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Chapter 1

Microtubules are key cytoskeletal elements that are essential for several cellular
processes that include intracellular transport, cell morphogenesis, migration and
cell division. Microtubules are biopolymers made of a-B tubulin heterodimers that
associate longitudinally in a head to tail fashion to form a protofilament, and typically
13 protofilaments associate to form a complete tube. Microtubules are self-assembling
fibers that can stochastically switch between phases of growth and shrinkage, a process
known as dynamic instability (Mitchison and Kirschner, 1984). The precise regