraad et al., 2000; Rickard and Kreis, 1991) and a CLIP-170 kinase has been 
described (Choi et al., 2002); 2) the C- and N-terminal domains of CLIP-170 can 
interact and overexpression of the C-terminus abolishes accumulation of CLIP-170 
on +ends (Lansbergen et al., 2004); 3) accumulation on +ends is reduced in the 
absence of EB1 and EB3 (Komarova et al., 2005); 4) CLIP-170 can not localize to 
+ends in cells lacking TTL (Peris et al., 2006).

CLIP-170 has been linked to cell polarization through its interaction with 
IQGAP1 (Fukata et al., 2002), which is an integrator that influences cytoskeletal 
function (Briggs and Sacks, 2003). Other binding partners of CLIP-170 are LIS1 
(Coquelle et al., 2002), p150(glued) (Goodson et al., 2003), EBs (Komarova et al., 
2005) and CLASPs (Akhmanova et al., 2001).
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p150(glued)1.3.2.2.	
The dynactin complex links cargo to the dynein motor complex. One component 
of the dynein complex, p150(glued), associates with microtubules and colocal-
izes with CLIP-170 at the +end (Vaughan et al., 1999). The +end accumulation of 
p150(glued) depends on +end localization of CLIP‑170 (Watson and Stephens, 
2006), although it can bind to microtubules directly (Vaughan et al., 2002). The 
CAP-Gly domain of p150(glued) is necessary for p150(glued) binding to CLIP-170, 
and a recently described basic microtubule binding domain might be responsible 
for the non-CLIP-170-mediated microtubule binding (Culver-Hanlon et al., 2006).

A pointmutation (G59S) in the CAP-Gly domain of p150(glued) perturbs its 
binding to EB1 and +ends, in (motor neuron like) MN1 cells, leading to aggregates 
of the protein and increased cell death (Levy et al., 2006), which might explain 
neuronal defects in patients with this mutation.

Cytoplasmic linker protein associated proteins (CLASPs)1.3.2.3.	
Mammalian CLASPs were first described as common interaction partners of CLIP-
115 and CLIP-170 (Akhmanova et al., 2001). CLASPs are homologues of Drosophila 
Orbit/MAST (Inoue et al., 2000; Kline-Smith and Walczak, 2000; Lemos et al., 
2000), which are conserved throughout evolution. The two mammalian paral-
ogues, CLASP1 and CLASP2, are spliced into several isoforms of 140 to 170 kDa. 
CLASP1α and CLASP2α share about 77% sequence homology. All isoforms share a 
C-terminal domain that mediates interactions with CLIP-115, CLIP-170 and other 
proteins (Efimov et al., 2007; Lansbergen et al., 2006), and a central region that 
interacts with MTs and EBs (Mimori-Kiyosue et al., 2005), while the very N-termi-
nus is isoform-specific. The expression patterns differ between the two paralogues 
and their isoforms, with CLASP2 being enriched in the brain and CLASP2β being 
brain-specific. Endogenous CLASP localizes to the Golgi apparatus, centrosomes, 
kinetochores and microtubule +ends (Akhmanova et al., 2001).

CLASPs play a role in mitosis and cell migration. Their importance for proper 
mitosis has been evolutionary conserved: Stu1p is an essential component of the 
mitotic spindle in S. pombe (Yin et al., 2002), deletion of Orbit/MAST in Droso-
phila leads to mitotic defects and abnormal spindles (Inoue et al., 2000; Lemos 
et al., 2000), cls-2 is essential for mitosis in C. elegans (Gonczy et al., 2000), and 
the Xenopus-homologue Xorbit/CLASP plays a role in mitosis (Hannak and Heald, 
2006). In mammalian cells, both CLASP1and CLASP2 are important for proper 
mitotic progression, with defunct kinetochore attachment in cells lacking CLASP1 
(Maiato et al., 2003) and prolonged mitosis in CLASP2 knock out cells (Maiato et al., 
2003; Pereira et al., 2006). These defects can partly be rescued by overexpression 
of the other CLASP paralogue.

The dynamics of CLASPs differ between the cell interior and the cell edges. 
Throughout the cytoplasm, CLASPs act as +TIPs that can be regulated by phospho-
rylation (Akhmanova et al., 2001). At the cell cortex of HeLa cells, CLASPs get tran-
siently immobilized (Mimori-Kiyosue et al., 2005) through interactions with LL5β 
and ELKS (Lansbergen et al., 2006). Interestingly, CLASP2 can switch to a MAP-like 
behavior in the lamellopodia of migrating PtK1 cells (Wittmann and Waterman-
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Storer, 2005), but can also associate with actin along stress-fibers (Tsvetkov et al., 
2007), where it might facilitate guidance of microtubules along actin filaments.

In migrating cells, the Golgi network gets reoriented towards the leading edge, 
more microtubules are growing towards the leading edge, and a fraction of these 
gets stabilized (Gundersen and Bulinski, 1988). Tracking growing microtubules in 
human epithelial cells led to the unexpected observation that most microtubules 
are not growing from the centrosome (thought to be the MTOC), but nucleate at the 
transgolgi network (Efimov et al., 2007). The transgolgi-nucleated microtubules 
depend on CLASP2 expression (Efimov et al., 2007), which gives a functional role 
to CLASP2 localization at the Golgi network (Akhmanova et al., 2001).

End binding proteins (EBs)1.3.2.4.	
The MAPRE family of genes encodes 3 mammalian proteins: EB1, EB2 (and its 
splice variant RP1), and EB3/EBF3 (and its splice variant RP3) (Su and Qi, 2001). 
EB1 was first described as an interaction partner of APC (Su et al., 1995), hence its 
name “end-binding” protein. EB1 and EB3 are ubiquitously expressed, while the 
expression levels of EB2 vary between cell lines (Su and Qi, 2001). EB3 is especially 
abundant in the central nervous system, where it binds to the brainspecific form of 
APC (Nakagawa et al., 2000), and in muscles.

EBs bind microtubules and tubulin in vitro and accumulate in vivo at cen-
trosomes and growing MT +ends (Berrueta et al., 1998; Bu and Su, 2001; Juwana 
et al., 1999). Overexpressed EBs lose their +end specificity and bind along the 
whole microtubule, where EB1 and EB3 - but not EB2 - induce the formation of MT 
bundles (Bu and Su, 2001). Interestingly, the centrosomal localization of EBs is not 
dependent on their MT-binding domain, but is linked to the centrosomal proteins 
CAP350 and FOP (Louie et al., 2004; Yan et al., 2006).

EB-proteins contain three conserved domains. The N-terminal CH-domain 
mediates MT-interactions, whereas the coiled-coil domain located at the C-termi-
nus (also termed the” EB-like domain”) is responsible for homodimerization. The 
EB-like domain interacts with APC, MACF and other binding partners (Bu and Su, 
2003; Slep et al., 2005). The last few aminoacids of EB1 are highly homologous to 
the C-terminus of tyrosinated α-tubulins and CLIP-170. This allows for a whole set 
of interactions between CAP-Gly domains on one hand and EB-like domains on the 
other hand (Hayashi et al., 2007; Mishima et al., 2007). The crystal structure of the 
C-terminus of EB1 together with the CAP-Gly domain of p150(glued) revealed spe-
cific interactions between both the “EB-like domain” and the extreme C-terminus 
of EB1 with the Cap-Gly domain of p150(glued)  (Honnappa et al., 2006).

It is intriguing that every +TIP found so far can interact with members of the 
EB family, which led to the view of EBs as a “spider in the web” (Lansbergen and 
Akhmanova, 2006; Morrison, 2007). The proper localization of many +TIPs to the 
microtubule end can be influenced by knock down of EBs (Komarova et al., 2005) 
or overexpression of a truncated EB-construct (Askham et al., 2002). Members of 
the EB-family are involved in interaction/signaling networks at the cell cortex in all 
species investigated (Lansbergen and Akhmanova, 2006). The importance of EBs 
during mitosis (Tirnauer and Bierer, 2000) is stressed by spindle assembly defects 
in the absence of DmEB1 in Drosophila (Rogers et al., 2002).
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Adenomatous polyposis coli (APC)1.3.2.5.	
Adenomatous polyposis coli (APC) is an extensively studied large multidomain 
protein that is mutated in most colorectal cancers (reviewed in Nathke, 2004). It is 
believed to act as a scaffold in the Wnt-signaling pathway (Bienz, 2002), but many 
more functions have been described over the last years (comprehensively reviewed 
by Hanson and Miller, 2005). These include cell migration, cell-cell-contacts, spindle 
assembly, MT stabilization and neuronal differentiation.

APC contains a basic domain that binds to MTs and an EB1-binding C-terminal 
domain, but requires kinesins to localize to the +end (Cui et al., 2002; Jimbo et 
al., 2002). In migrating cells, endogenous APC mainly associates with +ends in cell 
protrusion, where it induces MT growth and remains attached to shrinking MTs 
(Kita et al., 2006). This association does not depend on EB1. Lack of APC decreases 
cell migration without compromizing cell polarity (Kroboth et al., 2007).

Besides being located to MT +ends, APC can localize to the plasmamembrane 
(Grohmann et al., 2007), to the actin cytoskeleton at cell-cell contacts (Langford et 
al., 2006), and to the nucleus (Henderson, 2000).

Neuron Navigators (NAVs) 1.3.2.6.	
Neuron navigator 1 (NAV1) is a recently described protein that can localize to 
growing +ends in vivo (Martinez-Lopez et al., 2005). Localization to the +end 
depends on its microtubule binding domain, which is also conserved in the paral-
ogues NAV2 and NAV3. Navigators are large proteins of about 250 kDa, which are 
homologues of unc-53 in C. elegans, a protein playing crucial roles in cell migration 
and axonal guidance. They share a C-terminal AAA ATPase domain of unknown 
function. NAV2 and NAV3 contain an N-terminal CH-domain that is also present in 
unc-53 (Peeters et al., 2004). Several splice isoforms and alternative start codons 
have been described (Maes et al., 2002). An alternatively spliced exon of Nav1 con-
tains a putative nuclear localization signal (NLS) (Peeters et al., 2004). This puta-
tive NLS is interesting in light of earlier reports that describe a cytoplasmic as well 
as nuclear localization of NAV2 (Ishiguro et al., 2002; Merrill et al., 2002). NAV1 
is mainly expressed in the heart and skeletal muscle, NAV2 is quite ubiquitously 
expressed, and NAV3 is (mostly) brain-specific (Coy et al., 2002; Maes et al., 2002; 
Peeters et al., 2004).

Decreased expression of NAV2 was observed in dorsal root ganglia of vitamin 
A-deficient embryos. Severe vitamin-A deficiency during development resulted in 
morphological changes and even total lack of these ganglia, which contain the cell-
bodies of bipolar sensory neurons (Merrill et al., 2002). In line with these findings 
are severe sensory deficits of mice hypomorphic for NAV2 (Peeters et al., 2004). 
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The goal of modern cell biology is to understand protein behavior not only in an 
artificial system, but in the cellular context. During fixation of cells, all informa-
tion about protein dynamics is lost, making it impossible to distinguish protein 
molecules that are permanently immobilized on a scaffold from transiently bound 
ones. It is therefore importand to study protein dynamics in vivo in order to com-
prehend protein function.

In this chapter, I first outline the main determinants of protein dynamics in 
relationship to function, and then continue to describe how fluorescence-based 
methods can be used to measure protein behaviour in living cells.

Determinants of protein dynamics and function2.1.	
The intracellular pool of a given protein can be described by several parameters, 
the most important of which are concentration, localization, diffusion and binding 
behavior of the protein. Together with the sequence and structure of the protein 
and information about its stability, they grant insight into protein function.

Localization of a protein is partly determined by specific targeting domains in 
its sequence. For example, a nuclear import signal allows active transport into the 
nucleus of a cell. However, while the overall localization of a protein often remains 
constant, single molecules are diffusing freely and binding transiently to varying 
interaction partners. Obviously, the amount of protein molecules bound to these 
partners not only depends on binding affinities, but also on the overall concentra-
tion of protein and binding partners.

Concentration2.1.1.	
Structural proteins like histones, actin or tubulin are very abundant and each 
comprise several percent of the total protein pool, corresponding to millions of 
molecules per cell. The other extreme are proteins that act in signaling cascades, 
where few copies might suffice. Protein concentration is regulated by gene expres-
sion  and RNA stability and translation on the one hand, and protein degradation 
on the other hand. Proteins can be expressed cell type specific (for example hemo-
globin in erythrocyte progenitors), and the contribution of a given protein to the 
total protein pool is cell type dependent. Tubulin constitutes about 3% of the total 
protein content in 3T3 cells and neuroblastoma cells (Chafouleas et al., 1981; Hiller 
and Weber, 1978; Olmsted, 1981), but up to 20% in neurons (Hiller and Weber, 
1978). Protein concentration is not only cell type dependent, but can also be regu-
lated during the cell cycle or upon signaling (Wang et al., 2006).

Localization2.1.2.	
Subcellular domains vary greatly in their properties (like structure, pH value, 
molecular composition). Therefore, the localization of a protein depends on its 
function - and the functionality of a protein in turn depends on its localization. 
For example,most receptors for extracellular signals are located at the plasma 
membrane, while proteins involved in DNA replication and translation reside in 
the nucleus. The intracellular localization of a protein can therefore provide first 
clues towards understanding its function. Protein localization can change during 
the cell cycle or upon signaling. Several mutations in tumor suppressor genes that 
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facilitate cancer development have been shown to involve protein mislocalization 
(Fabbro and Henderson, 2003).

Diffusion and transport2.1.3.	
The overall distribution of a protein pool might remain constant over time, but this 
does not necessarily reflect single molecule behavior. Individual protein molecules 
can passively diffuse through the cell, or be actively transported. The more mobile 
a given protein, the faster its overall distribution pattern can change.

Uniform distribution of a molecule is energetically most favorable. If an external 
disturbance (like a concentration gradient) is applied, the system relaxes into the 
most favorable state by relocalization of molecules. This process depends on the 
concentration gradient and the mobility of the protein, and can be described by 
Fick’s second law of diffusion,

¶
¶

( ) = Ñ ( )
t
c x t D c x t, ,2 (Eq. 2.1)

where Ñ is the nabla operator that denotes the derivative of a function in all 
spatial dimensions, c x t,( ) the concentration at position x , and D the diffusion 
coefficient. Assuming that all diffusing moleculesM  were localized to a single 
plane/line/spot (1-/2-/3- dimensional diffusion, r = 0 ) at t = 0 , the solution to 
(Eq.  2.1) is
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where r denotes the distance from the initial source and d the dimensionality 
of diffusion (1/ 2/ 3D). The initially infinitively concentrated source spreads into a 
Gaussian distribution with a spread of 2Dt  at full width half maximum. The spread 
of diffusing molecules is independent of the dimensionality of diffusion, whereas 
the drop of concentration at r = 0 increases exponentially with dimensionality.

The diffusion coefficient of a given molecule depends on the temperatureT
(in Kelvin), the viscosity h  of the solvent and the hydrodynamic radius r

h
 of the 

molecule,

D
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r
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(Eq. 2.3)

Ultracentrifugation of a purified protein in a buffer of known viscosity has long 
been used to determine the protein diffusion coefficient and thus its hydrodynamic 
radius. The hydrodynamic radius provides some insight into the shape of a protein 
and its incorporation in protein complexes. Turning this relationship around, the 
diffusion coefficient of a molecule of known hydrodynamic radius can be exploited 
to gain information about the viscosity of the surrounding medium. This technique 
was for example used to show that the viscosity of the cytoplasm does not differ 
from that of the nucleus (Seksek et al., 1997), and to reveal a drop in viscosity upon 
activation of Dictyostelium cells (Potma et al., 2001).
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Eukaryotic cells mainly contain water, but the high concentration of proteins 
and other macromolecules, and the subdivision of the cytoplasm by intersecting 
membranes. This has hardly any influences on the mobility of small molecules like 
water, but can hamper the diffusion of larger protein molecules, a phenomenon 
known as anomalous diffusion (Banks and Fradin, 2005). Anomalous diffusion 
leads to a time-dependent decrease of the observed diffusion constant D t t( ) = G a  , 
dependent on the parameter a describing the degree of anomaly, and the constant
G , for 3D-diffusion leading to a rewritten relationship between the mean square 
displacement (MSD), r t2 ( ) , and the diffusion coefficient D:

r t Dt r t t

normal anomalous

2 26 6( ) = ® ( ) =
    

     G a

 

(Eq. 2.4)

Diffusion is a passive process that is fast over short distances, but gets very slow 
over long distances, for example in axons. Energy dependent active transport via 
motor proteins greatly increases displacement rates. Active transport of a protein 
can be suspected, if its MSD increases more rapidly than linear with time.

Binding behavior2.1.4.	
Hardly any proteins are chemically so inert that they do not interact with other 
macromolecules in the cell, and their function and dynamic behavior are at least 
partly determined by their reversible interaction with other proteins, DNA, RNA 
or membranes. 

The reversible binding of a protein P to a scaffold S, 

P S PS+ ¬ ®¾¾ (Eq. 2.5)
can be described by two rate constants: the rate of binding konand the rate of dis-

sociation koff . At equilibrium, the binding and dissociation reactions are balanced:
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kon and koff can be combined into the equilibrium constant Keq and its reciprocal, the 
dissociation constant KD (in mole), which is a measure for the affinity of P for S.

K
k

k

PS

P S
K

k

keq
on

off
D

off

on

= =
é
ëê

ù
ûú

é
ëê

ù
ûú
é
ëê

ù
ûú

® = (Eq. 2.7)

The half-life of an “inert” interaction (affinities are cosntant) is linked to the 
dissociation constant by

t
k

off

1
2

2
=

( )ln
(Eq. 2.8)

which allows one to calculate koff from measured half-lifes of association. The 
half-life can range from milliseconds for weak interactions to hours for the interac-
tion between histones and DNA (Kimura and Cook, 2001).

The interaction between a protein and its binding partners can be regulated by 
numerous means:
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 Most scaffolds contain several binding sites for a given protein, which 1.	
can influence one another. If the binding is cooperative, a bound mol-
ecule facilitates the binding of consecutive molecules. This leads to 
the local accumulation of a protein, as can be seen for single strand 
binding protein (SSB) along DNA (Ferrari et al., 1994). If the binding is 
anti-cooperative, a bound molecule inhibits the binding of consecutive 
molecules.
When several proteins share the same binding partner to which they 2.	
bind mutually exclusively, they compete. Then binding depends not 
only on the concentration of protein P1 and its affinity for S, but also on 
the relative concentration of the competing protein P2 and its affinity 
for S.
Proteins can be part of mutually exclusive complexes with different 3.	
function, often regulated by external signals or during the cell cycle. 
Many proteins can bind to themselves or other copies of the same 4.	
protein, which can influence protein behavior. Intramolecular bind-
ing can result in the masking of an interaction domain, and effectively 
sequester the protein as can be seen for the autoinhibition of CLIP-170 
(Lansbergen et al., 2004). On the other hand, intermolecular binding 
that does not maks the interaction domain might increase the local 
concentration of binding domains, thereby facilitating binding. This 
might explain why most +TIPs need at least two MT-binding domains 
to bind microtubules efficiently (Slep and Vale, 2007).
Proteins that are overexpressed tend to accumulate in aggregates. 5.	
Aggregated proteins are often inaccessible for interacting proteins and 
loose their binding abilities. 
The most striking naturally occurring multimerization is the poly6.	
merization of cytoskeletal proteins – obviously tubulin and micro
tubules differ greatly in their ability to bind other proteins. 

Traditionally, binding of proteins is assessed by in vitro assays. However, this 
does not conserve the local environment encountered by a protein in vivo, which 
could change binding properties. To understand protein function, it is therefore 
necessary to determine its localization, mobility and binding partners in the cel-
lular context.

Using fluorescence to visualize proteins2.2.	
Single cells are far too small to be seen by the human eye. Visualization of plant 
and eukaryotic cells and bacteria only became possible with the invention of light 
microscopy in the 17th century, and its subsequent improvement. In conventional 
light microscopy, light passing through the specimen gets absorbed, generating 
contrast. Most eukaryotic cells contain proteins, nucleic acids, and membranes that, 
unlike the cell walls of plants, hardly absorb light of visible wavelengths. Therefore, 
although the resolution became high enough to be able to visualize single cells and 
their internal structure, lack of contrast prevented this in untreated samples.

Several approaches were taken towards improving the visualization of cellular 
structures. Initial ideas were based on using dyes that bind to membranes, DNA, or 
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specific proteins. Having to fix cells before staining remained a problem, as fixation 
itself can alter cellular structures (Hoetelmans et al., 2001) and precludes visuali
zation of any dynamic processes.
Searching for other possibilities to generate contrast from cells led to the develop-
ment of differential interference contrast (DIC) microscopy in the 1950s (Pluta, 
1994). Differences in refractive indices result in a phase-shift of polarized light. DIC 
uses interference between those phase-shifted wave-fronts to generate contrast. In 
cells, differences in refractive indices are found between membranes and aqueous 
solutions, but not inside the cytoplasm, enabling the visualization of all membrane 
enclosed structures but leaving the cytoplasm without contrast differences.

Colored dyes that specifically stain DNA, membranes or some proteins have 
been known for a long time, but not all dyes can be combined, and they are only 
available for a small percentage of proteins. The discovery of small fluorescent dyes 
like Cy5 or rhodamine, which can be covalently bound to proteins, in combination 
with the broader availability of antibodies made specific visualization possible for 
most proteins against which antibodies are available (Silverstein, 2004). Antibody-
based visualization requires fixed cells, only allowing a static image of protein 
localization and introducing fixation and other artifacts.

In order to visualize proteins in vivo, the purified protein of interest can be 
covalently linked to a small dye and subsequently reintroduced into a single cell 
by microinjection. This technique is laborious, which has stimulated the develop-
ment of visualization methods that require neither fixation nor microinjection of 
cells. The most widely known approach is the use of fluorescent proteins, where 
an autofluorescent protein (often green fluorescent protein, GFP) is fused to the 
protein of interest by genetic means. 

One should realize that fluorescent proteins are large tags (25-30 kDa), which 
can impair the function of fusion proteins. EB3 for example can still bind to micro-
tubule ends as EB3-GFP fusion protein but is impaired in its binding to CLIP-170, 
while GFP-EB3 still binds to CLIP-170 but is largely impaired in its binding to micro-
tubule ends. To circumvent these possible problems, the FlAsH/ReAsH-system was 
developed (Griffin et al., 1998). It consists of a 6 aminoacid tag that can even be 
inserted into a helix-sequences, and an arsenic dye that can penetrate the cell mem-
brane and only fluoresces when it is bound to the specific tag sequence (Adams et 
al., 2002). Despite its advantageous size, the FlAsH/ReAsH tag is not broadly used, 
possibly because of its toxicity and the low signal-to-noise ratio (SNR) that can be 
obtained with a single tag (Miller and Cornish, 2005).

Green Fluorescent Protein (GFP)2.2.1.	
Green fluorescent protein (GFP) was discovered by Shimomura et al. (1962) when 
they were isolating the blue luminescent protein Aequorin from Aequorea victoria 
jellyfish and found another protein that fluoresced green when excited with UV-
light, but it took another 30 years before the gene sequence of GFP was identifed 
(Prasher et al., 1992).

Fluorescence of GFP is intrinsic and does not require external cofactors. Intro-
ducing DNA coding for GFP into prokaryotic or eukaryotic cells results in the pro-
duction of fully functional fluorescent protein (Chalfie et al., 1994). Introducing 
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pointmutations has improved the maturation speed and photostability of GFP (Yang 
et al., 1996). Mutation of aminoacids around the fluorophore generated fluorescent 
proteins with shifted absorption and emission spectra. Yellow fluorescent protein 
(YFP) and cyan fluorescent protein (CFP) (Miller et al., 1999) are now widely used, 
for example in FRET experiments (see chapter 2.5.3). 

Fluorescent proteins have also been discovered in other species (Matz et al., 
1999). Tetrameric red fluorescent DsRed from Discosoma striata (Fradkov et 
al., 2000) has been mutated into the monomeric mRFP (Campbell et al., 2002), 
making it more suitable for in vivo applications. The mRFP-derived family of 
mFruits (Shaner et al., 2004) has further expanded the fluorescence spectrum with 
which proteins can be visualized.  Recently, the brighter far-red proteins Katushka 
(Shcherbo et al., 2007) and its monomeric mutant mKate (Merzlyak et al., 2007) 
have been reported.

Mutants of GFP have been engineered that either remain non-fluorescent until 
activated with a shorter wavelength laser pulse, or change their absorption and 
emission spectrum upon activation. These mutants are well suited to study protein 
transport and to test if subcellular domains are connected (Lippincott-Schwartz 
and Patterson, 2003).

The photophysical properties of GFP have been studied extensively, which 
improves the interpretation of experiments with GFP-fusion proteins. An electron 
is lifted from the groundstate S0 to the higher energetic state S1 upon absorption 
of a photon by a fluorescent molecule. Relaxation back into S0 is coupled to the 
emission of a photon with a longer wavelength than the exciting photon (due to the 
Stoke’s shift). The excited electron can also enter a so-called triplet state where it 
changes its spin, which prohibits relaxation into the ground state. A GFP-molecule 
is trapped in the non-fluorescent triplet-state for on average 5-25 μs. The precise 
value depends on the GFP variants studied and the measurement method used 
(Visser and Hink, 1999; Widengren et al., 1999).

GFP can also “blink” into a longer lived non-fluorescent state in addition to the 
transition into the triplet state. The average lifetime of this off-state was reported 
to be 1.6 s in vitro (Garcia-Parajo et al., 2000) and 2.3 s for a H2B-GFP fusion pro-
tein in vivo (Ibrahim, 2006), which is independent of the excitation laser power. 
The frequency with which individual GFP-molecules “blink” into the darkstate 
increases with used laser power, and the maximum emission intensity is reached 
at 1.5 kW/cm2, above which the increase in excitation intensity is counteracted by 
an increase in “blink” frequency (Garcia-Parajo et al., 2000).

Fluorescence as a tool to measure protein dynamics2.3.	
The advent of GFP not only revolutionized cell biology (Tsien, 1998), but also the 
study of protein dynamics (reviewed by Lippincott-Schwartz et al., 2001). Tech-
niques that make use of fluorescence to study protein behavior can be divided into 
four groups: 

single molecule techniques that track individual fluorescent molecules 1.	
in time and space; 
ensemble techniques that look at the average behavior of a protein (for 2.	
example FRAP);
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single molecule techniques that do not reveal spatial information (for 3.	
example FCS);
attempts to simultaneously track all fluorescent molecules in time and 4.	
space.

Laser Scanning Microscopy (LSM)2.3.1.	
Conventional epifluorescent microscopy does not block out-of-focus light, which 
results in blurry images with low resolution in the z-axis. To eliminate out-of-
focus light, a pinhole is introduced in the beam path in confocal microscopy, which 
reduces the imaged area to a diffraction limited spot. Moving the laserbeam with 
mirrors across the sample in X- and Y- direction generates a two-dimensional 
image. In the early days of confocal microscopy (the 1950s), the introduction of 
a pinhole blocked most of the emitted fluorescence, and high excitation intensi-
ties were therefore needed to generate a reasonable fluorescent signal, resulting 
in fast photobleaching. Advent of computer systems, improved detectors, and 
introduction of laser technology to the field of bio-imaging in the 1980s helped 
to overcome this drawback. In confocal laser scanning microscopy (CLSM), a laser 
beam is focused through an objective onto the specimen. The emitted fluorescence 
passes through the objective and the pinhole onto a detector. The detector used 
in most commercially available systems is a photo-multiplier tube that registers 
about 10% of the incoming photons.

The laser beam used in CLSM can be deflected by mirrors in X- and Y-direction 
to generate a two-dimensional image. Three-dimensional images are achieved by 
moving the focal plane (or sample) in Z-direction and repeating X-Y-scans. The laser 
dwell time at a given X-Y-Z-position determines on the one hand imaging speed and 
on the other hand image intensity. As temporal resolution comes at the expense 
of spatial resolution and vice versa, image size and sampling rate need to be opti-
mized for every application, especially when following dynamic processes.

Excitation of fluorophores can also destroy them. The rate with which fluoro-
phores are bleached (destroyed) depends on their photostability and the excitation 
power. When imaging cells expressing low amounts of fluorescent protein, increa
sing the laser power might therefore not improve image quality. Photobleaching 
needs to be reduced as much as possible in time-lapse imaging, so that the image 
quality does not degrade too much over time. Destroyed fluorophores often con-
tain free radicals that are cytotoxic, but the barrel-structure of GFP protects the cell 
from most toxic effects of photodestroyed GFP molecules.

Fluorescence Speckle Microscopy (FSM)2.3.2.	
Microtubules in cells that contain a small fraction of fluorescently labeled tubulin 
molecules incorporate these randomly and appear speckled. These speckles can 
be followed over time, tracking their movement, appearance and disappearance 
(reviewed in Danuser and Waterman-Storer, 2006). The signal-to-noise ratio and 
number of traceable speckles is low if individual speckles are due to the absence/
presence of a single fluorescent molecule in a diffraction limited spot. More infor-
mation can be gathered from cells with higher labeling ratio, where speckles arise 
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from statistical variations in protein number and each contain several fluorescent 
molecules (Danuser and Waterman-Storer, 2006). 

FSM is often used in so-called “kymograph” analyses to study microtubule 
dynamics or protein turnover along a microtubule, but more sophisticated analysis 
of FSM images enables probing actin cytoskeleton dynamics (Danuser and Water-
man-Storer, 2006).

Fluorescence Correlation Spectroscopy (FCS)2.3.3.	
All molecules move randomly, a process called Brownian motion. In addition to this 
stochastic variation in their location, fluorescent molecules also switch between 
fluorescent and non-fluorescent states (as described for GFP in chapter 2.2.1). This 
leads to fluctuations in the amount of fluorescence that can be detected from a 
single molecule at a given position. Most of these fluctuations cancel each other 
out in classical fluorescence microscopy, which visualizes the sum of fluorescence 
emitted from many molecules. The remaining fluctuations are encountered as 
noise that worsens the signal-to-noise ratio (SNR). These fluctuations, however, 
contain hidden information about the dynamics of the system.

First applications of fluctuation spectroscopy were described at the beginning 
of the 20th century by Svedberg and Inouye (1911), who investigated light scatter-
ing of colloidal gold particles. Fluorescence correlation spectroscopy (FCS), which 
uses fluctuations in fluorescence intensity to gather information about molecule 
behavior, was introduced in the 1970s (Elson and Magde, 1974; Magde et al., 1972; 
Magde et al., 1974). Confocal optics (Qian and Elson, 1991) and improvements 
of the signal to noise ratio and sensitivity facilitated single molecule detection 
(reviewed in Maiti et al., 1997).

Extensive descriptions of the theoretical basics of fluorescence correlation 
spectroscopy have been published (Elson and Magde, 1974; Thompson, 1991), The 
key concept in fluorescence correlation spectroscopy (and other fluctuation-based 
methods) is the autocorrelation functionG t( ) , which describes the average self-
similarity of the intensity I for increasing time-intervals t  .

G
I t I t

I

I t I t

I
t

t d d t
( ) =

( ) +( )
= +

( ) +( )
2 2

1 (Eq. 2.9)

The deviation of the intensity from the average, dI t( ) , obviously depends on 
the deviation in the concentration of fluorescent particles dC , but also on their 
position r in the excitation and detection volume, because excitation and detection 
efficiency are position-dependent:

d h dI t W r C t r
V

( ) = ( ) ( )ò , (Eq. 2.10)

where h is the molecular brightness, expressed as the count rate per molecule 
and second. In confocal microscopy, the detection efficiency W r( ) can be approxi-
mated with a 3D Gaussian curve where  w

xy
 and w

z
describe the distance in lat-

eral and axial direction at which the intensity I decays to I I e= × -
0

2 (Rigler et al., 
1993):
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The autocorrelation function (Eq. 2.9) can be solved for i independent species 
of freely diffusing molecules by inserting equations (Eq. 2.2), (Eq. 2.10) and (Eq. 
2.11).
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The average concentration of fluorescent particles is denoted by N , and 
tdif,i, the average time a molecule of species i remains in the observation volume, 
depends on its diffusion coefficient:

D
tran

xy

dif

=
w

t

2

4
(Eq. 2.13)

The average number of fluorescent molecules in the observation volume can 
easily be calculated from the amplitude of the autocorrelation function t =( )0 :

G
N

0 1
1( ) = + (Eq. 2.14)

The solution for the autocorrelation function described in (Eq. 2.12.) is based on 
the assumption that the molecular brightness h  of a fluorophore remains constant. 
This does not hold for most fluorophores at commonly used excitation powers, 
because fluorophore transition into the triplet state (see chapter 2.2.1) often 
causes fluorescent “flickering”. If fluorescence fluctuations arising from inter- and 
intramolecular reactions (like transition into the triplet state) are much faster than 
fluctuations caused by molecular movement, the two dynamics can be separated:

G X G
total kinetics motion

t t t( ) = ( )× ( ) (Eq. 2.15)

Triplet kinetics can be described with a simple exponential decay, which 
depends on the fraction T of molecules in triplet state and the average time t

triplet
 a 

molecule remains in the triplet state 

X T T e
triplet

Tt
t
t( ) = - + ×

-

1 (Eq. 2.16)

Inserting equations (Eq. 2.16) and (Eq. 2.12) into equation (Eq. 2.15) yields the 
most widely used description of 3D diffusion in the presence of a non-fluorescent 
triplet-state (Widengren et al., 1995).
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Usually, a theoretical autocorrelation curve is fitted to experimentally obtained 
data by a Levenberg-Marquardt non-linear least square fitting algorithm. 

The autocorrelation curve has also been solved for other dynamic processes like 
two-dimensional diffusion (for example in membranes), directed transport, and 
anomalous diffusion, broadening the applicability of FCS in addressing biological 
questions. Several reviews in recent years describe the broad range of biological 
questions addressed with FCS (Gosch and Rigler, 2005; Kim and Schwille, 2003; 
Medina and Schwille, 2002; Thompson et al., 2002; Vukojevic et al., 2005), that 
range from intracellular protein concentrations and ligand-receptor interactions 
to gene expression and the formation of protein complexes.

Much of modern cell biology is based on GFP-fusion proteins. In order to better 
understand results from these experiments, the behavior of GFP has been studied 
extensively, mostly using FCS. Intracellular GFP is relatively inert and does not bind 
to other macromolecules. Measuring the diffusive behavior of GFP in subcellular 
compartments therefore relates to their viscosity. Studies of Chen et al. (Chen et 
al., 2002) show, that the effective viscosity encountered by GFP in the cytoplasm
D m s

tran
=( )25 2m and the nucleus D m s

tran
=( )23 5 2. m is about three times higher 

than in aqueous solutions D m s
tran

=( )78 2m . These findings are in line with a four-
fold decrease of D in the cytoplasm and nucleus compared to an aqueous solution 
(Seksek et al., 1997).

The SNR in FCS experiments depends on the collection efficiency of the detec-
tor, the molecular brightness, and inversely on the number of molecules in the 
measurement volume. Confocal optics reduce the effective volume of standard FCS 
setups to less than 0.5 fl, with w m

xy
m» 0 25.  and w m

z
m» 1 5.  (Gao et al., 2007). 

Avalanche photodiodes (APDs) used as detectors in most FCS set-ups have a detec-
tion efficiency of about 80%, which is much higher than the PMTs used in CLSM 
set-ups. 

A theoretical study by (Enderlein et al., 2005) shows, that diffusion coefficients 
and concentrations calculated from autocorrelation curves critically depend on the 
set-up of the experiment. Most FCS experiments are based on the measurement 
of a standard of known concentration and diffusion coefficient as a reference for 
the evaluation of the samples of interest, which eliminates most sources of errors 
(Enderlein et al., 2005). Autofluorescence in biological samples is another factor 
that can influence the interpretation of FCS experiments, especially when auto-
fluorescence arises not from many dim sources, but from few bright sources that 
generate an autocorrelated signal (Brock et al., 1998). In contrast to plant cells, 
autofluorescence is only a minor problem in most cultured mammalian cells, as 
long as they are not subject to stressors (like prolonged visualization under the 
microscope).
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Fluorescence Recovery After Photobleaching (FRAP)2.3.4.	
FCS looks at small fluctuations around the average concentration with the aim 
not to disturbe the system (although the continuously focussed laser beam locally 
heats the sample). A different approach is chosen in FRAP (Fluorescence Recovery 
After Photobleaching), where a fraction of intracellular fluorophores is deliber-
ately rendered non-fluorescent through bleaching with high laser power, and the 
subsequent relaxation of the system to equilibrium is monitored (Houtsmuller and 
Vermeulen, 2001; Reits and Neefjes, 2001). 

Like FCS, FRAP was developed in the 1970’s. It was initially used to measure 
recovery of fluorescence after a round spot in the plasma membrane had been 
bleached (Axelrod et al., 1976). Under these circumstances, 50% of initial fluores-
cence has recovered after t

dif
, which depends on the apparent diffusion coefficient 

D, the correction factor γ that depends on the shape of the laser beam and the 
fraction of initially bleached molecules, and the width of the laser beam ω at which 
the laser intensity has dropped to I I e= × -

0
2 .

t
w g

dif D
=

2

4
(Eq. 2.18)

In the presence of an immobile fraction, which does not exchange with the sur-
rounding unbleached molecules over the timecourse of the experiment, a mobile 
fractionR can be defined, which depends on the fluorescence intensity before 
bleaching Fi , the remaining fluorescence intensity F0 directly after the bleach, and 
the maximum regained fluorescence intensity F¥.

R
F F

F F
i

=
-

-
¥ 0

0

(Eq. 2.19)

For favorable bleach geometries and fluorescent molecules that purely recover 
due to their diffusion, the FRAP recovery curve can be described analytically. This 
gets more complicated if other processes than diffusion influence fluorescence 
recovery or if the bleach geometry is not favorable. Two approaches to the inter-
pretation of more complex FRAP data have been developed. The first one uses 
evermore complicated formulas that try to encompass all the processes leading to 
the observed recovery. The second approach gathers as much data about the pro-
tein studied (concentration, unobstructed diffusion behavior) and tries to emulate 
measured FRAP recoveries by varying dynamic parameters in computer simula-
tions (Farla et al., 2004; van den Boom et al., 2007; Sadegh Zadeh et al., 2007; Xouri 
et al., 2007). Most approaches that use computer simulations have been focused on 
nuclear proteins.

Sprague et al. (2004) have provided the most extensive evaluation of fluores-
cence recovery in a round bleached spot in the presence of diffusion and bind-
ing events. They assume 1) that the system is at equilibrium before bleaching, so 
that the total number of free binding sites, free molecules and bound molecules 
remains constant over the timecourse of the FRAP experiment, 2) that the fraction 
of bleached molecules is negligible compared to the total pool of fluorescent mol-
ecules, and 3) that bound molecules do not diffuse. This simplifies the functions 
that describe the system and enables an analytical description of FRAP recovery 
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for a single diffusing species in the presence of binding reactions. The average of 
the Laplace transform of the fluorescence intensity in the bleached spot is given 
by

frap p
p

F

p
K qw I qw

k

p k
eq on

off

( ) = - - ( ) ( )( )´ +
+

æ

è

ççççç

ö

ø

÷÷÷÷
1

1 2 1
1 1

*

÷÷÷
-

+

C

p k
eq

off

(Eq. 2.20)

This function contains Bessel functions of the first and second kind, and depends 
on the variables kon, koff, Ceq, Feq, Seq and Dtran,  which demonstrates the complexity 
of numerical solutions to FRAP recovery curves. Sprague et al. demonstrate that  
can be simplified for recoveries that are dominated by either reaction kinetics 
or diffusion, and evaluate for which range of kon and koff these simplifications are 
applicable.

In nearly all interpretations of FRAP data, the concentration of immobile bind-
ing sites is assumed to remain constant over the time course of the experiment. 
This holds true for proteins that bind to DNA or along the microtubule lattice, but 
some focal adhesion proteins tend to turn over with comparable rates as the focal 
adhesions themselves. A theoretical framework has been described that allows 
to determine kinetic rates under conditions where the number of binding sites 
decays or grows exponentially (Lele and Ingber, 2006). This equation is even more 
complex than (Eq. 2.20), containing four exponential terms and several variables, 
making its usefulness for real applications doubtful.

Most fitting functions derived so far assume that bleaching is instantaneous, 
and the first post-bleach image is acquired immediately. This ensures that the 
bleach geometry can be described precisely and that all molecular movement can 
be followed in the FRAP curve. Modern confocal microscopes can image areas of 
about 10 μm2 with 10 Hz, making it tempting to approximate that molecules indeed 
remain static during the bleach. Most real applications on the other hand require 
several bleach iterations to achieve enough bleach depth and deal with molecules 
whose displacement between the bleach and acquisition of the first post-bleach 
image is not negligible, which might lead to the gross underestimation of diffusion 
coefficients and the misinterpretation of binding behavior (Weiss, 2004). Other fac-
tors that influence the measurement of FRAP and the quality of fitted parameters 
have been described concisely (Klonis et al., 2002).

In most interpretations of FRAP experiments, the only variable is the recovery 
of fluorescence intensity averaged over the bleached area. This neglects any spatial 
information that could be gathered from the experiment. A different approach is 
proposed by Seiffert and Oppermann (2005) who bleach a spot or strip and follow 
the fluorescence intensity over time perpendicular to the bleached area. This 
yields a Gaussian curve that slowly flattens and broadens. Neglecting any bind-
ing reaction, this can be treated as diffusion of bleached molecules according to 
(Eq. 2.1) and (Eq. 2.2). The intensity I r t,( )  at a given timepoint and position is 
dependent on the pre-bleach intensity I0 and M, the amount of fluorescence lost 
during bleaching.
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The spread of bleached molecules can also be described by a Gaussian distri-
bution with amplitude A t( )  and the full width of half maximum w (Seiffert and 
Oppermann, 2005). Comparing the two sides of  (Eq. 2.21) reveals that the diffu-
sion coefficient can be determined from a linear plot of w2 vs. t, based on 

w2 2= Dt (Eq. 2.22)

Based on (Eq. 2.21), the dimensionality of diffusion d  can be determined from 
a plot of log . logA tvs , as can be appreciated by rewriting 
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in logarithmic form:
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FRAP experiments reveal the diffusion coefficient D of a given protein and its 
mobile fraction (the fraction of unbleached molecules exchanging with bleached 
ones over the timecourse of the experiment), but the processes that lead to the 
observed diffusion coefficient remain unresolved. Slower diffusion can be due to a 
more viscous environment, but also to transient binding to an immobile scaffold. 
A complementary technique to FRAP is FLIP (fluorescence loss in photobleach-
ing), where a region of the cell is bleached repeatedly, and fluorescence intensity 
in other regions of the cell is followed. If the studied protein were restricted to the 
bleached area (i.e. trapped in a vesicle or specific patch on the plasma membrane), 
no loss of fluorescence in other regions of the cell is to be expected. If the protein 
were completely free diffusing, one would expect a uniform loss of fluorescence 
all over the cell. This technique has been used to study protein behavior in the 
nucleus (Hoogstraten et al., 2002; Phair and Misteli, 2000; Wachsmuth et al., 2003), 
nucleo-cytoplasmic shutteling (Koster et al., 2005), and the continuity of cell com-
partments. It is also useful in identifying regions of protein binding, as these will 
remain as fluorescent spots in an otherwise bleached cell.

Time-lapse imaging2.4.	
The advent of computer systems that could store image data in real time led to a 
revolution in imaging and image processing. Before the wide availability of com-
puter systems to store and process image data, extraction of image features was a 
very laborious task. Following few particles over time or analyzing the structural 
features of several images was therefore the limit of feasibility. Modern computer 
systems have automated most steps of image acquisitions and analysis, generating 
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much more datapoints and enabling sound statistic analysis of the results. Broad 
availability of imaging software, and their (relative) ease of use made time-lapse 
microscopy one of the most widely used research techniques. The broad scope of 
commercial imaging software on the other hand also limits its suitability, as it lacks 
specialized algorithms that are able to solve specific research questions.

Adressing a research question with time-lapse analysis can be divided into four 
steps that can be optimized: 1) image acquisition, 2) image preprocessing, 3) fea-
ture extraction, and 4) feature analysis (Meijering et al., 2008).

Image Acquisition2.4.1.	
The ultimate goal of optimizing image acquisition is to generate images as fast 
as possible that are as good as possible with as little damage to the cells as pos-
sible. Obviously, these three goals are not to be seen independently of one another. 
Increasing the laser or lamp power will improve image quality - at the expense of 
photobleaching and phototoxicity; and increasing the frame rate will improve the 
time resolution – at the expense of image quality.

Still, many optimizations can be made that benefit both image quality and 
image speed. Fluorophores vary greatly in their photostability and phototoxicity, 
and their suitability might depend on the available imaging system. The optical 
path of the microscope (including filters and beamsplitters) needs to be adjusted 
to maximize detection efficiency, which is obviouslyinfluenced by the quality and 
settings of the photodetector.

Although cells are three-dimensional, it might be beneficial to image them in 2D 
to improve imaging speed, but one needs to first determine if the resulting  loss of 
spatial information influences the data interpretation.

Image Preprocessing2.4.2.	
The purpose of image preprocessing is to reduce artifacts of image generation and 
enhance image features without altering the image content. The most commonly 
encountered artifact is photobleaching during time-lapse imaging, which may dis-
guise subtle changes in local intensities. Small movements of the stage or of cells 
might mask or enhance intracellular movements. Image registration (the alignment 
of all images in a time-series so that an immobile feature remains immobile) can 
correct for this (Goobic et al., 2005). In confocal microscopy, the point-spread-func-
tion (PSF) is elongated along the z-axis, which convolutes the images and reduces 
their z-resolution. Deconvolution can improve z-resolution, and several algorithms 
that either assume knowledge about the PSF or not have been described (Meijering 
et al., 2008).

Apart from these techniques that aim at counteracting imaging artifacts, image 
features can also be enhanced by background substraction or contrast enhance-
ment. More demanding is the proper application of filters to reduce noise and 
enhance image features without changing the image content (Meijering et al., 2008). 
Filtering algorithms can be divided into two groups: linear filters that reduce noise 
but also blur relevant features, and non-linear filters. Non-linear filters cause less 
blur, and range from simple median filtering to much more sophisticated ones that 
need careful fine-tuning to not alter image features.
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Feature extraction/ tracking2.4.3.	
Time-lapse imaging generates more information than can be analyzed manually, 
which led to the advent of computer-aided tracking in the 1980s (Berns and Berns, 
1982). Since then, many tracking-algorithms have been published that differ in 
their complexity, and in their suitability for either cell-tracking or particle-tracking 
(reviewed in Meijering et al., 2006). Images of small particles are often diffraction 
limited, and the challenge of tracking them is to detect them. In contrast to small 
particles whose shape remains (relatively) constant over time, cells change their 
shape constantly, especially while migrating. The challenge in cell-tracking is to 
find a given cell back in consecutive frames even when its shape changed between 
frames.

Classical tracking algorithms2.4.3.1.	
Classical tracking algorithms detect object trajectories by a two-step approach: 1) 
feature extraction (where are objects in this timeframe?), 2) feature linking (what 
is the relation between objects in consecutive frames?).

Discriminating objects of interest from background purely on intensity is the 
simplest approach to feature extraction, but also the most error prone, as bright 
noise easily results in false positive detection, and discriminating objects in a 
crowded environment is nearly impossible. Other algorithms have been described, 
that differ in their performance depending on the object tracked (Cheezum et al., 
2001; Sbalzarini and Koumoutsakos, 2005). Detecting objects can be challenging, 
especially if the SNR is low or if objects need to be tracked in a crowded environ-
ment (Sage et al., 2005).

Linking objects in consecutive frames can be based on different criteria. For 
example, intensity, position, directionality or speed of movement (this requires 
linking objects in more than 2 frames) and shape (especially when tracking larger 
particles and cells) can all be used to link objects. This is relatively straightfor-
ward if no objects appear or disappear and all objects remain separated during the 
image sequence. Reality for biological tracking problems is non-ideal, with objects 
appearing, getting dimmer or disappearing due to photobleaching, particles mer
ging, and crossing particle paths. This makes intracellular object tracking chal
lenging (Kalaidzidis, 2007).

Tracking based on probabilities2.4.3.2.	
Commonly used tracking approaches extract information from single frames and 
often only link two consecutive frames. These approaches thus ignore the majority 
of available data. If the SNR is low, the human eye is not able to discern particles in a 
single frame, but can follow moving objects in a timeseries. A comparable approach 
is taken by probability-based tracking algorithms. Traditional tracking algorithms 
are quite error prone, because they attempt to determine with 100% probability if 
a given bright spot is a particle, where precisely this particle is located, and how it 
is moving. Probability-based algorithms use all available information from previ-
ous frames to calculate the probability of a given spot to be a particle and its most 
probable trajectory. Probability-based approaches have long been used in other 
areas like people tracking, but tracking in biological samples is more challenging 
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and only just being developed (Smal et al., 2007), because particle behavior is less 
predictable and often suffers from a worse SNR.

Track analysis2.4.4.	
Tracks in time-lapse imaging contain much implicit information. Initial examination 
of these tracks by eye may reveal some qualitative information about the process 
studied, but in order to quantify differences between experimental conditions or 
accurately describe particle behavior, explicit numeric values need to be extracted 
from the tracks. Extracted data can be roughly divided in three groups – geometry, 
diffusion and velocity.

Geometry measurements encompass not only the shape of measured trajecto-
ries (Is the particle moving in a confined environment? Are membranes divided in 
distinct patches?), but also the shape of the tracked object itself (How easily does a 
cell change its shape during migration?).

Measuring diffusivity tells something about the nature of particle movement. 
The mean square displacement (MSD) of a freely diffusing particle increases 
linearly with time. A smaller increase of the MSD over time than expected can be 
caused by anomalous diffusion or confined movement (MSD reaches a plateau in 
this case). A larger increase of the MSD over time on the other hand is caused by 
directed transport.

Velocity of a tracked cell reveals its migration speed, and the comparison 
between trajectory length and migration distance gives insight into the directional-
ity of cell migration. Not only the velocity of a particle or cell is important, but also 
trajectory length, for example the number of frames a growing microtubule can be 
tracked, depends directly on the persistence of microtubule growth.

Measuring protein-interactions with fluorescence2.5.	
Traditionally, protein-protein interactions are probed with yeast-two-hybrid 
screens, pull-down assays and immunofluorescence experiments. Binding is there-
fore investigated under non-physiological conditions – either in a different cell 
system orin fixed cells or in vitro. With the advent of GFP and other fluorescent 
proteins, the visualization of protein-protein interactions in vivo became feasible 
(reviewed in Hink et al., 2002).

Colocalization2.5.1.	
Colocalization is the most basic measurement that is used for the description 
of possible protein interactions in vivo. Measurement of colocalization does not 
depend on complicated set-ups or the fit of a complicated formula and is therefore 
often used to confirm protein-interactions that were found in in vitro experiments. 
It needs to be stressed though, that colocalization of two proteins does not prove 
their binding, but merely that they can be at the same position at the same time.

Sound interpretation of colocalization experiments depends on precise overlap 
of the image for different fluorophores and the separation of signal generated from 
different fluorophores. In real colocalization experiments, emission spectra of the 
fluorophores often overlap and the beam path contains chromatic aberrations 
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resulting in image shift. Correction for these non-ideal situations are described in 
a comprehensive review by Bolte and Cordelieres (2006).

Fluorescence Cross-Correlation Spectroscopy (FCCS)2.5.2.	
Molecular interactions have been studied with FCS based on changes of the diffu-
sion coefficient D upon binding. D is inversely proportional to the hydrodynamic 
radiusr

h
of the diffusing molecule, see (Eq. 2.3), which in turn is proportional to 

the cubic root of the mass of the moleculer M
h

~ 3 . Meseth et al. (1999) have exam-
ined the ability of FCS to separate two species with identical brightness based on 
their diffusion time, and concluded that the diffusion times need to differ at least 
1.6-fold, which corresponds to a fourfold mass difference. Therefore, FCS can not 
distinguish between monomers and dimers, or between unbound or bound mol-
ecules if the unlabelled binding partner is less than three times bigger than the 
fluorescent one.

Better suited to detect interactions is fluorescence cross-correlation spectros-
copy, a technique that makes use of two differently labelled fluorescent species 
(Schwille et al., 1997). In analogy to FCS (Eq. 2.9), the cross-correlation function for 
two species A and B is described as
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In parallel to the solution for FCS, the cross-correlation curve for freely diffus-
ing complexes can be described with
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The detection volumes of the different dyes overlap completely in the ideal FCCS 
set-up, but small differences in the detection volumes almost always remain in real 
FCCS experiments, which need to be taken into account. Commonly used dye pairs 
have partly overlapping excitation and/or emission spectra, resulting in “leaking” 
of the shorter-wavelength dye into the detection channel of the longer-wavelength 
dye. Solutions to the cross-correlation function that correct for these shortcomings 
of real experiments have been published (Weidemann et al., 2002).

FCCS was first realized experimentally in 1997 (Schwille et al., 1997). Since 
then, FCCS has been used to study a variety of processes. These include protein 
cleavage, DNA-protein interactions and nucleotide hybridization in vitro, and enzy-
matic cleavage, signaling pathways and intracellular trafficking in vivo (reviewed 
in Bacia et al., 2006).

The advantage of FCCS over colocalization studies is its high sensitivity and the 
probing of interaction rather than purely colocalization. The spatial constraints of 
FRET (discussed in chapter 2.5.3) do not apply for FCCS, making it also suitable to 
study non-adjecent members of a large complex. This comes at a tradeoff though, 
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because FCCS only detects moving objects, and is “blind” to slow molecules that are 
bound to the same scaffold for a longer period of time.

Fluorescence Resonance Energy Transfer (FRET)2.5.3.	
Fluorescence resonance energy transfer (FRET) detects the close proximity of two 
fluorophores of which the excitation spectrum of one overlaps with the emission 
spectrum of the other. For a single fluorophore, most excitation energy gets con-
verted into fluorescence emission, and non-fluorescent relaxation processes like 
triplet decay play a subordinate role. In the presence of a second fluorophore (the 
acceptor), which can be excited with the energy normally contained in the emit-
ted photons of the donor, a non-fluorescent relaxation process can occur, which 
has been termed FRET. This radiation-less energy transfer is due to dipole-dipole-
interactions, which depends on the orientation of donor and acceptor, and their 
distance. FRET efficiency E decays with the 6th power of the inter-fluorophore 
distance R.
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The Förster distance R0, at which the FRET efficiency drops to 50%, is constant 
for a given experiment. It only depends on the fluorescent molecules involved, and 
their orientation towards one another (Hink et al., 2002). The most extensively used 
fluorophore couple for intracellular applications is CFP and YFP, with R0 »  50Å 
(Hink et al., 2002). The short distance over which efficient FRET occurs, ensures 
that two fluorophores exhibiting FRET are indeed very close to one another, and 
thus most probably bound to one another. The inverse, i.e. that binding partners 
exhibit FRET, does not hold true in all cases, as the two fluorophores could be unfa-
vorably aligned or be positioned far from the binding domains.

FRET can not only probe intermolecular binding reactions, but also intramo-
lecular interactions (or rearrangements). Many methods have been developed 
to visualize FRET. They are all based on measuring deviation of either donor or 
acceptor fluorescence properties from the non-FRET state (Lippincott-Schwartz et 
al., 2001).

Fluorescence cumulant analysis and Photon counting histogram2.5.4.	
FCS investigates the motile behavior of a given protein (the time domain), but 
does not look at the brightness of individual fluorescent particles (the amplitude 
domain). This allows discrimination of complexes that differ at least four times in 
weight (Meseth et al., 1999). If the mass difference is less than four times, hetero-
meric complexes can still be studied by FCCS experiments – but when looking at 
homodimerization reactions, both approaches fail.

While homodimerization results in little change in the time domain, it doubles 
the signal in the amplitude domain. The first statistical approach to discern fluores-
cent particles based on the amplitude of florescence fluctuations was made nearly 
20 years ago (Qian and Elson, 1990). This approach has been further elaborated 
into fluorescence cumulant analysis (FCA Muller, 2004), which uses higher order 
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factorial cumulants to determine the brightness of a fluorescent species and sepa-
rate mixtures of fluorescent species based on their brightness.

A different approach to extract information about the molecular brightness of 
fluorescent species has been taken in photon counting histogram (PCH) analysis 
(Chen et al., 1999). Due to the quantummechanical nature of photons, the prob-
ability to collect N photons per sampling time from constant light source is given 
by a Poisson distribution 

p N
N e

N

N N

( ) =
-

!
(Eq. 2.28)

Due to fluctuations in fluorescence intensity, experimentally obtained PCH 
curves of fluorescent proteins show a broadening of the curve into a super-poisso-
nian distribution. Fluctuations in fluorescence intensity are caused by fluctuations 
in particle number, and inhomogenous excitation and detection efficiency over 
the sample volume. Information about the number of fluorescent molecules in the 
detection volume and their molecular brightness can be extracted from the devia-
tion of the experimentally obtained PCH curve from a Poissonian distribution.

PCH has been used to show that the molecular brightness of EGFP does not 
differ between the nucleus and the cytoplasm (Chen et al., 2002), but other applica-
tions of PCH or FCA have remained very limited. 
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Summary3.1.	
In motile fibroblasts stable microtubules (MTs) are oriented towards the leading 
edge of cells (Bulinski and Gundersen, 1991). How these polarized MT arrays are 
established and maintained, and the cellular processes they control, have been the 
subject of many investigations. Several MT “plus end tracking proteins”, or +TIPs 
(Schuyler and Pellman, 2001), have been proposed to regulate selective MT stabi-
lization, including the CLASPs (Akhmanova et al., 2001), a complex of CLIP-170, 
IQGAP1 and activated Cdc42 or Rac1 (Fukata et al., 2002), a complex of APC, EB1 
and mDia1 (Wen et al., 2004), and the actin-MT crosslinking factor ACF7 (Kodama 
et al., 2003). Using mouse embryonic fibroblasts (MEFs) in a wound healing assay, 
we show here that CLASP2 is required for the formation of a stable, polarized MT 
array, but that CLIP-170 and an APC-EB1 interaction are not essential. Persistent 
motility is also hampered in CLASP2-deficient MEFs. We find that ACF7 regulates 
cortical CLASP localization in HeLa cells, indicating it acts upstream of CLASP2. 
Fluorescence-based approaches show that GFP-CLASP2 is immobilized in a bimodal 
manner in regions near cell edges. Our results suggest that the regional immobili
zation of CLASP2 allows MT stabilization and promotes directionally persistent 
motility in fibroblasts.

Results and Discussion3.2.	

CLASP2 regulates MT stability and directionally persistent 3.2.1.	
motility in MEFs

We generated a CLASP2 knock out allele using homologous recombination in embry-
onic stem (ES) cells (Fig. 3-1A). Mouse embryonic fibroblasts (MEFs) were derived 
from E13.5 day CLASP2 knock out embryos and wild type littermates. RT-PCR 
analysis showed that CLASP2 mRNA expression downstream of the targeting site 
is abolished in knock out MEFs (Figure 3-S1A). Western blot analysis confirmed 
that no functional CLASP2 is produced in the knock out fibroblasts (Fig. 3-1B). The 
levels of tubulin (Fig. 3-1B), CLASP1, CLIP-115 and -170, EB1, p150(gGlued), and 
actin (Fig. 3-S1B), were similar in CLASP2 knock out and wild type MEFs.

In spite of the intrinsic dynamic nature of MTs (Desai and Mitchison, 1997), 
a subset of these fibers is stable and does not appear to undergo net growth or 
shrinkage (Schulze et al., 1987). In migrating cells polarized, stable MTs are post-
translationally modified, and can be specifically stained by antibodies (Bulinski 
and Gundersen, 1991). We examined whether CLASP2 knock out cells could form 
stable MTs efficiently in a wound healing assay (Liao et al., 1995). In wild type 
and CLASP2 knock out fibroblasts MT arrays were present after serum induction 
(Figure 3-S2A-D). Furthermore, CLASP1, EB1, EB3, CLIP-115 and CLIP-170 (Fig. 
3-S2I-X and data not shown) were detected at MT ends in both cell types. However, 
the formation of stable MTs, as measured with antisera against acetylated tubulin 
(Fig. 3-1C, D) and detyrosinated (glu-tub) alpha-tubulin (Fig. 3-S2E-H), was ham-
pered in knock out cells. Quantification of fluorescent signals revealed that the 
ratio of total MTs in knock out versus wild type MEFs was 89% (P<0.05), whereas 
that of stable MTs was 52% (P<<0.0001; Fig. 3-1D).
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Cold- and nocodazole-resistant MTs represent distinct subsets of stable MTs 
(Baas et al., 1994; Guillaud et al., 1998). Their levels are reduced in CLASP2 knock 
out MEFs (Fig. 3-1E, F), confirming that a CLASP2 deficiency affects stable MTs. 
Western blot analysis indicated that in CLASP2 knock out cells the formation of 
stable MTs is hampered in the first hours of wound healing (Fig. 3-S3F). Since stable 
MTs are not absent in CLASP2 knock out cells, CLASP2-independent pathways of 
MT stabilization must also exist. For example CLASP1, which is expressed in MEFs, 
could partially substitute for CLASP2.

Figure 3-1. CLASP2 regulates MT stabilisation and persistent motility in fibroblasts.
A) Targeting of the murine Clasp2 gene. A GFP-lox-neo-lox casette was inserted into a common exon 

used by all known CLASP2 mRNA splice variants (common exon 2). The neo gene is transcribed 
antisense with respect to the Clasp2 gene. Length of 5’end and 3’end homologous arms is indicated. 
RI: Eco RI restriction enzyme site, TK: thymidine kinase negative selection marker. LoxP sites are 
indicated by triangles.

B) Western blot analysis. Protein extracts of two wild type (lines 1 and 8) and two CLASP2-deficient 
(lines 2 and 6) MEF lines were incubated on western blots with antibodies against CLASP2 (#2358) 
and beta-tubulin.

C) Levels of acetylated MTs. Wild type and CLASP2 knockout MEFs were fixed 4 hours after migration 
into a wound. Cells were incubated with antibodies against acetylated tubulin, a marker for stable 
MTs. Arrow (20 µm) indicates direction of cell migration.

D) Comparison of acetylated and total MTs. Fluorescent intensities of acetylated tubulin and beta-
tubulin stainings were quantified for wild type and CLASP2 knock out MEFs, 4 hours after migration 
into a wound. More than 50 cells were measured from each genotype and for each staining. Standard 
error of the mean is indicated.

E) Cold-resistant MTs in motile MEFs. After cold-treatment wild type and CLASP2 knock out MEFs were 
fixed and stained with antibodies against beta-tubulin.

F) Nocodazole-resistant MTs in motile MEFs. After treatment with 10 µM nocodazole wild type and 
CLASP2 knock out MEFs were fixed and stained with antibodies against beta-tubulin. Scale bar, 
10 µm.

G, H) Cell motility assay. Total and directionally persistent migration distance were measured in wild 
type (line 8) and CLASP2 knock out (line 6) MEFs. The directionally persistent migration (D/T) is 
the ratio of direct distance from start to end point (D), divided by the total track distance (T). Of each 
genotype 30 cells were measured (SEM indicated), each individual track is shown in (G).
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CLASP2 is not essential for centrosome repositioning (Supplemental Data and 
Fig. 3-S3A). However, immunofluorescent stainings revealed polarity defects in 
CLASP2 knock out MEFs, which could be related to cell migration (Supplemental 
Data and Fig. 3-S3B-E). To test the effect of a CLASP2 deletion on intrinsic cell 
motility (Pankov et al., 2005), we measured both total and directionally persistent 
migration velocities of MEFs, after attachment of cells on fibronectin-coated cover-
slips and stimulation with basic fibroblast growth factor (Fig. 3-1G, H). The results 
suggest that a CLASP2 deficiency has no effect on the total migration distance of 
MEFs, but reduces their effective migration by a factor of two. We conclude that 
MTs stabilized by CLASP2 serve a role in directionally persistent migration. Our 
results link the asymmetric distribution of stable MTs to a highly polarized cell 
behavior.

Roles of CLIP-170 and an APC-EB1 interaction in the formation 3.2.2.	
of stable MTs

An interaction between CLIP-170 and CLASPs (Akhmanova et al., 2001), as well as 
complexes of CLIP-170, IQGAP1 and activated Rac1 or Cdc42 (Fukata et al., 2002), 
and of APC, EB1 and mDia1 (Wen et al., 2004), have all been proposed to play a 
role in the stabilization of MTs at the leading edge of cells. We recently described 
CLIP-170 knock out mice and MEFs and showed that, apart from a mislocaliza-
tion of dynactin, cultured fibroblasts lacking CLIP-170 have no obvious phenotype 
(Akhmanova et al., 2005). Using the wound healing paradigm, we could not detect 
an effect of a CLIP-170 deletion on stable MTs (data not shown).

To examine the function of an APC-EB1 interaction, we performed wound heal-
ing experiments with MEFs from mice with a truncated APC allele (Smits et al., 
1999). In these cells APC translation is interrupted at amino acid residue 1638 
(APC1638T) and mutant APC can not interact with EB1 or EB3. Using two wild type 
and two APC1638T cell lines, we detected similar levels of stable MTs after 4 hours 
in the wound healing assay (Fig. 3-2A-D, G). Both EB1 (data not shown) and EB3 
(Fig. 3-2E, F) localized at the ends of MTs in 1638T and wild type fibroblasts. These 
data argue against essential roles for CLIP-170 and an APC-EB1 interaction in the 
formation of stable MTs in motile fibroblasts.

ACF7 regulates cortical localization of CLASP2 in HeLa cells3.2.3.	
Another factor implicated in selective MT stabilization and directed cell migra-
tion is the spectraplakin ACF7 (Kodama et al., 2003). We explored a putative link 
between ACF7 and CLASPs in HeLa cells, since – in contrast to MEFs – these cells 
can be efficiently transfected with siRNAs. Moreover, CLASPs have been shown to 
localize at the cell cortex of HeLa cells and to regulate MT dynamics at this position 
(Mimori-Kiyosue et al., 2005). These data indicate that the cell edges of HeLa cells 
and of migrating fibroblasts share functional characteristics. We recently found 
that the protein LL5β interacts with the C-terminus of CLASPs and may form corti-
cal platforms, to which CLASPs attach distal microtubule ends (Lansbergen et al., 
2006). Like CLASP2, LL5β is localized at the cortex of HeLa cells and the leading 
edge of migrating fibroblasts.

goed.indb   61 31-1-2008   14:16:12



62

CHAPTER 3

The localization of ACF7 and CLASP2 in HeLa cells overlapped, especially at the 
cell cortex and in areas of cells that did not make contact with other cells (Fig. 
3-3A-C). Cortical ACF7 distribution actually resembles that of the CLASP-interac-
tion partners LL5β and ELKS (Lansbergen et al., 2006). Using an siRNA approach, 
we achieved a partial depletion of ACF7 with two different oligos (Fig. 3-3E, H), 
whereas a scramble oligo did not cause a knock down (Fig. 3-3B). Strikingly, ACF7 
depletion resulted in the partial disappearance of CLASP2 signal at the cell cortex 
of HeLa cells (Fig. 3-3D, F, G, I). We obtained similar results with GFP-CLASP2 in 
live cells; in untreated cells GFP-CLASP2 accumulated at the cell cortex (Fig. 3-4A), 
whereas in ACF7-depleted cells, this was not the case (data not shown).

A combined knock down of CLASP1 and -2 did not have an obvious effect on 
ACF7 localization (Fig. 3-3J-L). These results are similar to our LL5β knock down 
data (Lansbergen et al., 2006) and indicate that in HeLa cells ACF7 acts upstream of 
CLASPs. ACF7 might interact directly with CLASP2, as we identified ACF7 peptides 
by mass spectrometry in a recent pull down of potential CLASP2-associated pro-
teins (data not shown). We noted previously that LL5β-independent mechanisms 
of CLASP attachment to the cell cortex exist (Lansbergen et al., 2006). Whether 
ACF7 acts independently of, or in conjunction with, LL5β (and ELKS) remains to 
be determined.

Dynamic behavior of GFP-CLASP2 in HeLa cells3.2.4.	
In HeLa cells, GFP-CLASP2 acts as a +TIP and accumulates at the Golgi and cell cortex 
(Fig. 3-4A); the distribution of GFP-CLASP2 resembles that of endogenous CLASP2 
(Mimori-Kiyosue et al., 2005). Time-lapse analysis revealed dynamic “comet-like” 
dashes of GFP-CLASP2, which represent “plus end tracking protein” at the ends of 
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wound. Antibodies against tyrosinated tubulin (A, B), 
acetylated tubulin (C, D) and EB3 (E, F) were used. 
Scale bar in A, 7.5 µm, in E, 2.5 µm.

G) Comparison of stable and total MTs. Fluorescence 
intensities of acetylated tubulin and beta-tubulin 
were quantified for two wild type and two APC1638T 
MEF lines, 4 hours after migration into a wound. More 
than 50 cells were measured from each genotype and 
for each staining. SEM indicated.
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polymerizing MTs (Supplemental Data, Movie 3-1). We refer to other intracellular 
increases in GFP-CLASP2 signal, which do not have a “comet-like” shape and hardly 
move compared to “plus end tracking” CLASP2, as “accumulations”, or “CLASP2-
positive domains”.

To examine dynamic GFP-CLASP2 behavior in relation to stable MTs, we ana-
lyzed diffusion characteristics and conformation of soluble GFP-CLASP2, using 
fluorescence correlation spectroscopy (FCS) and Photon Counting Histogram 
(PCH) approaches (Supplemental Data and Fig. 3-S4). Our data suggest that soluble 
GFP-CLASP2 is monomeric, consistent with a report using mitotic Xenopus laevis 
extracts (Emanuele et al., 2005).

We next investigated GFP-CLASP2 in HeLa cells using fluorescence recovery 
after photobleaching (FRAP). We bleached regions in the interior and at the edge 
of cells (Fig. 3-4A). In the interior recovery was very rapid (Fig. 3-4B). By contrast, 
GFP-CLASP2 recovery at the cell cortex was slower and appeared to be bimodal, 
with a relatively immobile fraction that did not recover within the time frame of the 
experiment, and a more mobile fraction with a half-time of recovery of ~1 second 
(Fig. 3-4B). These data suggest that GFP-CLASP2 is retained by at least two differ-
ent mechanisms at the cortex of HeLa cells.

Phosphatidylinositol-3 (PI-3) kinase is an important regulator of CLASP2 locali-
zation at the leading edge of motile cells (Akhmanova et al., 2001). The effect of PI-3 
kinase seems to be mediated in part by LL5β, which can bind phosphatidylinositol-
3,4,5-triphosphate (PIP3) (Lansbergen et al., 2006). Since ACF7 can crosslink MTs 
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Figure 3-3. ACF7 regulates CLASP2 
localisation in HeLa cells.
A-C) HeLa cells, transfected with a scramble 

siRNA oligo, were fixed 3 days after 
transfection and stained for CLASP2 (green 
in merge) and ACF7 (red in merge). CLASP2 
and ACF7 accumulate at the cell cortex. Note 
that there is not a complete colocalisation.

D-I) HeLa cells were fixed 3 days after 
transfection with different siRNAs against 
ACF7, and stained for CLASP2 (green in 
merge) and ACF7 (red in merge). Cells 
depleted of ACF7 (indicated by asterisks), 
show reduced CLASP2 signal at the cell 
cortex. MT-end staining of CLASP2 (indicated 
by arrows in merges) is not affected.

J-L) HeLa cells, transfected with siRNAs 
against CLASP1 and -2, were fixed 3 days 
after transfection and stained for CLASP1 
and -2 (green in merge) and ACF7 (red in 
merge). Cells depleted of CLASPs (indicated 
by asterisks), still show ACF7 staining at 
the cell cortex. Bars in A, D: 10 µm, in G, J: 
7.5 µm, and in C, F, I, L: 3 µm.

goed.indb   63 31-1-2008   14:16:13



64

CHAPTER 3

and actin, the actin cytoskeleton may also regulate cortical localization of CLASP2. 
We tested whether inhibition of PI-3 kinase activity by wortmannin, or disassem-
bly of the actin network with cytochalasin D, affected the dynamic behavior of GFP-
CLASP2. When added to serum-grown cells, these compounds had a clear effect on 
cell morphology and the cortical localization pattern of CLASP2 (data not shown). 
However, the dynamic behavior of GFP-CLASP2 was not significantly altered (Fig. 
3-4C and data not shown).

GFP-CLASP2 behavior in non-motile 3T3 cells3.2.5.	
To analyze CLASP2 dynamics during cell migration, we generated 3T3 cells express-
ing GFP-CLASP2 under control of the reverse tetracyclin transcriptional activator 
(rtTA, see Supplemental Data). Control experiments suggested that GFP-CLASP2 
recapitulates the behavior of endogenous CLASP2 in these cells (Supplemental 
Data, Fig. 3-S5). In 3T3 cells GFP-CLASP2 is present in at least three fractions: a 
diffuse cytoplasmic pool, a MT end-bound fraction, and in accumulations near the 
leading edge, near the Golgi complex, and near focal adhesions.

FRAP analysis of GFP-CLASP2 in non-motile 3T3 cells demonstrated that GFP-
CLASP2 recovered much faster in the cytoplasm than in accumulations (data not 
shown). In the latter GFP-CLASP2 partitioned again into relatively mobile and 
immobile fractions (Fig. 3-4E, F). Nocodazole treatment did not affect behavior of 
GFP-CLASP2 in accumulations (Fig. 3-4F, see also Supplemental Data, Movie 3-3), 
indicating that the protein is maintained independently of dynamic MTs. These data 
are consistent with the observation that the interaction of CLASP2 with the cell 
cortex is mediated by its C-terminus, which does not bind MTs (Mimori-Kiyosue 
et al., 2005), but does bind LL5β (Lansbergen et al., 2006). The recovery of the 
mobile GFP-CLASP2 fraction could be fitted as described (Bulinski et al., 2001), 

Figure 3-4. GFP-CLASP2 behaviour in 3T3 cells.
A-C) FRAP analysis in transfected HeLa cells. GFP-CLASP2 localises at the ends of growing MTs (arrows) 

and accumulates at the cell cortex. In (A) a still image of a high resolution time-lapse experiment 
(Movie 3-1) is shown. Transfected cells were bleached in the cell body (internal, n=9) and at the cell 
cortex (edge, n=11). Average fluorescence recoveries are shown in (B). In (C) fluorescence recovery 
at the edge in untreated cells is compared to cells treated with 100 nM wortmannin (n=8).  Bar in 
(A), 2.5 µm.

D-F) FRAP analysis in non-motile 3T3 cells. GFP-CLASP2-positive accumulations were bleached (region 
of interest, or ROI, 1). Fluorescence intensities were measured in ROIs 1-4. In (F) the average 
fluorescence recovery is shown from accumulations measured in different cells (n=16, untreated 
cells, n=10, nocodazole treated cells). In E, relative fluoresence expressed as percentage of prebleach 
intensity in ROI1 is drawn on the vertical axis. Bar in (D), 1.5 µm.

G-I) GFP-CLASP2 behaviour in migrating 3T3 cells. Panels (G) and (H) show migrating cells 30 and 90 
minutes after serum induction, respectively. The arrow in G (30 µm) indicates direction of migration. 
The complete time lapse analysis is shown in Movies 3-4 and 3-5. The asterisk indicates the nucleus 
of a migrating cell. White round dots represent a stationary circle, within which fluorescence 
intensity of GFP-CLASP2 was measured during the time lapse analysis. This intensity is depicted in 
(I), where the arrows indicate the 30 and 90 minute time points. A.U., arbitrary units.

J-L) FRAP analysis in migrating fibroblasts. Cells were bleached (ROI 1, stippled rectangle in (K)) and 
fluorescence intensities were measured in the indicated ROIs. In panels J, K selected still images are 
shown. The arrow in J (5 µm) indicates direction of cell migration. The complete time lapse analysis 
is shown in Movie 7. In (L) fluorescence intensities are plotted with time (s) on the horizontal axis 
and relative fluorescence (percentage) on the vertical axis.
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which yielded a koff of 0.31 sec-1 with a corresponding half-time of recovery of 2.2 s. 
This recovery of GFP-CLASP2 is somewhat slower than in HeLa cells.

GFP-CLASP2 behavior in migrating 3T3 cells3.2.6.	
Wound healing experiments were performed to investigate GFP-CLASP2 during 
cell motility. GFP-CLASP2 redistributed towards the leading edge within 3-5 min-
utes after serum addition (data not shown) and was subsequently continuously 
targeted towards this area (Fig. 3-4G, H, see also Supplemental Data, Movies 3-4 
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and 3-5). High resolution imaging of GFP-CLASP2 in motile cells showed that “plus 
end tracking” protein was present, in addition to GFP-CLASP2 accumulations at 
the leading edge (Supplemental Data, Movie 3-6). Because cells move, GFP-CLASP2 
accumulations at the leading edge also change position (Figure 4I). With respect to 
a stationary point the accumulations remained at one position for 49 ± 19 minutes 
(22 accumulations counted, SD indicated). Thus, these domains generally turn over 
in less than one hour.

To analyze the intracellular mobility of GFP-CLASP2, we bleached a relatively 
large area of a motile cell (Fig. 3-4J-L, see also Supplemental Data, Movie 3-7), that 
included a leading edge accumulation. We then selected small regions of inter-
est (ROIs) inside and outside of the bleached areas to compare fluorescence in 
ROIs that contained an accumulation of GFP-CLASP2, to fluorescence recovery in 
cytoplasmic areas adjacent to accumulations. As shown in Fig. 3-4J-L fluorescence 
recovery in ROIs within a GFP-CLASP2 accumulation is incomplete and slower 
compared to recovery in ROIs adjacent to the area of local GFP-CLASP2 accumu-
lation. We subsequently performed circular spot bleachings in motile cells with 
similar results (data not shown). Together these data indicate that, comparable to 
non-motile cells, GFP-CLASP2 is immobile in accumulations at the leading edge of 
motile cells when compared to GFP-CLASP2 in adjacent areas.

In the epithelial Ptk1 cell line, CLASP2 is a +TIP in the cell body, but is associated 
with the MT lattice of “pioneering” MTs in the lamellipodium of migrating cells 
(Wittmann and Waterman-Storer, 2005). GFP-CLASP2 exchange on lamellipodial 
MTs is fast, with a half-time of recovery of ~600 ms. Behavior of GFP-CLASP2 in 3T3 
and HeLa cells differs significantly from that in Ptk1 cells. As “pioneering” MTs are 
not stabilized, we propose that migrating Ptk1 cells lack components in their lamel-
lipodium that can render CLASP2 more immobile and cause MT stabilization.

While the data in MEFs show that CLASP2 is involved in MT stabilization and 
is required for efficient persistent motility, results in HeLa cells and with GFP-
CLASP2 start to indicate the order of events in CLASP2-mediated MT stabilization. 
CLASP2 accumulates in domains at the edge of cells, through interaction with LL5β 
and ELKS (Lansbergen et al., 2006), and possibly ACF7 and other factors. Since 
wortmannin, cytochalasin and nocodazole do not significantly modulate CLASP2 
behavior in accumulations, we hypothesize that regulation by PI-3 kinase and actin 
is at the level of upstream factors, for example LL5β – a protein immobilized at 
the plasma membrane (Lansbergen et al., 2006). The amount of upstream factors 
determines the number of monomeric CLASP2 molecules in a particular domain 
at the cell edge. MT stabilization in CLASP2-positive domains might be related to 
its +TIP properties. MT-lattice binding of CLASP2 is allowed by the local inactiva-
tion of glycogen synthase kinase-3beta (GSK-3beta), downstream of PI-3 kinase 
(Akhmanova et al., 2001) and/or the small GTPase Rac1 (Wittmann and Waterman-
Storer, 2005). While a MT is bound in a CLASP2-positive accumulation monomeric 
CLASP2 molecules continuously exchange (in a bimodal fashion). The residence 
time of GFP-CLASP2-positive domains in migrating cells might provide an estimate 
of the turnover time of stable MTs. However, MT stabilization by CLASP2 is tempo-
rary, to allow efficient persistent motility.
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Experimental Procedures3.3.	

Antibodies and standard procedures3.3.1.	
We used rabbit polyclonal antibodies against CLIP-115 (Hoogenraad et al., 2000), 
CLIP-170 (Coquelle et al., 2002), CLASP1 (Mimori-Kiyosue et al., 2005), CLASP2 
(Akhmanova et al., 2001), EB1 and -3 (Komarova et al., 2005), and detyrosinated 
alpha-tubulin (a kind gift of Dr. C. Bulinski). Mouse polyclonal anti-ACF7 antiserum 
was purchased from Abnova. Monoclonal antisera were against GFP (Clontech), 
actin, beta-tubulin, gamma-tubulin, acetylated alpha-tubulin, vinculin, paxillin 
(Sigma), mDia1, p150Glued and GM130 (BD Biosciences). Secondary goat anti-
rabbit and anti-mouse antibodies were coupled to alkaline phosphatase (Sigma, 
1:7000) for western blotting, or to Alexa-350, -488 or -594 (Molecular Probes, 
1:300 or 1:500) for immunofluorescent studies.

Protein extract preparation and western blotting procedures have been described 
(Hoogenraad et al., 2000). RT-PCR was performed as described (Akhmanova et al., 
2005). The forward CLASP2 primer was located immediately downstream of the 
targeting site (5’AGCTTTTACAGATGTTCCTT3’), whereas the reverse primer was 
located on a downstream exon (5’GCAACAGTGATGCAAGCTTCCCTGAC3’). We fol-
lowed published procedures for siRNA-mediated depletion (Mimori-Kiyosue et al., 
2005). HeLa cells were examined 3 days after transfection. The siRNAs for CLASP1 
and -2 have been reported (Mimori-Kiyosue et al., 2005). For ACF7 we designed 
two sequences (siRNA-A: 5’-UUGCAGCAGGUGAAUGGAC-3’, siRNA-B: 5’-CCAAAGU-
GACUUGAAGGAU -3’). siRNAs were purchased from Ambion.

Cell culture, migration and centrosome repositioning3.3.2.	
The CLIP-170 (Akhmanova et al., 2005) and APC1638T (Smits et al., 1999) mutant 
mice have been described. To generate the CLASP2 knock out construct a mouse 
PAC genomic library RPCI21 (UK HGMP Resource Centre, Hinxton, Cambridge), 
prepared from female 129S6/SvevTac mouse spleen genomic DNA (Osoegawa et 
al., 2000), was screened for the Clasp2 gene, using human CLASP2 cDNA as a probe. 
One positive clone (P635-K11), containing a 7.3 kb Eco RI-fragment which included 
the second common exon, was chosen to generate the targeting construct. A GFP-
lox-neo-lox casette (where “neo” is the neomycin resistance gene) was inserted into 
a common exon used by all known CLASP2 mRNA splice variants (common exon 
2, see Figure 3-1A). In this allele translation is stopped after GFP and the neo gene 
is transcribed antisense to the mouse Clasp2 gene. Targeting techniques and the 
procedures for selection of ES cells and generation of knock out mice have been 
described (Akhmanova et al., 2005; Hoogenraad et al., 2002).

Isolation and culture of mouse embryonic fibroblasts (MEFs) was performed 
as published (Akhmanova et al., 2005). Swiss 3T3 fibroblasts were cultured as 
described (Akhmanova et al., 2001). We used a wound healing model (Akhmanova 
et al., 2001), based on the method of Gundersen and coworkers (Liao et al., 1995). 
Briefly, cells were grown to confluence, after which serum was removed for 24-48 
hours. A stripe of cells was then scratched off, creating a “wound” in the monolayer. 
Subsequently serum was added to the culture medium. Fibroblasts were fixed 4-6 
hours after serum induction.
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The centrosome repositioning assay was performed as published (Etienne-
Manneville and Hall, 2003), using antibodies against gamma-tubulin as marker for 
centrosomes. To test the levels of cold- and nocodazole resistant MTs, cells were 
allowed to migrate for 4 hours after serum-induction, and subsequently incubated 
on ice, or treated with 10 µM nocodazole (Kodama et al., 2003). Both treatments 
lasted for 15 minutes. Cells were subsequently fixed and analyzed with anti-tubulin 
antibodies.

Intrinsic cell motility assays were carried out as described (Pankov et al., 2005), 
using freshly plated cells 90 minutes after adhesion. Cells were plated on coverslips 
with 10 μg/ml fibronectin (Roche). Serum-free medium contained 400 ng/ml basic 
fibroblast growth factor (PeproTech). Single cell motility was monitored for 6 hours. 
Images were collected every 2 minutes using an AxioCam MRC (Carl Zeiss) digital 
camera. AxioVision software (Carl Zeiss) was used to analyze cell movements.

HeLa cells were cultured and transfected with GFP-CLASP2 as described 
(Mimori-Kiyosue et al., 2005). Serum-grown cells were incubated for 1 hour with 
wortmannin (100 nM) or cytochalasin D (2 µM), prior to image analysis. To test the 
efficacy of these compounds we also fixed cells and investigated their morphology 
and the intracellular distribution of selected proteins by immunofluorescence.

Figure 3-S1. Characterisation of CLASP2 knock out MEFs.
A) RT-PCR analysis. MEF cDNA was amplified with primers 

on CLASP2 exons downstream of the integration site. No 
CLASP2 mRNA is made in the two knock out MEF lines. 
The HPRT control shows comparable levels of cDNA.

B) Western blot analysis. Protein extracts of two wild type 
(lines 1 and 8) and two CLASP2-deficient (lines 2 and 
6) MEF lines were incubated on western blots with 
antibodies against CLASP1 (#2292), CLIP-115 (#2238), 
CLIP-170 (#2360), EB1, p150Glued, and actin.

A
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wt 8
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Immunofluorescence analysis3.3.3.	
Cells were fixed and immunofluorescence was performed as described (Akhmanova 
et al., 2001; Akhmanova et al., 2005; Stepanova et al., 2003). Cells were stained with 
the polyclonal antisera (1:100 or 1:300) or monoclonal antisera (1:100) described 
above.

Fluorescence intensities of acetylated tubulin and beta-tubulin in whole cells, 
or in part of the cell that was directed towards the wound, were measured using 
ImageJ software (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, 
Maryland, USA, http://rsb.info.nih.gov/ij/, 1997-2006). In each experiment and 
for each cell line 15-20 cells were measured. Mean fluorescence intensities were 
calculated and multiplied with cell area to obtain total intensity. We performed at 
least 2 independent experiments for each cell line and obtained values for at least 
two independent cell lines from one genotype.

Live imaging3.3.4.	
Live fluorescence analysis was performed at 37°C on a Zeiss LSM510 confocal laser 
scanning microscope. The time-lapse imaging procedure to record the growth 
speed of MTs (Stepanova et al., 2003) and FRAP protocols (Akhmanova et al., 2005; 
Bulinski et al., 2001) have been published. Different parameters (velocities of MT 
growth, cell migration, fluorescent intensities in the FRAP assay) were initially 
calculated using LSM 510 software. Data were exported to Excel (Microsoft) and 
Aabel (Gigawiz) for statistical analysis and graphical representation.

Fluorescence correlation spectroscopy (FCS) and photon counting 3.3.5.	
histogram (PCH)

COS-7 cells were transfected using Polyfect (Qiagen) with GFP, GFP-EB3, EB3-GFP 
and GFP-CLASP2. Cells were lysed by collecting them on ice in lysis buffer (20 mM 
Tris-HCl pH 8, 100mM NaCl, 0.5% Triton-X100, supplemented with a cocktail of 
protease inhibitors (Roche)) 20 hours after transfection. Samples were centrifuged 
for 10 minutes at 13,000 rpm and 4°C to remove cell debris, and the supernatant 
was used for further experiments.

FCS measurements were conducted at room temperature with the LSM 510-
Confocor II (Zeiss) and the 488nm Ar-laser (beampath: HFT488-Mirror-BP505-
550). Laser power was attenuated to approximately 15 μW during measurements. 
A total of 20 measurements per lysate were conducted, each measurement lasting 
30 s. The system was calibrated with rhodamine 6G (diffusion coefficient: 28x10-10 
m2/s at 20°C). The experimentally obtained autocorrelation function was analyzed 
with the Confocor II software package. The autocorrelation function was fit with
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Figure 3-S2. Immunofluorescent analysis of motile wild type and CLASP2 knock out MEFs.
A-X) Immunofluorescent analysis of wild type (lines 1 and 8) and CLASP2 knock out (lines 2 and 6) 

MEFs. Fibroblasts were examined in the wound healing assay, 4-6 hours after serum induction. In all 
panels cells migrate towards the right. We used antibodies against beta-tubulin (A-D) detryosinated 
(glu-) tubulin (E-H), CLASP1 (I-L), EB1 (M-P), EB3 (Q-T) and CLIP-115 (U-X). Both CLASP2 knock out 
cell lines contain fewer stable MTs after serum induction. Scale bars, 10 µm
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where t
T

 is the triplet time (set to 9  μs for GFP), S the structural parameter 
(set to 6, as obtained from calibration measurements with rhodamine 6G), N is the 
number of particles, M the number of components (in these experiments M was 
set to 1), F

i
 the fraction of component i, t

i
the diffusion time of fraction i, and T the 

fraction of triplet decay.
The molecular brightness of the lysates was analyzed by photon counting his-

togram (PCH) analysis (Chen et al., 1999). The raw data of FCS measurements was 
converted into PCH curves using our own custom-written program and a binning 
time of 50 μs. Data thus obtained was analyzed using the Globals software package 
developed at the Laboratory for Fluorescence Dynamics at the University of Illinois 
at Urbana-Champaign.

Generation and characterization of a 3T3 cell line stably 3.3.6.	
expressing GFP-CLASP2.

We generated 3T3 cell lines expressing GFP-CLASP2 under control of the reverse 
tetracyclin transcriptional activator (rtTA; Tet-on system). Using the same approach, 
we generated 3T3 cell lines expressing GFP-CLIP170 (data not shown), as control 
for GFP-CLASP2 behavior. The rtTA2-M2 (pUHrT 62-1) regulator plasmid DNA 
(Baron and Bujard, 2000) was a kind gift of Dr. H. Bujard. The neomycin resistance 
plasmid (pHA178neo, vector pSP72), is a derivative of pMC1-NeopolyA. In the 
puromycin resistance plasmid (which is also pSP72 based), the selection gene is 
under control of the PGK promoter. pTRE-GFP-CLASP2 was generated using the 
gamma isoform of CLASP2 (accession number AJ276961, Akhmanova et al., 2001). 
We added a beta-globin intron just after GFP-CLASP2 in the pTRE vector.

Stable, doxicyclin inducible cell lines were generated according to the instruc-
tions of the supplier (Clontech). Briefly, 3T3 cells were grown to 80% confluence 
and subsequently transfected with two linearized DNA plasmids (rtTA2-M2 and 
pHA178neo), using lipofectamine 2000 (Invitrogen). Cotransfection yielded 33 
rtTA-positive clones from 100 resistant ones. These neomycin-positive clones were 
subsequently transfected with linearized pTRE-GFP-CLASP2 DNA, together with 
a PGK-puromycin DNA, again using lipofectamine 2000. Clone selection for GFP 
fusion proteins was done by fluorescence microscopy, i.e. clones that contained 
fluorescent cells after doxicyclin induction were considered as positive. Positive 
clones after neomycin and puromycin selection represent stable cell lines con-
taining GFP-CLASP2 fusions under control of rtTA. This procedure yielded 9 GFP-
CLASP2-positive clones out of 100 puromycin resistant clones. Different amounts 
of doxicyclin were initially added to measure expression levels of GFP-fusion 
proteins. In the experiments described here, doxicyclin was added at 500 ng/ml. 
For western blotting 3T3 cell cultures were harvested 24 hours after doxicyclin 
induction.
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Supplemental Results3.4.	

Cell polarity features in wild type and CLASP2 knock out MEFs3.4.1.	
Centrosome reorientation in fibroblasts is dependent on Cdc42 and the dynein-
dynactin motor complex, but not on stable MTs (Palazzo et al., 2001). In line with 
this hypothesis CLASP2-deficient cells are able to reorient their centrosomes after 
serum induction in the wound healing paradigm (Fig. 3-S3A). These results indi-
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Figure S3. Effects on cell polarity after CLASP2 knock out.
A) Centrosome repositioning in wild type (lines 1 and 8) and CLASP2 knock out (lines 2 and 6) MEFs. 

Cells were fixed and stained with antibodies against gamma-tubulin, a centrosomal marker. In 6 
independent experiments 100 cells at the leading edge were scored for centrosome orientation 
towards the leading edge. The fraction of cells with such an orientation is plotted (standard deviation 
indicated). Both types of cells reorient centrosomes after serum induction.

B-E) Acetylated tubulin staining in wild type (B, D) and CLASP2 knock out (C, E) MEFs. Confluent cells 
were stained. Notice the increased amount of cytoplasmic extensions, or “tails”, in CLASP2 knock out 
cells, indicative of a cell polarity defect. Scale bar 25 µm.

F) Western blot analysis of proteins after serum starvation and induction. Antibodies against actin, 
beta-tubulin, tyrosinated tubulin (tyr-tub) and acetylated tubulin (acet-tub) were used. CLASP2-
deficient cells do not form stable MTs efficiently after serum induction.

G, H) mDia1 distribution. Normal proliferating wild type (line 1, G) and CLASP2 knock out (line 6, H) 
MEFs were stained for mDia1. A diffuse localization pattern is visible. The inset in panel (H) shows 
a Western blot of wild type (1) and CLASP2 knock out (2) MEFs. mDia1 levels are similar in the two 
cell types. Scale bar, 15 µm.

I, J) Comparison of CLASP2 and mDia1 in migrating cells. Wild type MEFs (line 1) were fixed after 
migration into a cell-free area and stained with anti-CLASP2 (I) and anti-mDia1 (J) antisera. Three 
cells at the wound are shown. While CLASP2 localizes at the leading edge in all three cells, mDia1 
only does this in the middle cell (arrowheads). Scale bar, 15 µm.

goed.indb   72 31-1-2008   14:16:15



73

CLASP2 in MT Stabilization and Motility

cate that CLASP2-mediated stabilisation of MTs is not required for centrosome 
reorientation.

In cultures of CLASP2-deficient fibroblasts we noted the formation of thin and 
long cell protrusions, that were stained by antisera against acetylated tubulin (Fig. 
3-S3B-E), detyrosinated tubulin and phalloidin (data not shown). In addition, 
CLASP2 knock out fibroblasts that migrated into a wound often appeared more 
randomly oriented in comparison to wild type cells (data not shown). These results 
indicate that deletion of CLASP2 causes specific cell polarity and/or migration 
defects.

A complex of APC, mDia and EB1 has been implicated downstream of Rho in 
the control of stable, leading edge-oriented MTs (Wen et al., 2004). In Fig. 3-2 we 
provide evidence that an APC-EB1 interaction is not essential for MT stabilization 
in MEFs. We also investigated a possible link between mDia1 and CLASP2. Levels 
of mDia1 were similar in cultures of wild type and CLASP2 knock out MEFs (Fig. 
3-S3G, H). In motile wild type fibroblasts mDia1 and CLASP2 signals only colocal-
ized occasionally (Fig. 3-S3I, J). Thus, in contrast to CLASP2, the distribution of 
mDia1 in MEFs does not appear to correlate with the formation of polarized, stable 
MTs.

Soluble GFP-CLASP2 is monomeric3.4.2.	
We examined diffusion characteristics and conformation of soluble GFP-CLASP2, 
compared to GFP, EB3-GFP and GFP-EB3 extracts. The FCS analysis indicates that 
in cell extracts GFP-CLASP2 diffuses approximately 4 times more slowly than GFP 
(Fig. 3-S4A). The diffusion time of GFP-CLASP2 is marginally less than that of EB3-
GFP and GFP-EB3, in spite of the fact that the Mr of GFP-CLASP2 (approximately 
170 kDa), is three times that of monomeric EB3-GFP. In addition, the counts per 
molecule (cpm) value is lower for GFP-CLASP2 than for EB3-GFP or GFP-EB3 (Fig. 
3-S4). We therefore performed a PCH analysis to examine molecular brightness of 

A B C
EB3-G

FP

GFP-EB3
GFP

GFP-C
LASP2

Figure S4. FCS and PCH analysis of GFP-CLASP2.
A, B) FCS analysis of GFP-CLASP2, EB3-GFP, GFP-EB3 and GFP in extracts of transfected COS-7 cells. In 

panel A diffusion times are indicated, in panel B the counts per molecule.
C) PCH analysis of GFP-CLASP2, EB3-GFP, GFP-EB3 and GFP in extracts of transfected COS-7 cells. 

Molecular brightness is indicated.
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these molecules. The results show that GFP-CLASP2 has a molecular brightness 
that is comparable to that of monomeric GFP and lower than that of dimeric EB3-
GFP, or GFP-EB3 (Fig. 3-S4C). Thus, soluble GFP-CLASP2 is a monomeric protein.

Generation and characterization of a 3T3 cell line stably 3.4.3.	
expressing GFP-CLASP2.

Although the rtTA system is leaky in our hands (Fig. 3-5A), the expression of GFP-
CLASP2 can be regulated, which is important because abundant overexpression 
of this protein may have consequences for the MT network. In one cell line (clone 
86) GFP-CLASP2 expression was induced after treatment with doxicyclin, hence 
this clone was chosen for further analysis. Western blot analysis demonstrated a 
correct size of GFP-CLASP2 (Fig. 3-S5A).

Immunofluorescence analysis showed that in nonmigratory clone 86 cells 
GFP-CLASP2 is localised near the Golgi apparatus and on MT ends (Fig. 3-S5D-F). 
The application of lithium chloride, an inhibitor of GSK3beta, caused a significant 
increase of GFP-CLASP2 signal at distal ends of MTs (data not shown). In wound 
healing experiments we detected GFP-CLASP2 at the distal ends of stable MTs, 
which were mostly directed towards the leading edge of clone 86 cells (Fig. 3-S5G-I). 
Staining of migrating clone 86 cells with anti-CLASP2 antibodies revealed virtually 
identical patterns of GFP and antibody fluorescence (Fig. 3-S5I-L), indicating that 
GFP-CLASP2 and endogenous CLASP2 localize in a similar manner.

Time-lapse analysis (Movies 3-2 and 3-6, and data not shown) demonstrated the 
presence of comet-like GFP-CLASP2 dashes, which moved with an average velocity 
of 0.48 ± 0.09 μm/s (63 dashes analyzed in 11 cells, ± SD). These values are consist-
ent with the speed of movement of other GFP-tagged +TIPs (Stepanova et al., 2003) 
and are similar to the movement of GFP-CLASP2 in transiently transfected COS-1 
cells (Akhmanova et al., 2001). Combined, these data strongly suggest that GFP-
CLASP2 recapitulates the behavior of endogenous CLASP2 in 3T3 cells, including 
the regulation of its MT binding capacity by GSK3. Thus, GFP-CLASP2 expressing 
3T3 cells are suitable to investigate dynamic aspects of CLASP2 behavior.

In fixed 3T3 cells, some of the GFP-CLASP2-positive accumulations colocalized 
with anti-paxillin and anti-vinculin antibodies (Fig. 3-S5B, C). Thus, GFP-CLASP2 
distributes near (but does not overlap with) focal adhesions. Similar results were 
recently obtained with LL5β (Lansbergen et al., 2006). Addition of the MT depo-
lymerizing drug nocodazole abolished GFP-CLASP2 dashes on dynamic MT ends 
but did not cause an immediate depletion of GFP-CLASP2-positive accumulations 
(Movie 3-3). These data suggest that dynamic MTs are not required to maintain 
GFP-CLASP2 within these domains.
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Figure S5. Generation of GFP-CLASP2 expressing 3T3 cell lines.
A) 3T3 cells, stably expressing GFP-CLASP2, were either treated with doxicyclin (dox) or not treated. 

Protein extracts of three different, GFP-CLASP2 expressing cell lines, were analyzed by western blot 
with anti-CLASP2 antiserum (#2358). Only clone 86 shows inducible GFP-CLASP2 expression. The 
level of fusion protein is comparable to endogenous CLASP2.

B) 3T3 fibroblasts, expressing GFP-CLASP2 (green), were fixed and stained with anti-paxillin (red).
C) 3T3 fibroblasts (clone 86), expressing GFP-CLASP2 (green), were fixed and stained with anti-vinculin 

(red).
D-L) Localization GFP-CLASP2 in stably transfected 3T3 cells. 3T3 cells were fixed and stained with 

anti-GM130 (D-F), anti-acetylated tubulin (G-I), and anti-CLASP2 (J-L). For the latter experiments 
cells were first allowed to migrate into a wound so that stable, polarized MTs would be generated 
(the arrow in (F) indicates the direction of cell migration). Notice that GFP-CLASP2 recapitulates the 
behavior of the non-tagged protein (Akhmanova et al., 2001).

goed.indb   75 31-1-2008   14:16:16



76

CHAPTER 3

Movies3.6.	
These supplemental movies are available at  http://www.current-biology.com/
cgi/content/full/16/22/2259/DC1/.

Movie 3-1
Time lapse analysis of GFP-CLASP2, transiently expressed in HeLa cells. We acquired 
one image every second. As documented previously using transient transfections 
in COS-1 cells (Akhmanova et al., 2001), GFP-CLASP2 is a +TIP. Notice also accumu-
lation of fusion protein at sites near the cell edge and at the Golgi.

Movie 3-2
Time lapse analysis of GFP-CLASP2, expressed in doxicyclin-induced clone 86 cells. 
We acquired one image every 2.4 seconds. Again, GFP-CLASP2 is a +TIP. Notice also 
the accumulation of fusion protein at sites near the cell edge. GFP-CLASP2 enters 
and exits these areas of “static” GFP-CLASP2 accumulation, which have their own 
dynamic behavior.

Movie 3-3
Time lapse analysis of GFP-CLASP2, expressed in doxicyclin-induced clone 86 cells. 
One image was acquired every 3 seconds. After 3 minutes nocodazole was added 
to the medium (10 µM final concentration). This causes an immediate dissociation 
of GFP-CLASP2 from the ends of MTs. Addition of nocodazole does not cause the 
immediate depletion of GFP-CLASP2 from “static” accumulations.

Movies 3-4 and 3-5
Time lapse analysis of GFP-CLASP2, expressed in doxicyclin-induced clone 86 cells, 
after serum addition. One image was acquired every 2 minutes. Cells were followed 
for 3 hours. Notice the persistent accumulation of GFP-CLASP2 at the leading edge 
of cells. In Movie 3-4 only fluorescent signal is shown, in Movie 3-5 both phase-
contrast and fluorescent signals are shown. Notice how GFP-CLASP2 is constantly 
recruited at the leading edge, but the protein does not penetrate the most distal 
lamellae.

Movie 3-6
GFP-CLASP2 behavior in migrating cells. One image was acquired every 2 seconds. 
The speed of GFP-CLASP2 displacements (representing polymerization rate of 
MTs) in the cytoplasm is the same in motile and non-motile cells. Notice the accu-
mulation of fusion protein at sites near the cell edge.
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Movie 3-7
FRAP analysis of GFP-CLASP2 in migrating 3T3 cells. One image was acquired every 
2 seconds.GFP-CLASP2 displacements in the cytoplasm and near the cell edge are 
seen, as are accumulations near the cell edge. One of these accumulations was 
bleached. For detailed explanation, see results and Fig. 3-4.
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Summary4.1.	
Microtubule plus-end tracking proteins (+TIPs) specifically recognize the ends of 
growing microtubules. +TIPs are involved in diverse cellular processes, such as cell 
division, cell migration, and the establishment and maintenance of cell polarity. 
While tip-tracking is important for these processes, the mechanisms underlying 
plus-end specificity of mammalian +TIPs are not completely understood. CLIP-170, 
the prototype +TIP, was proposed to bind to microtubule ends with high affinity, 
possibly by co-polymerization with tubulin, and to dissociate seconds later. How-
ever, using fluorescence-based approaches, we show that CLIP-170 and another 
+TIP, EB3, rapidly turn over on microtubule ends. Diffusion of CLIP-170 and EB3 
appear to be rate-limiting for the binding on microtubule plus-ends. We also find 
that the end of a growing microtubule contains a surplus of sites to which CLIP-170 
binds with relatively low affinity. We propose that the observed loss of fluorescent 
+TIPs at plus-ends does not reflect the behavior of single molecules, but is a reflec-
tion of overall structural changes of the microtubule end.

Introduction4.2.	
Microtubules (MTs) exhibit dynamic instability (Mitchison and Kirschner, 1984), 
repeatedly switching between growth and shrinkage phases, thereby constantly 
moving through the cytoplasm. This facilitates contacts between MT-ends and 
relatively immobile cellular structures, such as chromosomes and focal adhesions, 
and allows the cell to react to external cues. Plus-end-tracking proteins, or +TIPs 
(Schuyler and Pellman, 2001), specifically bind to MT plus-ends and are ideally 
positioned to influence MT dynamics and MT-target interactions.

Time-lapse imaging of fluorescently tagged +TIPs reveals typical “comet-like” 
dashes, which represent fluorescent +TIP molecules bound to the ends of grow-
ing MTs. This unique behavior has been explained by different mechanisms (for 
reviews, see Akhmanova and Hoogenraad, 2005; Carvalho et al., 2003; Howard and 
Hyman, 2003). For example, CLIP-170, the prototype +TIP (Perez et al., 1999), was 
suggested to bind MT-ends by “treadmilling” (Fig. 4-S1A), binding with high affinity 
to newly synthesized MT-ends and detaching with a half-life of 1-3 seconds (Folker 
et al., 2005; Komarova et al., 2005; Perez et al., 1999). The same mechanism was 
apparently used by GFP-tagged EB1 (Tirnauer et al., 2002). Others proposed that 
CLIP-170 co-polymerizes with tubulin (Arnal et al., 2004; Diamantopoulos et al., 
1999; Folker et al., 2005) (Fig. 4-S1B). In both models, dissociation of +TIPs from 
MT-ends is correlated to the loss of fluorescence in the “comet-like” dash.

One CLIP-170 monomer has two MT binding domains (Pierre et al., 1992), each 
of which contains a CAP-Gly motif (Riehemann and Sorg, 1993). This motif is also 
present in two other +TIPs, CLIP-115 (De Zeeuw et al., 1997) and p150glued (Gill 
et al., 1991). Recently, CAP-Gly domains were shown to interact with the C-terminal 
tails of α-tubulin and EB1 (Honnappa et al., 2006; Mishima et al., 2007). In cultured 
cells CLIP-170 (but not EB1) fails to recognize the ends of detyrosinated MTs (Peris 
et al., 2006), showing that the C-terminal tyrosine of α-tubulin is essential for the 
accumulation of CLIP-170 on MT-ends. On the other hand, evidence has been pre-
sented for a role of EB1 in the MT-end localization of CLIP-170 (Komarova et al., 
2005; Watson and Stephens, 2006). To reconcile these results we examined the 
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dynamics of GFP-CLIP-170 on MT plus-ends, using fluorescence recovery after pho-
tobleaching (FRAP) and fluorescence correlation spectroscopy (FCS) approaches.

Here, we show that MT plus-ends contain a surplus of binding sites for CLIP-
170, to which CLIP-170 molecules bind with low affinity, resulting in their rapid 
exchange on MT plus-ends. Our data imply that MT polymerization generates a 
large number of binding sites that decay exponentially. This turnover of binding 
sites explains the fluorescent “comet-like” dashes of GFP-CLIP-170 and other +TIPs 
observed in cells. Thus, CLIP-170 accumulates on MT-ends due to the number of 
binding sites rather than the strength of binding. Our findings may lead to a re-
evaluation of other protein-accumulations at MT plus-ends.

B

time

tubulin

CLIP-170

A

time

tubulin

CLIP-170

Figure 4-S1. Treadmilling of CLIP-170 at MT-ends and co-polymerization with tubulin.
A) In the “treadmilling” model (Perez et al., 1999) dimeric CLIP-170 (blue ellipses indicate MT-binding 

motifs) binds with high affinity to the very end of a growing MT (upper MT). As the MT grows further 
(lower MT), new CLIP170 molecules associate, while the “old” molecules dissociate, an event that 
may be triggered by posttranslational modifications (indicated by the conversion of the MT-binding 
motif from dark to light grey. In the “treadmilling” model, the half-life of CLIP-170 on MT-ends is 1-2 
seconds.

B) In the “co-polymerization” model a complex of CLIP-170 and tubulin is incorporated at the MT-end 
(Arnal et al., 2004; Diamantopoulos et al., 1999; Folker et al., 2005). As the MT grows further (lower 
MT), new CLIP170-tubulin complexes associate, while “older” CLIP-170 molecules dissociate. In the 
“co-polymerization” model (like in the “treadmilling” model), half-life of CLIP-170 on MT-ends is 1-2 
seconds. Importantly, in both models, once dissociated, CLIP-170 does not associate with the same 
region of a MT again.
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Results and discussion4.3.	

Transient binding of GFP-CLIP-170 to MT-ends4.3.1.	
GFP-CLIP-170 behaves indistinguishable from endogenous CLIP-170 (Akhmanova 
et al., 2005; Perez et al., 1999), making it a useful tool to study the dynamic behavior 
of CLIP-170 in vivo. In cells expressing GFP-CLIP-170, MT plus-ends were visible as 
fluorescent “comets”. In order to study these “comets” with high temporal resolu-
tion, we acquired confocal images at 13.3 frames per second (Fig. 4-1A and movie 
4-S1). MT plus-ends traversing regions of interest (ROIs) of 200 x 200 nm appeared 
as fluorescent peaks in the corresponding fluorescence intensity track (Fig. 4-1A, 
B).  Average peak decays could be fitted with an exponential curve, yielding a kdecay 
of 0.44 s-1 for COS-7 cells at 37°C (Fig. 4-1C and Table I). This translates to a half-life 
of approximately 1.6 s for GFP-CLIP-170-derived fluorescence on MT plus-ends, 
which correlates well with reported half-lives of CLIP-170 on MT-ends (Folker et 
al., 2005; Komarova et al., 2005).

The macroscopic loss of fluorescence of GFP-CLIP-170 on MT plus-ends over 
time (i.e. the fluorescent decay) does not reveal the dynamic behavior of single 
CLIP-170 molecules. In order to get more insight in the dynamics of GFP-CLIP-170 
on MT plus-ends, we performed FRAP experiments. Repeatedly bleaching a strip 
of 0.2 x 18.5 µm in an imaged area of 4.5 x 18.5 µm resulted mainly in bleaching of 
freely diffusing cytoplasmic GFP-CLIP-170 molecules, but also in bleaching of MT-
bound GFP-CLIP-170 (Fig. 4-1D). We measured fluorescence intensity over time in 
areas of 200 x 200 nm on the bleached strip and observed recovery of fluorescence, 
not only in the cytoplasm, but also on MT plus-ends (Fig. 4-1E). These data indicate 
that on MT-ends non-fluorescent GFP-CLIP-170 molecules exchange with fluores-
cent ones. Various control experiments (see Supplemental Material and Fig. 4-S2) 
supported this interpretation. These results are not compatible with the original 
“treadmilling” model.

Exchange of CLIP-170 on MT plus-ends under non-steady state 4.3.2.	
conditions

The FRAP analysis of GFP-CLIP-170 bound to MT plus-ends occurs under non-
steady state conditions, that is, recovery of fluorescence on MT plus-ends takes 
place while their total fluorescence decreases. It was therefore not possible to ana-
lyze FRAP recovery with common models (e.g. Sprague et al., 2004). Instead, under 
these conditions, fluorescence recovery is governed by koff, and by another constant 
that describes overall remodeling of the MT plus-end (Lele et al., 2006).

In order to calculate fluorescence recoveries on MT-ends, we corrected the 
recovery on bleached GFP-CLIP-170-positive MT plus-ends for the underlying over-
all loss of GFP-CLIP-170 fluorescence over time (shown in Fig. 4-1C). The resulting 
recoveries could be described with a simple exponential curve. We calculated an 
apparent krecovery of 2.50 s-1 for the exchange of GFP-CLIP-170 on MT-ends in COS-7 
cells at 37°C (Fig. 4-1F and Table 4-I). This corresponds to a half-life of association 
of 0.28 s, which is about six times shorter than the half-life of GFP-CLIP-170-derived 
fluorescence on MT plus-ends as described by kdecay.
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Our data suggest that the disappearance of GFP-CLIP-170 from MT-ends as 
described by kdecay (Fig. 4-1C) actually reflects the loss of binding sites for CLIP-170 
at MT-ends rather than the dissociation of individual CLIP-170 molecules. As we 
observed exchange of GFP-CLIP-170 all along MT plus-ends, even more than 1 µm 
distal from the tip, co-polymerization of CLIP-170 with tubulin does not appear 
to be the dominant mechanism underlying the accumulation of CLIP-170 on MT 
plus-ends.

EB3 also shows rapid turnover on MT plus-ends4.3.3.	
EB1 and -3 are two highly related +TIPs (Su and Qi, 2001), which interact with many 
other +TIPs and are thought to play a central role in the association of +TIPs to MT 
ends (reviewed by Lansbergen and Akhmanova, 2006). In COS-7 cells expressing 
EB3-GFP we observed fluorescent peaks whose kdecay was 0.60 s-1 (Fig. 4-1G and 
Table 4-I). This value is slightly higher than the one obtained for GFP-CLIP-170 
under similar conditions. Previous studies using mono-specific antibodies against 
EB1 and CLIP-170 in fixed cells have shown that EB1 and CLIP-170 have overlap-
ping fluorescence staining patterns at MT ends (Komarova et al., 2005), supporting 
our results in live cells.

Using the fast FRAP approach in cells expressing EB3-GFP we observed recovery 
of fluorescence in the cytoplasm and on MT plus-ends (Fig. 4-1H). Thus, like GFP-
CLIP-170, EB3-GFP exchanges rapidly on MT-ends. After correction for cytoplasmic 
recovery and fluorescence decay we found an apparent krecovery of 3.37 s-1 for the 
exchange of EB3-GFP on MT-ends (Fig. 4-1H and Table 4-I). This corresponds to a 
half-life of association of 0.20 s, which is faster than the half-life of CLIP-170. Thus, 
there is a continuous exchange of GFP-CLIP-170 and EB3-GFP on MT plus-ends.

Figure 4-1. Fast FRAP analysis of GFP-CLIP-170.
A-A’’’) COS-7 cells expressing GFP-CLIP-170 were imaged at 13.3 frames per second. Still images of a 

part of every 10th frame of a time-lapse series are shown. The distal ends of two MTs are indicated 
by arrows. At 0 s (panel A) a GFP-CLIP-170-labeled MT-end is about to traverse a 200 x 200 nm ROI 
(red rectangle). After 2.25 s (panel A’’’) this MT-end has traversed the ROI.

B) Fluorescence intensity in a ROI of 200 x 200 nm as a GFP-CLIP-170-labeled MT-ends traverses.
C) Average fluorescence decay of non-bleached, GFP-CLIP-170-labeled MT-ends (kdecay is indicated).
D-D’’’) COS-7 cells expressing GFP-CLIP-170 were imaged as in (A). An area of 256 x 3 pixels (indicated 

in D’) was bleached every 6 seconds, which occasionally resulted in bleaching of MT-end-bound GFP-
CLIP-170. Rectangles 1-4 are shown enlarged underneath panels D-D’’’. Fluorescence intensity was 
measured in ROIs of 200 x 200 nm (red rectangles).

E) Fluorescence intensity measurement of bleached GFP-CLIP-170-labeled MT-end (black arrow 
indicates bleach moment; black line represents fluorescence decay). Notice the recovery of 
fluorescence.

F) Average fluorescence recovery of GFP-CLIP-170 on MT-ends (krecovery indicated).
G) Average fluorescence decay of non-bleached, EB3-GFP-labeled MT-ends (kdecay indicated), imaged as 

in (A).
H) Average fluorescence recovery of EB3-GFP on MT-ends (krecovery indicated).
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Observed exchange of CLIP-170 and EB3 on MT-ends appears 4.3.4.	
limited by diffusion

Analysis of krecovery of GFP-CLIP-170 in COS-7 cells at 37°C in the cytoplasm yielded 
a value of 2.80 s-1 (Table 4-I), which is not much different from the apparent krecovery 
of 2.50 s-1 on MT-ends. The values for krecovery of EB3-GFP on MT ends and in the 
cytoplasm are also similar (3.37 s-1 and 3.42 s-1, respectively, see Table 4-I). These 
results indicate that the time a CLIP-170 or EB3 molecule is actually bound to the 
MT-end is shorter than the time it takes these molecules to diffuse through the 
bleached strip. The fact that krecovery for EB3-GFP in the cytoplasm as well as on MT-
ends is higher than the corresponding values of GFP-CLIP-170 is consistent with 
EB3-GFP being smaller and diffusing more rapidly.

Biochemical reaction rates are temperature dependent, with an approximate 
doubling of reaction constant every 10°C. We reasoned that the behavior of GFP-
CLIP-170 at MT ends might be influenced by temperature changes and analyzed 
cells at different temperatures. We examined both 3T3 cells that stably express 
GFP-CLIP-170 (Drabek et al., 2006) as well as transiently transfected COS-7 cells 
to evaluate the behavior of CLIP-170 in different cell types. In 3T3 cells the rates 
of GFP-CLIP-170 displacements, which reflect MT growth rates, diminished from 
about 0.4 μm/s at 37°C, to 0.19 μm/s at 27°C (Fig. 4-2A), emphasizing the tempera-
ture dependence of MT assembly. Previous results in transiently transfected COS-7 
cells are consistent with this observation (Stepanova et al., 2003). Interestingly, 
reducing the temperature by 10°C increased the half-life of the fluorescence decay 
of GFP-CLIP-170 on MT plus-ends, from 1.4 s to 2.7 s in 3T3 cells (Fig. 4-2B), and 
from 1.6 s to 2.8 s in transiently transfected COS-7 cells (Fig. 4-2C and Table 4-I). 

+TIP Cell type Method Temp. (0C) kdecay (s-1)
MT end

krecovery (s-1)
MT end

krecovery (s-1)
Cytoplasm

EB3 COS-7 FRAP 37
0.60

0.58 - 0.62
(n = 175)

3.37
2.89 - 3.85
(n = 298)

3.43
2.75 - 4.12
(n = 1756)

Full length 
CLIP-170 COS-7 FCS 37

0.48
0.39-0.59
(n =  17)

n.d. n.d.

Full length 
CLIP-170 COS-7 FRAP 37

0.44
0.42 - 0.46
(n =  77)

2.50
2.06 - 2.94

(n = 94)

2.80
2.29 - 3.31
(n = 534)

Full length  
CLIP-170 COS-7 FRAP 27

0.25
0.23 - 0.27

(n = 87)
n.d. n.d.

Full length 
CLIP-170

MEF 
(WT) FRAP 27

0.25
0.23 - 0.26

(n = 71)

1.66
1.36 - 1.97

(n = 83)

2.34
1.90 - 2.78
(n = 553)

Full length  
CLIP-170

MEF
(DKO) FRAP 27

0.25
0.244 - 0.256

(n = 171)

2.04
1.86 - 2.21
(n = 214)

2.43
2.14 - 2.51
(n = 1550)

CLIP-170 
XmnI

MEF
(DKO) FRAP 27

0.31
0.30 - 0.33

(n = 86)

3.56
2.62 - 4.55

(n = 93)

4.87
4.09 - 5.65
(n = 666)

Table 4-I. Behavior of transiently transfected GFP-tagged +TIPs on MT plus-ends.
Average kdecay and krecovery values are given with (underneath) the 95% confidence interval and the 
number (n) of fluorescent decays and recoveries, respectively, used to calculate average values. WT: 
wild type, DKO: double knockout, n.d.: not determined.
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These results indicate that temperature has a significant influence on GFP-CLIP-
170 behavior, which might be caused by changes in MT behavior.

Because it takes longer for GFP-CLIP-170 fluorescent comets to disappear at 
27°C than at 37°C fast FRAP experiments are easier to perform at lower tempera-
ture. Furthermore, in two mouse embryonic fibroblast (MEF) cell lines with dif-
ferent genetic backgrounds (see below) the half-life of the fluorescence decay of 
GFP-CLIP-170 on MT plus-ends at 27°C was identical to that observed in 3T3 and 
COS-7 cells (i.e. 2.8 s, Table 4-I), indicating that GFP-CLIP-170 behaves similar in 
different cell types. We therefore performed most of our other fast FRAP experi-
ments in transiently transfected MEFs at 27°C. In wild type MEFs the half-lives of 
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Figure 4-2. Influence of temperature on GFP-CLIP-170 behavior.
A) Speed of GFP-CLIP-170 displacement at different temperatures. 3T3 cells stably expressing GFP-

CLIP-170 were analyzed (13 MT-ends analyzed at 37°C, 19 at 32°C, and 14 at 27°C, SEM indicated, 
see also Movies 4-S2 and 4-S3).

B) 3T3 cells stably expressing GFP-CLIP-170 were analyzed at 37°C (black) or 27°C (grey). Fluorescence 
loss of GFP-CLIP-170 at MT-ends was examined (13 MT-ends analyzed at 37°C, and 12 at 27°C, 
SEM indicated). A fit was obtained with A+B*exp(-C*X). This yielded a half-life of GFP-CLIP-170 
fluorescence of 1.35 s at 37°C and of 2.67 s at 27°C.

C) COS-7 cells expressing GFP-CLIP-170 were analyzed at 37°C (black) and 27°C (grey). Fluorescence 
loss of GFP-CLIP-170 at MT-ends was examined at 37°C and 27°C (SEM indicated, see Table 4-I for 
values).

D) MEFs were transiently transfected with GFP-CLIP-170. FRAP analysis was carried out at 27°C. 
Fluorescent recovery of GFP-CLIP-170 was analyzed in the cytoplasm of cells (light grey) as well as 
on MT-ends (dark grey). SEM indicated. For krecovery values see Table 4-I.

E) MEFs were transiently transfected with GFP-CLIP-170XmnI, a mutant protein that only contains the 
MT binding domains of CLIP-170. FRAP analysis was carried out at 27°C. Fluorescent recovery of 
GFP-CLIP-170XmnI was analyzed in the cytoplasm of cells (light grey) as well as on MT-ends (dark 
grey). SEM is indicated. For krecovery values see Table 4-I.
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recoveries were 0.30 s for cytoplasmic GFP-CLIP-170 (krecovery of 2.34 s-1), and 0.42 s 
for MT-end-bound GFP-CLIP-170 (krecovery of 1.66 s-1, see also Fig. 4-2D and Table 
4-I). These values did not differ significantly from each other. Thus, despite the 
fact that MT growth rates decrease and binding sites for CLIP-170 disappear more 
slowly at 27°C, the average time a CLIP-170 molecule is bound to a MT plus-end 
remains short. We propose that diffusion of CLIP-170 and EB3 is rate-limiting for 
the observation of binding/unbinding reactions on MT plus-ends.

Fast exchange of CLIP-170 on MT-ends is independent of self-4.3.5.	
interaction

CLIP-170 is a rod-like molecule that can interact with itself in a head-to-tail fash-
ion (Lansbergen et al., 2004; Scheel et al., 1999). Both intra- and intermolecular 
interactions of CLIP-170 are possible. One could therefore envision a “first layer” of 
CLIP-170 molecules, tightly bound to the MT surface and turning over by the classic 
“treadmilling” mechanism, to which a “second layer” of CLIP-170 molecules bind 
through intermolecular head-to-tail interactions, which enables the “second layer” 
to turn over rapidly on the “first layer”. To investigate this, we tested the dynamic 
behavior of a fragment of GFP-CLIP-170 (GFP-CLIP-170XmnI) that contains only 
the MT binding domain, lacking the central coiled-coil domain and the C-terminal 
domain mediating interactions between CLIP-170 molecules (Komarova et al., 
2002a). FRAP analysis in GFP-CLIP-170XmnI transfected COS-7 cells showed that 
this truncated form of CLIP-170 also exchanges on MT-ends (data not shown).

To eliminate the possibility of interaction of fluorescent GFP-CLIP-170XmnI with 
endogenous non-fluorescent CLIP-170, we next tested recovery of the truncated 
protein in MEFs derived from CLIP-115/CLIP-170 double knock out mice, which 
contain neither CLIP-115 nor CLIP-170 (M. Miedema and N. Galjart, manuscript in 
preparation). FRAP analysis at 27°C showed fast recovery of GFP-CLIP-170XmnI 
(Fig. 4-2E and Table 4-I), both in the cytoplasm (krecovery of 4.87 s-1) and on MT-ends 
(krecovery of 3.56 s-1). These results indicate that the transient binding of CLIP-170 
molecules on MT-ends does not occur via a layer of MT-bound CLIP-170.

GFP-CLIP-170 has a dimer-weight of about 400  kDa, whereas GFP-CLIP-170-
XmnI weights only 65 kDa. That GFP-CLIP-170XmnI is diffusing faster through the 
cytoplasm is reflected by a bigger cytoplasmic krecovery. The apparent krecovery on MT 
plus-ends is biggers as well, and it is not significantly different from the cytoplasmic 
one. These results suggest that the observed binding/unbinding of GFP-CLIP-170-
XmnI on MT plus-ends is also diffusion-limited.

CLIP-170 binds MT plus-ends with low affinity4.3.6.	
Fluorescence correlation spectroscopy (FCS) is a sensitive single-molecule tech-
nique that allows the determination of diffusive behavior and concentration of pro-
teins in vivo and in real time (Elson, 2004). Using FCS, we analyzed GFP-CLIP-170 in 
COS-7 cells expressing low amounts of GFP-CLIP-170 (Fig. 4-3A). Strikingly, many 
fluorescence intensity tracks of FCS measurements showed peaks, which generally 
had a steep and relatively linear upward slope and a curved downward slope (Fig. 
4-3B), similar to the kdecay curves obtained by confocal imaging. Combined with 
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other experiments (Supplemental Material and Fig. 4-S3D), this suggests that peaks 
in FCS intensity tracks represent GFP-CLIP-170-labeled ends of growing MTs.

In order to correlate the cytoplasmic GFP-CLIP-170 concentration to the 
number of peak-bound GFP-CLIP-170 molecules, we calculated the number of 
particles present in the cytoplasm and on peaks observed in fluorescence intensity 
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Figure 4-3. Analyzing GFP-CLIP-170 on MT-ends with FCS.
A) Confocal image of a COS-7 cell transfected with GFP-CLIP-170. White crosshair indicates location of 

FCS measurement.
B) Intensity-trace of FCS measurement in a transfected COS-7 cell. Peaks of fluorescence are occasionally 

detected. Dashed red line: exponential fluorescence decay, lower double-headed arrows: cytoplasmic 
fluorescence, upper double-headed arrows: peak fluorescence.

C) Comparison of the number of cytoplasmic and peak-bound GFP-CLIP-170 particles. Values as 
depicted in (B) were measured and number of particles were determined for 110 peaks. A scatter 
plot of these values is best approximated by an exponential curve, Y=Ymax*(1-exp(-K*X)).
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tracks of FCS measurements (see Fig. 4-3B). We assumed that fluorescence emitted 
from a cytoplasmic and a MT-bound GFP-CLIP-170 molecule is the same, and that 
non-GFP derived signal intensity is negligible. A positive correlation between cyto-
plasmic and MT-associated GFP-CLIP-170 was found (Fig. 4-3C). Peak fluorescence 
values still increased at the highest concentrations of GFP-CLIP-170. These results 
indicate that the binding of GFP-CLIP-170 to MT-ends was not yet saturated. Thus, 
CLIP-170 binds MT-ends with low affinity.

We recently generated GFP-CLIP-170 knock-in MEFs, in which GFP-CLIP-170 is 
expressed at wild-type level, associates with the ends of growing MTs (Supplemen-
tal Movie 4-S4), and can functionally replace the normal protein (Akhmanova et al., 
2005). Using FCS, we calculated an intracellular GFP-CLIP-170 dimer concentra-
tion of 44 ± 11 nM (n = 26; 13 cells, 4 independent experiments, ± SD). We esti-
mated that ~10 GFP-CLIP-170 molecules are bound per MT-end in knock-in MEFs. 
The about 200-500 growing MTs in MEFs (our unpublished observations, see also 
Schulze and Kirschner, 1987) therefore bind 2,000-5,000 CLIP-170-dimers. If the 
volume of an average fibroblast is 2,000 µm3 (Bussolati et al., 1996; Imaizumi et 
al., 1996), ~60,000 CLIP-170-dimers are present in a cell. Thus, less than 10% of 
CLIP-170 is MT-bound. Assuming a maximum number of ~100 binding sites for 
CLIP-170 per MT end, that 10 % of these sites is occupied by CLIP-170, and that 
CLIP-170 does not bind other proteins (Fig. 4-3C), results in a dissociation constant 
(Kd) of 0.44 µM.

The concentration of CLIP-170 in MEFs is approximately 0.5% of the concen-
tration of soluble tubulin (Hiller and Weber, 1978). The MT-binding domain of 
CLIP-170 has been reported to interact with tubulin in vitro with a Kd of 0.03 µM 
(Folker et al., 2005). More recently, a Kd of 0.5 µM was reported for the association 
of the monomeric head domain of CLIP-170 with a C-terminal peptide of α-tubulin 
(Mishima et al., 2007). If we assume a similar affinity of full length CLIP-170, then 
virtually all cytoplasmic CLIP-170 in knock-in MEFs should be bound to tubulin 
and not be available for rapid exchange on MT ends. Based on observations that 
binding of CLIP-190 from D. melanogaster to MT plus-ends is strong in interphase 
and greatly reduced during mitosis (Dzhindzhev et al., 2005; Tanenbaum et al., 
2006), we speculate that the affinity of CLIP-170 for tubulin in vivo is regulated by 
posttranslational modifications, and that CLIP-170 switches between tubulin- and 
MT-end-binding forms during the cell cycle.

Fast exchange model for CLIP-170 interaction with MT-ends4.3.7.	
We propose a “fast exchange” model for the binding of CLIP-170 to MT-ends (Fig. 
4-4). In our view MT polymerization generates a vast number of binding sites that 
decay exponentially (described by kdecay) and that can bind and release CLIP-170 
molecules several times before disappearing. CLIP-170 binds sites on MT-ends 
with (sub)micromolar affinity. Like CLIP-170, EB3 also turns over rapidly on MT 
plus-ends and our data indicate that diffusion plays a major role in the binding of 
CLIP-170 and EB3. Although this may obscure true binding and unbinding rates, 
these results suggest that CLIP-170 and EB3 “reach” MT plus-ends independently 
of each other.
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A critical determinant for MT plus-end recognition in vivo is the C-terminal 
tyrosine residue of α-tubulin (Peris et al., 2006). Here we show that CLIP-170 bin-
ding to MT plus-ends is reduced after application of 10 nM taxol (Supplemental 
Material and Fig. 4-S4). Taxol stabilizes MTs by binding to α-tubulin and changing 
MT conformation (Arnal and Wade, 1995). These data indicate that CLIP-170 recog-
nizes a structural feature of the MT plus-end besides the C-terminal tyrosine of α 
-tubulin. It has been shown that MTs in Xenopus egg extracts grow by the extension 
of a two-dimensional sheet of protofilaments, which later closes into a tube (Arnal 
et al., 2000). As suggested by others (Nogales and Wang, 2006), binding sites for 
CLIP-170 (and other +TIPs) might be localized on the lumen-side of the MT sheet. 
However, given the size of fluorescent comets, this would imply a sheet-length of 
at least 2 μm. Using cryo-electron microscopy we have not found evidence for the 
existence of such long sheets in interphase fibroblasts (Koning et al., 2007).

The “fast exchange” model implies that the fluorescence decay at MT-ends, 
which is measured in kymographs (Folker et al., 2005; Komarova et al., 2005; Tir-
nauer et al., 2002), does not correlate with dissociation rates of +TIPs, but rather 
with the disappearance of binding sites for these proteins (hence the name kdecay). 
A combined knock down of the +TIPs EB1 and EB3 resulted in faster fluorescence 
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Figure 4-4. Fast-exchange model.
A) MT polymerization generates a large number of binding sites (orange ellipses). Fifteen of these sites 

are present within the rectangle in the upper MT. Binding sites disappear with single-order reaction 
kinetics. Thus, as time progresses less binding sites are present within the rectangle.

B) Dimeric CLIP-170 exchanges rapidly on binding sites, irrespective of their position on the MT-end. 
During the lifetime of a binding site a number of interactions with CLIP-170 molecules can occur. 
Because there are more binding sites at the very distal end, more CLIP-170 molecules bind there. 
The equilibrium between cytoplasmic and MT-end bound CLIP-170 (reaction a) might be determined 
by posttranslational modifications, conformational changes and/or protein-protein-interactions. 
As we find CLIP-170 exchange on MT-ends at positions distal to sites of MT polymerization, 
co-polymerization of CLIP-170 with tubulin (reaction b) does not explain the comet-like distribution 
of +TIPs. However, it is not excluded (hence the stippled arrow), and modified forms of CLIP-170 
(indicated by the purple ellipses) might bind tubulin with higher affinity.
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decay of YFP-CLIP-170 (Komarova et al., 2005). We hypothesize that EB1-like 
proteins directly influence the turnover of binding sites at MT-ends and that their 
depletion causes altered remodeling of MT-ends, and thereby a faster disappear-
ance of CLIP-170.

In migrating Ptk1 cells, GFP-CLASP2 is associated with the MT lattice of MTs 
“pioneering” into the lamellipodium while it is a +TIP in the cell body (Wittmann 
and Waterman-Storer, 2005). FRAP analysis of GFP-CLASP2 in the cell body indi-
cated a recovery along the whole MT-end (Wittmann and Waterman-Storer, 2005). 
If CLASP2 was “treadmilling” on MT-ends, one would expect fluorescence to reap-
pear only in MT segments of new plus-end growth. However, the observed uniform 
recovery of CLASP2 on MT-ends is well explained by the “fast exchange” model. We 
therefore propose that the “fast exchange” model is not limited to CLIP-170 and 
EB3 but is a more general mechanism for +TIP behavior at MT-ends. 

Experimental procedures4.4.	

Fusion proteins4.4.1.	
The GFP-CLIP-170 knock-in fusion protein is functional in vivo because GFP-CLIP-
170 knock-in mice are completely normal, whereas CLIP-170 knock out mice have 
severe defects in spermatogenesis (Akhmanova et al., 2005). The GFP-CLIP-170 
cDNA, used for transient transfections of COS-7 cells as well as for the generation of 
the stable 3T3 cell line, has been decribed (Hoogenraad et al., 2000). It is based on a 
brain-specific CLIP-170 isoform (Akhmanova et al., 2005) isolated from a rat brain 
cDNA library (De Zeeuw et al., 1997). Normal cellular morphology and localization 
of the dynactin complex at MT plus-ends are restored (M. Miedema and N. Galjart, 
manuscript in preparation) when the GFP-CLIP-170 fusion protein is introduced 
into CLIP-115/-170 deficient MEFs, proving its functionality. The rat brain CLIP-
170 cDNA was also used to generate the truncated CLIP-170 XmnI-protein (amino 
acids 4-309), which is called CLIP-170 “Head” in the original study (Komarova et 
al., 2002a). The “Head” domain of CLIP-170 is able to restore MT dynamics in cells 
in which CLIP-170 does not localize to MT-ends (Komarova et al., 2002a). EB3-GFP 
has been described previously (Stepanova et al., 2003), and localizes to MT plus-
ends. Positioning of GFP at the C-terminus prevents interaction with CAP-Gly motif 
containing proteins (Komarova et al., 2005), but other protein-protein interactions 
are not perturbed.

Cell lines, cell culture and transfection4.4.2.	
GFP-CLIP-170 knock-in mice and MEFs have been published (Akhmanova et al., 
2005). The CLIP-115/-170 double knock out MEFs will be described elsewhere (M. 
Miedema and N. Galjart, manuscript in preparation). They were derived from double 
knock out mice, which were generated by crossing the Clip1 (CLIP-170 encoding 
gene) and Clip2 (CLIP-115 encoding gene) single knock out lines (Akhmanova et 
al., 2005; Hoogenraad et al., 2002).

The 3T3 cell line expressing GFP-CLIP-170 under control of the reverse 
tetracyclin transcriptional activator (rtTA; Tet-on system) was described previ-
ously (Drabek et al., 2006). We also generated a stable HeLa cell line expressing 
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rat brain CLIP-170, N-terminally tagged with GFP, and a short (22 amino acids) 
biotinylation sequence at the N-terminus of GFP (Lansbergen et al., 2006). HeLa 
cells (80  % confluent) were transfected using lipofectamine 2000 and split one 
day later. Neomycin was added to the culture medium to select for cells expressing 
GFP-CLIP-170. One stable HeLa cell line was further characterized. As shown in 
Supplemental Fig. S4A, these cells express ~2-fold more GFP-CLIP-170 compared 
to endogenous CLIP-170.

For transient transfections, we used Polyfect (Quiagen), Fugene 6 (Roche) or 
DEAE-Dextran, and analyzed cells 24 hours after transfection. For protein extracts, 
cells were incubated in lysis buffer (20 mM Tris-HCl pH 8, 100 mM NaCl, 0.5 % 
Triton-X100, supplemented with protease inhibitors (Roche)) for 10 minutes on 
ice. Cell lysates were centrifuged for 10 minutes at 13,000 rpm and 4°C. The super-
natants were used for further experiments.

Live imaging4.4.3.	
Fluorescence time-lapse analysis in transiently transfected COS-7 cells, 3T3 cells 
and MEFs was performed on a Zeiss LSM510 confocal laser scanning microscope 
as described (Akhmanova et al., 2001; Akhmanova et al., 2005; Stepanova et al., 
2003). We either used a 40x water immersion lens (numerical aperture 1.2), or 
a 63x oil immersion lens (numerical aperture 1.4). Cells were normally imaged 
at 37°C. For temperature-dependence experiments in 3T3 cells, the temperature 
was first set at 27°C, and subsequently increased to 32°C, and 37°C, while cells 
were kept in the microscope set-up. This allowed examination of the same cells at 
different temperatures. For temperature-dependence experiments in COS-7 cells, 
different cells were measured at 27°C and 37°C.

FRAP analysis was performed on images of 256 x 64 pixels (lateral pixel size: 
70 nm). The same area of 256 x 3 pixels was bleached every 6 seconds. This set-up 
allowed for image acquisition every 75  ms, and resulted in bleaching of GFP-
CLIP-170-positive MT-ends. Fluorescence recovery in a region of 3 x 3 pixels was 
measured. This area encompassed part of the fluorescent MT-end. We measured 
bleached and non-bleached MT-ends, and cytoplasmic regions. For better visual-
ization of MT-ends in Figure 4-1, the walking average plug-in of Image J (Rasband, 
W.S., NIH, http://rsb.info.nih.gov/ij/) was used (5 consecutive frames in panels 
A-A’’’, and 3 consecutive frames in panels D-D’’’). However, time-frames were not 
averaged before analyzing fluorescence intensity.

Fluorescence time-lapse analysis in stably transfected HeLa cells was performed 
using an epifluorescent Zeiss 200M inverted microscope equipped with a Hama-
matsu ORCA-ER camera. Images were acquired every second, and the movement 
of GFP-CLIP-170 comets in time, reflecting MT growth, was measured in these cells 
as described (Stepanova et al., 2003). Taxol was added to the stable HeLa cell line 
in concentrations ranging from 2-100 nM. We visualized GFP-CLIP-170 behavior 
prior to and one hour after addition of taxol.

FCS4.4.4.	
FCS measurements were conducted on an LSM 510-Confocor II system (Carl Zeiss, 
Jena) equipped with a CW (continuous wave) Ar-laser, a 40x water immersion 
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objective (C-Apochromat, NA  1.2), and two avalanche photodiodes. EGFP was 
excited with the 488nm-line (beam path: HFT488-Mirror-BP505-550). Cell lysates 
were measured for 30 s at room temperature with 17.5 µW laser power. Experi-
ments were repeated 10 times. Cultured cells were measured 5 times for 30 s at 
one position, with laser power ranging between 8.5 and 55 µW. Laser power was 
set to 17.5 µW for measuring GFP-VLP2/6 particles (see below and Supplemental 
Material).

Experimentally obtained autocorrelation functions were analyzed with the 
Confocor II software package (Zeiss) and fitted with
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where t is time (in microseconds); τT is the triplet time, set to 9 μs for GFP; T 
the fraction of triplet decay; S the structural parameter, obtained from calibration 
measurements with rhodamine 6G (diffusion coefficient: 28x10-10 m2/s at 20°C) 
and set to 6; N the number of particles; M the number of fluorescent species (1 or 
2); Fi the fraction of species I; and τi the diffusion time of species i.

Rotavirus-like particles with 120 molecules of GFPVLP2/6 per virus-like par-
ticle (Charpilienne et al., 2001) (a kind gift of Dr. Jean Cohen, CNRS-INRA, Gif-sur-
Yvette, France) were stored as a highly purified stock of approximately 1 mg/ml at 
4°C. Prior to FCS measurements, particles were filtered through a Sephadex G25 
column.

FCA4.4.5.	
FCA (Muller, 2004) was performed on raw data of FCS measurements, which we 
analyzed with the FCS data processor (Scientific Software Technologies Center, 
Minsk, Belarus, http://www.SSTCenter.com). The first 8 cumulants were deter-
mined; data was fitted with 2 components (background and GFP), and global 
analysis of 10 measurements of the same lysate was done. Results were averaged 
over 2-4 different lysates.

The molecular brightness of the lysates was also examined using photon count-
ing histogram (PCH) analysis (Chen et al., 1999). Raw data of FCS measurements 
was converted into PCH-curves using our own custom-written program and a bin-
ning time of 50 μs. Data thus obtained was analyzed using the Globals software 
package developed at the Laboratory for Fluorescence Dynamics at the University 
of Illinois at Urbana-Champaign.

Analysis of fluorescence intensity tracks4.4.6.	
Data was analyzed with Prism (GraphPad Software Inc., San Diego, USA). To derive 
a corrected fluorescence decay curve for GFP-CLIP-170-labeled MT-ends from con-
focal images, we first subtracted the average cytoplasmic background value. The 
resulting curves were normalized to 1 as initital value and averaged. The average 
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decay of fluorescent peaks was fitted as a first-order exponential decay with a non-
linear least-square fitting routine.

dc dt k c
decay

/ *= - (Eq. 4.2)

c t A B e
k tdecay( ) *

*= + -

(Eq. 4.3)

where t is time, c is the concentration, kdecay the reaction constant, A the plateau 
value and B the span of the reaction. The half time of fluorescence decay was cal-
culated as ln(2)/kdecay.

Analysis of FRAP data4.4.7.	
Data was analyzed with Prism (GraphPad Software Inc., San Diego, USA). To calcu-
late the diffusion constant (D) and the dimensionality of diffusion of cytoplasmic 
GFP-CLIP-170 we used a recently published method (Seiffert and Oppermann, 
2005). We divided the image of 256 x 64 pixels (with a lateral pixel size of 70 nm) 
in 20 strips. Thus, each strip was approximately 0.2 µm wide and 18.5 µm long. For 
each strip the fluorescence over time after the bleach was measured for 20 frames 
after bleaching. Values were divided by the fluorescence value 75 ms before the 
bleach (pre-bleach value). The bleach profile in the imaged area is described by a 
Gaussian curve. At least six bleaches at the same position were performed to obtain 
an average curve. The standard deviation (SD) derived from the Gaussian is related 
to the full-width-half-maximum (ω) by ω = 2.355 SD. Furthermore, ω2 = D/2 * t 
(Seiffert and Oppermann, 2005), where D is the diffusion coefficient and t is time. 
Thus, by plotting ω2 versus time (see Supplemental Material) we obtained a value 
for the diffusion constant of GFP-CLIP-170.

In order to be able to calculate the recovery of GFP-CLIP-170 fluorescence on 
MT-ends we subtracted background values and normalized curves to 1. We subse-
quently subtracted the fit of the fluorescent decay, and combined them for an aver-
age recovery curve. This curve could be fitted with a simple exponential curve.

Bleach t Bleach Bleach e
k tre ery( ) ( ) ( ) cov= ¥ - * - *

0 (Eq. 4.4)

where t is time, and krecovery is a rate constant that is related to koff (Lele et al., 
2006). The half-life of GFP-CLIP-170 recovery was calculated as ln2/krecovery.
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Supplemental results4.6.	

FRAP analysis of GFP-CLIP-170 and GFP-CLIP-170XmnI4.6.1.	
We considered a number of possible drawbacks to our fastFRAP experiments. 
First, as MTs have a diameter of only 25  nm, ROIs of 200 x 200 nm will always 
contain cytoplasmic GFP-CLIP-170 molecules even in the presence of a MT plus-
end (Fig. 4-S2A). Thus, one limitation of our experiments could be that the fluores-
cence recovery observed after bleaching GFP-CLIP-170 on MT plus-ends was due 
to recovery in the cytoplasm. We therefore subtracted the average fluorescence 

Figure 4-S2. FRAP-related schemes and control experiments.
A) Representation of the different dimensions in a fast FRAP analysis. A MT (diameter: 25 nm) traverses 

a ROI of 200 x 200 nm (3 x 3 pixels).
B, C) Fluorescence intensity of a repeatedly bleached GFP-CLIP-170-labeled MT-end measured in a 

ROI of 200 x 200 nm. The raw data (B) was corrected (C) for the average bleach occurring in the 
cytoplasm surrounding the MT-end.

D) Comparison of corrected (blue) and non-corrected (red) cytoplasmic bleaches. If we correct 
cytoplasmic recoveries for cytoplasmic recovery clearly no recovery is left. This result is in stark 
contrast to the results in panels (B) and (C), where correction of MT plus-end bleaches for the 
cytoplasmic recovery still yields a nice and detectable recovery curve.

E) Comparison of non-bleached (blue) and bleached (red) peaks. Non-bleached peaks were chosen 
outside of the bleached strip at the moment that a bleach was performed. The same calculations 
were performed on these peaks as on truly bleached peaks. No recovery is observed on peaks that 
are away from the bleached strip, while peaks within the bleached strip do show a clear recovery. 
Thus, recovery is due to bleaching of plus-end bound GFP-CLIP-170 molecules.

F) Fast FRAP analysis in transiently transfected COS-7 cells abundantly overexpressing GFP-CLIP-170. 
In these cells GFP-CLIP-170 labels MTs along their entire length. The movie belonging to this FRAP 
experiment is shown as Supplemental Movie S5. Recovery of GFP-CLIP-170 is shown in the cytoplasm 
(blue data points, k = 1.9 s-1), and on MTs (green data points, k = 0.50 s-1). Clearly, GFP-CLIP-170 
recovers faster in the cytoplasm than on the MT (note: in the same experiment we also performed 
fast FRAP analysis in cells expressing much lower amounts of CLIP-170; in these cells we observed 
“normal” MT-end recovery).

G) Average fluorescence recovery of GFP-CLIP-170 on MT-ends. Recoveries were grouped according to 
the position of the bleach on the fluorescent peak. Fluorescent recoveries shown are near the peak 
(red, 0.5-1 s after the maximum, krecovery = 2.06 ± 0.27 s-1, n = 25, SEM indicated), or further away 
(blue, 3.7-4.6 s after the maximum, krecovery = 1.96 ± 0.45 s-1, n = 25, SEM indicated). Krecovery did not 
differ significantly between these two datasets.

H) Example of a bleach profile in FRAP experiments with GFP-CLIP-170. Maximum bleach depth 
decreases over time (“fluorescence recovers”), while the area containing bleached molecules 
increases.

I) Example of ω2 (µm2) plotted versus time (s) for FRAP experiment of GFP-CLIP-170.
J) Plot of maximum bleach depth versus time shows recovery of fluorescence in a representative FRAP 

experiment of GFP-CLIP-170.
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recovery occurring in the cytoplasm from the fluorescence recovery on MT plus-
ends. Fluorescence still recovered on “corrected” bleached MT-ends (Fig. 4-S2B, 
C). However, when we took cytoplasmic bleaches and corrected for cytoplasmic 
recovery, no recovery remained after correction (Fig. 4-S2D). This indicates that the 
corrected recovery we see on plus-ends can not be due to cytoplasmic bleaches in 
that area. Thus, although a MT plus-end traversing a ROI of 200 x 200 nm is small in 
terms of volume, MT plus-end-bound GFP-CLIP-170 can clearly be distinguished.

In a second control experiment, we analyzed non-bleached +ends (outside of 
the bleached strip) that were present during a bleach. We performed the same cal-
culations on these peaks as on the truly bleached peaks. No recovery was observed 
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on peaks away from the bleached strip, while peaks within the bleached strip did 
show a clear recovery (Fig. 4-S2E). Thus, even though the fast FRAP approach 
forces us to analyze images with relatively low signal-to-noise ratio, the recovery 
due to bleaching can be clearly distinguished from random fluctuations.

As a third control experiment, we performed fast FRAP in transiently trans-
fected COS-7 cells that abundantly overexpress GFP-CLIP-170 (Fig. 4-S2F). In such 
cells GFP-CLIP-170 labels MTs along their length and appears immobile (the movie 
belonging to this FRAP experiment is shown as Movie 4-S5). Under these conditions 
we observed a four times faster recovery of GFP-CLIP-170 in the cytoplasm (blue 
data points, k = 1.9 s-1, 95 % confidence interval 1.4 to 2.4 s-1) than on MTs (green 
data points, k = 0.50 s-1, 95 % confidence interval 0.43 to 0.57 s-1). These data show 
that the FRAP set-up can distinguish between cytoplasmic and MT-bound CLIP-
170, when GFP-CLIP-170 dwells on MTs for longer periods of time.

Our data suggest that individual CLIP-170 molecules can exchange rapidly on 
MT plus-ends and that fluorescence decay at a given position on the MT-end reflects 
the loss in time of binding sites for CLIP-170. This loss could be due to a quantitative 
loss in number of binding sites and/or the “weakening” of interactions between 
CLIP-170 and binding sites on MT-ends (i.e a qualitative change). In the first case, 
no relationship between krecovery of GFP-CLIP-170 and the position on the MT plus-
end is expected. We tested this by comparing recovery-curves over the length of 
MT plus-ends. Although the bleach depth depended on the time interval between 
maximal fluorescence intensity and the bleach, we found no differences for krecovery 

(Fig. 4-S2G). We propose that the disappearance of CLIP-170 fluorescence from MT 
plus-ends is due to a declining number of binding sites for CLIP-170. Our results do 
no allow us to conclude whether the properties of these binding sites are similar 
over the length of the MT plus-end, since binding and unbinding of CLIP-170 may 
be faster than diffusion.

As we bleach a very thin strip, diffusion of GFP-CLIP170 during bleaching 
can not be neglected in our FRAP set-up. Furthermore, the bleaching beam has a 
finite width, and although we outlined a bleach strip of 0.2 x 18.5 µm, the actual 
bleached area was larger. Recently, a mathematical model was described that 
allows calculation of the diffusion constant under these conditions (Seiffert and 
Oppermann, 2005). We adapted this method to estimate the diffusion coefficient D 
of GFP-CLIP-170 from our FRAP experiments. The bleach profile was fitted with a 
Gaussian curve (Fig. 4-S2H), which yielded ω (full width at half maximum). Plotting 
ω2 versus time (Fig. 4-S2I, J), we obtained the diffusion coefficient D = 10.34 ± 6.1 
µm2/s (n = 48, SD indicated) for GFP-CLIP-170 and D = 24.7 ± 15.2 µm2/s (n = 25, 
SD indicated) for GFP-CLIP-170XmnI. These values are comparable to the values 
measured by FCS (see below), strongly suggesting that the FRAP set up measures 
diffusion correctly.

FCS analysis of GFP-CLIP-1704.6.2.	
We first verified our FCS set-up by analyzing the diffusion of GFP. The diffusion 
coefficient D of GFP was about 50 µm2/s in the cytoplasm and 70  µm2/s in cell 
lysates (Fig. 4-S3A, B), which is comparable to published data (about 30 µm2/s in 
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cells, 90 µm2/s in lysates Kim and Schwille, 2003). The diffusion coefficient of GFP 
in cells as determined by FRAP-experiments is slightly lower (Arrio-Dupont et al., 
2000; Coscoy et al., 2002; Swaminathan et al., 1997). We conclude that our FCS 
set-up can be used to interpret the behavior of GFP-CLIP-170 and other fluores-
cently tagged +TIPs.

Using FCS, we studied the dynamics of GFP-CLIP-170 in knock-in MEFs 
(Akhmanova et al., 2005). Fluorescence autocorrelation curves could be fitted with 
a two-component model, implying a fast-moving (i.e. freely diffusing) and a slow-
moving fraction of GFP-CLIP-170 in MEFs. The fast-moving GFP-CLIP-170 species 
in MEFs has a diffusion coefficient that is 3-4 times lower than that of monomeric 
GFP and about two times lower than that of a GFP-GFP fusion protein (Fig. 4-S3A). 
Diffusion coefficients of EB3-GFP and GFP-EB1 are somewhat smaller than that of 
GFP-GFP. Similar results were obtained in cell lysates (Fig. 4-S3B). Data are con-
sistent with the relative molecular mass of dimeric GFP-CLIP-170 (approximately 
400 kDa) being higher than that of the other proteins (GFP, 27 kDa; GFP-GFP, 54 
kDa; dimeric EB3-GFP and GFP-EB1 approximately 120 kDa). Note that the diffu-
sion coefficient is linear to the radius of a molecule. Thus doubling the radius of a 
globular protein also doubles the diffusion coefficient, but this correlates with an 
8-fold increase in the relative molecular mass of a protein. Our results indicate that 
if the fast GFP-CLIP-170 species is dimeric, it is either not a globular protein, or it 
must be part of a bigger complex.

Fluorescence cumulant analysis (FCA) revealed that GFP-CLIP-170, EB3-GFP 
and GFP-EB1 have a molecular brightness that is 2-3 times that of GFP (Fig. 4-S3C). 
Values are higher than for a GFP-GFP fusion protein, which might be due to fluo-
rescence quenching in the latter. FCA results were supported by photon-counting 
histogram (PCH) analysis (data not shown). All data are consistent with previous 
results (Lansbergen et al., 2004; Pierre et al., 1992; Scheel et al., 1999) that indicate 
a dimeric, non-globular conformation of CLIP-170.

Fluorescent peaks in FCS intensity tracks4.6.3.	
Peaks were visible in the fluorescence intensity tracks of FCS measurements of 
COS-7 cells expressing GFP-CLIP-170. Most of these peaks had a relatively linear 
and steep upward slope and a curved downward slope (see Fig. 4-2B). Several 
experiments suggest that these peaks represent the ends of growing MTs, labeled 
by GFP-CLIP-170. Peaks were absent in cells expressing fluorescently tagged 
proteins that did not associate with MT-ends. Also, they disappeared when cells 
expressing GFP-CLIP-170 were treated with nocodazole or high doses of taxol (data 
not shown), reagents that perturb MT dynamics and have been shown to cause dis-
sociation of GFP-CLIP-170 from MT-ends (Perez et al., 1999). Furthermore, peaks 
reached their maximum intensity after 1-2 s, corresponding to the time it takes 
a microtubule to traverse the FCS measurement-volume (growth speed of a MT: 
~0.3  µm/s, measurement-volume diameter: 0.4  µm). To rule out that the peaks 
represent aggregates of GFP-CLIP-170, we analyzed a suspension of highly purified 
VLP2/6 rotavirus–like particles containing 120 GFP molecules each (Charpilienne 
et al., 2001). Intensity tracks of FCS measurements of these particles showed very 
sharp peaks (Fig. 4-S3E).
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The downward slope of peaks could be approximated with an exponential decay 
curve corresponding to first-order reaction-kinetics (Fig. 4-S3D). Deviations from 
the fit were small and did not show any trend. The calculated kdecay of 0.48 s-1 for 
disappearance of GFP-CLIP-170 (see Table 4-I) translates to a fluorescence half-life 
of approximately 1.5 s, which correlates well with reported half-lives of CLIP-170 
on MT-ends (Folker et al., 2005; Komarova et al., 2005).
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Comparison between FCS and FRAP4.6.4.	
While a given position is imaged intermittently in FRAP experiments, the same 
position is imaged continuously in FCS experiments. Consistently, we observed sig-
nificant bleaching of the immobile nuclear protein GFP-histone H2B (Wachsmuth 
et al., 2003) with FCS, whereas this was not the case in time-lapse imaging (Fig. 
4-S3F). In fact, the curve showing the bleach-dependent decay of GFP-histone H2B 
was similar to the one showing fluorescence decay of GFP-CLIP-170 (Fig. 4-S3F). If 
CLIP-170 were transiently immobile on MT-ends, one would expect the FCS curve, 
reflecting a combination of dissociation and bleaching of CLIP-170, to be steeper 
than the FRAP decay curve, only reflecting dissociation of CLIP-170. The fact that 
FRAP and FCS curves are so similar indicates short binding times of GFP-CLIP-170 
on MT-ends.

Effect of low doses of taxol on CLIP-170 behavior4.6.5.	
Taxol is a MT stabilizing agent that binds to the β-tubulin subunit of the tubulin 
dimer thereby changing MT conformation (Arnal and Wade, 1995). When added at 
micromolar concentrations it causes displacement of GFP-CLIP-170 from the MT 
end (Perez et al., 1999). However, the effect of a nanomolar application of taxol 
on CLIP-170 behavior has, to our knowledge, not yet been investigated. Taxol 
does affect MT dynamics in HeLa cells even at these low concentrations, possibly 
because it is able to accumulate inside cells (Jordan et al., 1996).

We generated a stable HeLa cell line expressing ~2.5 times more GFP-CLIP-170 
than CLIP-170 (Fig. 4-S4A). The rate of GFP-CLIP-170 displacement (Fig. 4-S4B), 
which reflects MT growth, was comparable to that observed in other cell types 
(Akhmanova et al., 2001; Stepanova et al., 2003). Maximum intensity projections 
(Fig. 4-S4F) and kymograph analysis (Fig. 4-S4H) showed relatively constant 
“comet-like” GFP-CLIP-170 fluorescence within individual tracks. One hour after 
Figure 4-S3. FCS-related control experiments.
A, B) Diffusion coefficients in cells (A) expressing different fluorescently labeled proteins and in lysates 

(B) thereof. Both MEFs (expressing GFP-CLIP-170 at endogenous levels) and transfected COS-7 cells 
(expressing the indicated fluorescent proteins) were measured. Only fast components of the two-
component analysis in cells are shown.

C) FCS data from cell lysates was used to calculate the molecular brightness of fluorescent proteins by 
fluorescence cumulant analysis (FCA). Values were normalized to GFP. Error bars indicate standard 
deviation in all panels.

D) Fluorescence decay of GFP-CLIP-170 peaks in FCS measurements. Decay was measured at 17.5 µW 
laser power, normalized, averaged and fitted (SEM indicated). The kdecay is 0.48 s-1 (see also Table 
I). A GFP-CLIP-170-positive MT-end (visualized as a green “comet”) is drawn above the graph. As it 
enters and exits the FCS-volume (dashed rectangle) fluorescence intensity is measured (examples 
indicate measurements at 1, 3, 5, 7 and 9 seconds). Fluorescence from consecutively older parts of 
the MT-end shows an apparent decay.

E) Rotavirus-like particles, containing 120 molecules of GFP-VLP2/6 each, were analyzed with the FCS 
set-up. Sharp peaks characterize movement of particles through the measurement volume.

F) Comparison of the behaviour of GFP-CLIP-170 and GFP-histone H2B in time in FRAP and FCS 
experiments. With FCS significant bleaching of the immobile nuclear protein GFP-histone H2B is 
observed (black triangles), whereas with FRAP (black squares) this is not the case. The FCS curve 
showing the bleach-dependent decay of GFP-histone H2B is similar to the FCS and FRAP curves 
showing fluorescence decay of GFP-CLIP-170 (red and blue squares, respectively). Error bars 
indicate SEM.
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application of 10 nM taxol the rate of GFP-CLIP-170 displacements were reduced, 
but movements were highly erratic, leading to a high SEM (Fig. 4-S4C, G, I). The 
qualitative changes in CLIP-170 displacement can also be seen in Movies 4-S6 and 
4-S7, showing GFP-CLIP-170 behaviour in untreated and treated cells respectively. 
Thus, consistent with previous results (Yvon et al., 1999), the nanomolar applica-
tion of taxol interferes with MT dynamics. Interestingly, GFP-CLIP-170 remained 
bound to MT ends under these conditions, even when MT ends appeared to be 
shrinking (Fig. 4-S4I), and its binding pattern changed from “comet-like” to a more 
“dotted” pattern. These results are consistent with CLIP-170 recognizing a struc-
tural feature on MT plus-ends, a feature that is changed by taxol.

Figure S4. Characterization of a HeLa cell line stably expressing GFP-CLIP-170.
A) Western blot analysis of parent HeLa cell line and of the GFP-CLIP-170-expressing clone. Expression 

of GFP-CLIP-170 was analyzed with antibodies against CLIP-170. Intensities of the signals were 
measured in 3 experiments; the expression of CLIP-170 is ~2.5 fold lower (42 ± 3 %) than that of 
GFP-CLIP-170. Control staining with antibodies against UBF (a nucleolar protein) show that equal 
amounts of protein lysates were loaded on gel.

B, C) Displacement of GFP-CLIP-170 in time (equivalent to MT growth rates) in untreated HeLa cells (B) 
and in cells treated with 10 nM taxol (C). Notice that not only MT growth rates are reduced in the 
treated cells but that also the variation in growth rates has significantly increased. N = number of 
dashes analyzed. 

D) Still image of a time-lapse analysis of GFP-CLIP-170 in stably expressing HeLa cells. Notice the 
fluorescent “comet-like” dashes, typical of GFP-CLIP-170 behavior.

E) Still image of a time-lapse analysis of GFP-CLIP-170 in stably expressing HeLa cells after treatment 
with 10 nM taxol. Notice the fluorescent “dots” that appeared after taxol application.

F) Maximum intensity projections of the rectangle depicted in (D). Tracks represent movement of GFP-
CLIP-170 in time in non-treated HeLa cells. Track length is not only determined by catastrophes 
(which cause GFP-CLIP-170 displacement from the MT-end), but also by GFP-CLIP-170 moving in 
and out of focus. 

G) Maximum intensity projections of the rectangle depicted in (E). Tracks represent movement of GFP-
CLIP-170 in time in cells treated with taxol.

H) Kymograph analysis of GFP-CLIP-170 in non-treated HeLa cells. Three representative kymographs 
are shown, with time plotted in the vertical axis and distance horizontally. GFP-CLIP-170 moves with 
a relatively constant average speed and decorates MT plus-ends in an even manner.

I) Kymograph analysis of GFP-CLIP-170 in HeLa cells treated with 10 nM taxol. Three kymographs 
are shown, with time plotted in the vertical axis and distance horizontally. GFP-CLIP-170 moves 
erratically, and even seems to remain bound on pauzing and shrinking MTs. Moreover, it decorates 
MT plus-ends in an uneven manner.
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Movies4.7.	
These supplemental movies will be available at http://www.jcb.org.

Movie 4-S1
GFP-CLIP-170 expression in transfected COS-7 cells. COS-7 cells were transfected 
with GFP-CLIP-170 and analyzed by confocal microscopy. Cells were maintained in 
normal culture medium at 37°C. Images were acquired every 75 ms. The walking 
average of 3 consecutive frames was calculated using Image J to show the GFP-
CLIP-170 signal more clearly.

Movie 4-S2
GFP-CLIP-170 behavior at 37°C in stably transfected 3T3 cells. 3T3 cells express-
ing GFP-CLIP-170 were analyzed by confocal microscopy. Cells were maintained 
in normal culture medium at 37°C. Images were acquired every 200  ms. Notice 
GFP-CLIP-170 moving in bright, comet-like dashes.

Movie 4-S3
GFP-CLIP170 behavior at 27°C in stably transfected 3T3 cells. T3 cells expressing 
GFP-CLIP-170 were analyzed by confocal microscopy. Cells were maintained in 
normal culture medium at 27°C. Images were acquired every 200 ms. GFP-CLIP-
170 is moving in bright, comet-like dashes despite the reduction in temperature.

Movie 4-S4 
GFP-CLIP-170 expression in knock-in MEFs. Cultured MEFs, isolated from GFP-
CLIP-170 knock-in mice, were analyzed by confocal microscopy. Cells were main-
tained in normal culture medium at 37°C. 88 images were acquired (1 image per 2 
seconds). Notice GFP-CLIP-170 moving in dashes and dots.

Movie 4-S5
GFP-CLIP-170 overexpression in transiently transfected COS-7 cells. COS-7 cells 
were transfected with GFP-CLIP-170 and analyzed by confocal microscopy. Cells 
were maintained in normal culture medium at 37°C. Images were acquired every 
75 ms. The walking average of 3 consecutive frames was calculated using Image J 
to show the GFP-CLIP-170 signal more clearly.

Movie 4-S6
GFP-CLIP-170 expression in non-treated HeLa cells. HeLa cells stably expressing 
GFP-CLIP-170 were analyzed using fluorescence microscopy. Cells were main-
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tained in normal culture medium at 37°C. Images were acquired every second. 
Notice GFP-CLIP-170 moving in bright, comet-like dashes.

Movie 4-S7
GFP-CLIP-170 expression in HeLa cells treated with 10 nM taxol. HeLa cells stably 
expressing GFP-CLIP-170 were analyzed using fluorescence microscopy. Cells were 
maintained in normal culture medium at 37°C. Taxol was applied at 10  nM and 
images were acquired one hour after application of the drug (1 image per second). 
Notice the erratic movement of GFP-CLIP-170. Instead of bright, comet-like dashes 
a dotted pattern is observed.
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The three components of the cytoskeleton, microtubules, actin filaments, and 
intermediate filaments, all form distinct networks. Cytoskeletal networks do not 
form independent entities, but are highly integrated. This is illustrated by polym-
erization of microtubules along existing actin filaments (Kodama et al., 2003), 
and the existence of a group of proteins that can bind different components of 
the cytoskeleton simultaneously (Sonnenberg and Liem, 2007). Disturbing the 
structure of a cytoskeletal network, its interaction with the other networks, or 
with other subcellular components, can have detrimental effects in mitosis, cell 
migration and signaling. Our research focuses on microtubules and their binding 
partners. Microtubules form a dynamic network that is essential for cell migration, 
for chromosome segregation during mitosis, influences cell shape and plays a role 
in signaling. Studying microtubule dynamics therefore generates more insight in 
these fundamental processes.

Initially, microtubule dynamics were studied in vitro, but results were obtained 
that did not reflect in vivo behavior (Cassimeris, 1993). This is due to the lack of 
proteins that regulate microtubule dynamics, different conditions, and also a dif-
ferent microtubule protofilament number. Studying microtubule dynamics in vivo 
provides a more realistic picture than trying to mimic the in vivo situation in vitro. 
On the other hand, in vitro studies provide information on the properties of iso-
lated components, which can not be revealed in in vivo studies. Many in vivo stud-
ies have been performed with cells either expressing a GFP-tagged tubulin isoform, 
or microinjected with rhodamine-tubulin. The drawback of both approaches is that 
a single tubulin isoform is introduced in larger than normal quantities, which can 
lead to an imbalance between α- and β-tubulin that is toxic for cells. Furthermore, 
adding GFP to tubulin introduces a tag of nearly 30 kDa that not only interferes 
with protein function itself, but also with the properties of the lattice as a whole, 
even if the fluorescently tagged protein only forms the minority of total protein 
inside the lattice. Rhodamine is a much smaller tag and gets linked to different resi-
dues of the tubulin molecule, making interference with protein function less likely. 
However, microinjection is the only way in which rhodamine-labeled tubulin can 
be introduced into cells. This is laborious and restricted to few cells, while many 
cells can be investigated in a cell line stably expressing GFP-tagged tubulin.

Tagged tubulin visualizes the complete pattern of microtubule dynamics, but it 
gets increasingly difficult to discern single microtubules when they bundle or are 
located together, like in neuronal extensions. Fluorescently tagged +TIPs are better 
suited to study microtubule dynamics in these cases, visualizing growing microtu-
bule ends even in neuronal extensions (Stepanova et al., 2003). The obvious draw-
back of +TIPS is their inability to track depolymerizing or pauzing microtubules.

Expression of a fluorescently tagged +TIP in cells lacking another +TIP of inter-
est is often used to investigate the influence of the lacking +TIP on MT-dynamics. As 
many +TIPs influence microtubule dynamics (especially if they are overexpressed), 
expression levels of the read-out construct can have influence on MT-dynamics. 
Knock-in mice that express a GFP-tagged +TIP from the endogenous locus might 
be a good alternative to transfected cells, but knock down of a protein under inves-
tigation is difficult in primary cells. The suitability of a given fluorescently tagged 
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+TIP as read-out construct is another consideration that needs to be taken into 
account. As mentioned above (for tubulin) tags can have a profound influence on 
protein function. The functionality of EB-proteins is, for example, hampered by a 
GFP-tag – adding the tag at the C-terminus interferes with Cap-Gly protein binding, 
while adding it at the N-terminus interferes with microtubule plus-end binding. 
However, the addition of a GFP-tag to the N-terminus of CLIP-170 has been shown 
to be non-detrimental as GFP-CLIP-170 can fully rescue defects in spermatogenesis 
that arise from CLIP-170 deficiency (Akhmanova et al., 2005). All of the data actu-
ally suggest that fluorescently tagged CLIP-170 and non-tagged CLIP-170 behave 
identical.

Different theories have been proposed on how CLIP-170 and its yeast homo-
logues accumulate on MT +ends (see chapter 1.3.1). Many of the underlying 
experiments have been performed in vitro, in fixed cells, or with truncated protein 
constructs (for example Diamantopoulos et al., 1999), making the transferability of 
the results to the in vivo situation difficult. We therefore set out to investigate the 
processes leading to accumulation of full length CLIP-170 on MT +ends in vivo. 

Live cell behavior of +TIPs has often been studied by kymograph analysis and 
fluorescent speckle microscopy. Both techniques focus on macroscopic protein 
behavior, not looking at the dynamics of individual molecules but at the dynamics 
of whole +end accumulations (a.o. Komarova et al., 2005; Perez et al., 1999). Mol-
ecules that are stably bound to few binding sites on a given scaffold give the same 
macroscopic image as molecules that interact only transiently with a surplus of 
binding sites (see chapter 4.3.7), although they have very different implications for 
protein function. Thus, investigating single molecule behavior on +ends or analyzing 
+TIP dynamics on +ends with FRAP reveals information not accessible by macro-
scopic techniques. We adapted a FRAP protocol to gain enough temporal resolution 
to be able to study protein dynamics of GFP-CLIP-170 and EB3-GFP on dynamic 
MT +ends. These experiments revealed, that – underlying the overall dynamics of 
+TIP accumulation following a growing MT +end – individual molecules are even 
more dynamic and can repeatedly bind to the same stretch of microtubule. The 
fission yeast homologue of EB1, Mal3, has very recently been shown to exhibit the 
same behavior in vitro (Bieling et al., 2007) – with short dwell times of individual 
molecules.

Short dwell times for individual +TIP molecules (less than 300 ms for Mal3 in 
vitro (Bieling et al., 2007), maximum of 200 ms for EB3-GFP in vivo (chapter 4 of 
this thesis)) is incompatible with +end accumulation of EB3 or CLIP-170 purely 
due to co-polymerization with tubulin. Treadmilling as the sole underlying reac-
tion leading to +end accumulation can also be excluded, as a single modification 
of either MT-structure or +TIP is believed to cause +TIP dissociation, which is in 
contrast with the ability of GFP-CLIP-170 and EB3-GFP to bind to the polymerized 
MT not only immediately at the polymerization front.

We propose that a large number of binding sites for CLIP-170 (and EB3) are 
formed on the polymerizing MT-end, which slowly disappear. CLIP-170 has a rela-
tively low affinity for these binding sites, resulting in binding times that are much 
shorter than the overall disappearance of binding sites. Therefore, several binding 
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reactions can take place on a single binding site, and a single molecule can bind to 
several binding sites. 

Other +TIPs can form another source of binding sites for a given +TIP on the 
MT end, as most +TIPs are able to bind one another (reviewed in Akhmanova and 
Hoogenraad, 2005). If fast association and dissociation is the mechanism underly-
ing accumulations of most +TIPs on MT ends, the binding sites generated by an 
MT-bound +TIP will have a very short life time, in contrast to the (relatively) static 
binding sites on the MT itself. This will lead to the formation of a “+end raft” (Galjart 
and Perez, 2003) not so much through prolonged interactions, but rather through a 
plethora of short-lived interactions between +TIPs, and between +TIPs and the MT, 
on and in close proximity of the MT end.

Since their discovery about 10 years ago, +TIPs have been shown to be impor-
tant in diverse processes as mitosis and cell migration. Many +TIPs have been 
described to influence microtubule dynamics, but how they accomplish it is still 
poorly understood. One assumption is that +TIPs influence dynamics while being 
associated with growing microtubules. However, CLIP-170 has been described 
as a rescue factor that promotes the transition from a shrinking to a growing 
microtubule (Komarova et al., 2002a). This is puzzling, as CLIP-170 is thought to 
specifically recognize growing microtubule ends but to lack any affinity for depo-
lymerizing microtubules. A possible explanation for MT-rescue by CLIP-170 might 
be the formation (or stabilization) of curved tubulin oligomers in the presence of 
the MT-binding domain of CLIP-170 in vitro (Arnal et al., 2004). If these function 
as “pre-fab” elements that bind to depolymerizing MTs in vivo, they could promote 
rescue. While data presented in Chapter 4 of this thesis argue against CLIP-170 
binding to soluble tubulin in the cytoplasm (as no CLIP-170 would be available for 
MT plus-end binding), high affinity binding of “pre-fab” elements would be possible 
if these are present in very low concentrations. Based on the data presented in this 
thesis, one might also envision that few binding sites for CLIP-170 remain along 
the microtubule lattice. If the depolymerizing microtubules retain few binding 
sites for CLIP-170, a CLIP-170 molecule that is bound at one of these sites when 
depolymerization reaches this position, might act as rescue factor. The function of 
CLIP-170 on polymerizing microtubules may then have less to do with regulating 
microtubule dynamics and more with providing a “landing platform” for other pro-
teins, for example, dynactin. Such a theory has been proposed for dynactin itself 
(Vaughan et al., 2002).

Apart from influencing microtubule dynamics, +TIPs have been described to 
be involved in the attachment of microtubules to other cellular structures (like 
kinetochores or the plasma membrane). For example, in the absence of CLASP2, 
migrating cells form fewer stable microtubules (Chapter 3). Stable microtubules 
are mostly oriented towards the direction of migration, where CLASP2 accumu-
lates in patches at the plasma membrane, locally binds microtubules and thereby 
stabilizes them. In contrast, CLASP2 does not stabilize microtubules throughout 
the cytoplasm, where it is not bound to stable structures but behaves like a +TIP. 
Although these two processes are likely to influence one another, as a microtubule 
that is tightly bound to another cellular structure is less likely to depolymerize, the 
short-lived interactions at MT plus-ends alone might not be sufficient to tether MTs 

goed.indb   111 31-1-2008   14:16:22



112

CHAPTER 5

to the kinetochores or other subcellular structures. Data presented in Chapter 3 of 
this thesis and elsewhere (Akhmanova et al., 2001; Efimov et al., 2007; Lansbergen 
et al., 2006; Wittmann and Waterman-Storer, 2005) suggest that CLASPs can sta-
bilize a selected subset of microtubules by a common mechanism. Specific CLASP-
interaction partners (e.g. LL5beta or GCC185) appear to accumulate at sites within 
the cell, such as the plasma membrane or the Golgi. The turnover of these proteins is 
low, that is, they are stably bound. Specific signalling pathways then allow LL5beta 
and GCC185 to attract CLASPs, which in turn bind and stabilize microtubules. It is 
striking that CLASPs remain relatively mobile compared to LL5beta and GCC185. In 
the dynamic world of microtubules high affinity interactions are perhaps not very 
common and microtubules are tethered by multiple low affinity interactions.
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Summary6.1.	
The cytoskeleton forms the backbone of cells by providing mechanical stiffness 
and rails for intracellular transport. Its components are microtubules, actin fila-
ments, and intermediate filaments. Microtubules are hollow tubes with a diameter 
of 25 nm that are composed of α/β-tubulin heterodimers. Tubulin dimers interact 
longitudinally in a head-to-tail fashion to form protofilaments, 13 of which inter-
act laterally to form a microtubule. Due to their structured assembly, polarity of 
tubulin dimers is transferred onto the microtubule, resulting in two distinguish-
able microtubule ends. Under conditions favoring polymerization in vitro, minus 
ends of free microtubules grow slower than their plus ends. Microtubules are 
not static, but switch between phases of growth and shrinkage, this phenomenon 
is called “dynamic instability”. In vivo, dynamic instability is mainly observed at 
microtubule plus-ends, which are facing toward the cell periphery. Dynamic insta-
bility facilitates rapid rearrangement of the microtubule cytoskeleton and constant 
probing of the cytoplasm.

The microtubule plus end is an ideal target to influence microtubule dynamics 
and the interaction between microtubules and other cellular components. +TIPs 
(plus end tracking proteins) are a group of proteins that specifically recognize 
growing microtubule plus ends. Many +TIPs promote proper progression through 
mitosis, play a role in cell polarity, and regulate microtubule dynamics. The mecha-
nisms that allow +TIPs to exert these functions remain unclear, even though the 
crystal structures of several +TIPs have been solved over the last few years.

An example of a +TIP that has been reported to influence microtubule dynam-
ics is CLASP2. We show in chapter 3 that cells lacking CLASP2 form fewer stable 
microtubules upon induction of cell migration. Although the lack of CLASP2 has 
no influence on the migration speed of these cells, it does affect the directionality 
of migration, leading to a much shorter net migration distance. It is thought that 
patches of immobilized CLASP2 at the cell edge promote capture of microtubule 
ends and their subsequent stabilization. We show, that this accumulation is inde-
pendent of EB1/APC and CLIP-170/IQGAP as upstream signaling factors, but is 
severely reduced upon depletion of ACF7.  

Much effort has been put into understanding the mechanisms by which +TIPs 
accumulate at microtubule ends, because this is thought to influence the way in 
which a +TIP can modulate microtubule dynamics. Different models for plus end 
accumulation have been postulated so far, such as treadmilling, copolymerization 
and motor mediated transport. For a given +TIP, different methods of accumulation 
might co-exist depending on the cellular context. We therefore set out to investi-
gate the plus end accumulation of fluorescently tagged CLIP-170 in vivo. We report 
in chapter 4 that its residence time on plus ends is short, which is compatible with 
neither the treadmilling nor the copolymerization model. Instead, we propose that 
CLIP-170 exchanges rapidly on a surplus of binding sites on the plus-end. 
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Samenvatting6.2.	
Het cytoskelet kan worden gezien als het geraamte van eukaryote cellen, omdat het  
in grote mate verantwoordelijk is voor hun stevigheid en vorm. Ook vormt het de 
banen langs welke transport binnen de cel plaats vindt.  Het cytoskelet bestaat uit 
microtubuli, microfilamenten en intermediaire filamenten. Microtubuli zijn buizen 
met een diameter van 25 nm, die uit α/β-tubuline heterodimeren zijn opgebouwd. 
Tubuline dimeren vormen protofilamenten waarin het α-tubuline van een dimeer 
aan het β-tubuline van het volgende dimeer gebonden is. Door laterale interactie 
vormen 13 protofilamenten samen een microtubule. Door deze gestructureerde 
polymerisatie hebben microtubuli een intrinsieke polariteit, en kan men de twee 
uiteindes onderscheiden. In omstandigheden die de groei van microtubuli bevor-
deren, groeit het min-einde minder snel dan het plus-einde. Microtubuli zijn niet 
statisch, maar schakelen tussen fasen van groei en krimp, wat “dynamische insta-
biliteit” genoemd wordt. Binnen de cel zijn het voornamelijk plus-einden, die dyna-
mische instabiliteit vertonen. Deze zijn over het algemeen gericht naar de uitein-
des van de cel. Dynamische instabiliteit bevorderd een snelle herschikking van het 
microtubuli netwerk en helpt microtubuli om continu het cytoplasma af te tasten.

De plus-einden van microtubuli vormen een ideaal doelwit om de dynamiek van 
microtubuli te beïnvloeden en hun interactie met andere cellulaire componenten 
te reguleren. +TIPs (plus-eind bindende eiwitten) zijn een groep van eiwitten die 
specifiek met de groeiende uiteinden van microtubuli associëren. Van veel +TIPs 
is beschreven, dat zij een rol spelen bij de celdeling en celpolarisatie, en dat zij 
de dynamica van microtubuli beïnvloeden. De manieren waarop +TIPs deze func-
ties uitoefenen zijn tot op heden onduidelijk, en dat terwijl de kristalstructuur van 
meerdere +TIPs recentelijk beschreven is. 

Een voorbeeld van een +TIP, waarvan beschreven is dat het de dynamiek van 
microtubuli beïnvloedt, is CLASP2. Cellen vormen stabiele microtubuli nadat zij 
aangezet worden tot migratie. Wij laten in hoofdstuk 3 zien, dat dit veel minder 
het geval is in cellen, die CLASP2 missen. Hoewel de afwezigheid van CLASP2 geen 
invloed heeft op de migratiesnelheid van deze cellen, heeft het wel een effect op de 
gerichtheid van de migratie, waardoor de cellen een veel kortere netto afstand af-
leggen. De gedachte is, dat ophopingen van onbeweeglijke CLASP2 moleculen aan 
de celrand helpen om microtubuli vast te grijpen en te stabiliseren. Wij laten zien 
dat de ophoping van CLASP2 moleculen onafhankelijk is van zowel EB1/APC als 
CLIP-170/IQGAP, maar dat de depletie van ACF7 deze ophopingen sterk vermin-
dert.   

Er is tot nu toe al veel moeite gedaan om het mechanisme waarmee +TIPs op 
plus-einden ophopen te achterhalen, want men denkt dat de manier waarop +TIPs 
de dynamiek van microtubuli kunnen beïnvloeden afhankelijk is van de manier 
waarop zij op het plus-eind ophopen. Tot op heden zijn er verschillende model-
len gepostuleerd, zoals “treadmilling”, co-polymierisatie, en transport via motor 
eiwitten. Afhankelijk van de cellulaire omgeving zouden voor een gegeven +TIP 
verschillende manieren kunnen bestaan, waarop het op het plus-einde ophoopt. 

goed.indb   118 31-1-2008   14:16:23



119

Summary/Samenvatting

Daarom hebben wij de ophoping van fluorescent gemarkeerd CLIP-170 op plus-
eindes binnen de cel bestudeerd. Wij beschrijven in hoofdstuk 4, dat CLIP-170 mo-
leculen maar kort met het plus-einde associëren. Dit is niet in overeenstemming 
met het treadmilling- of co-polymerisatie-model. In plaats daarvan stellen wij voor, 
dat er op het plus-einde een overschot aan bindingsplaatsen is, waarop CLIP-170 
moleculen snel uitwisselen.  
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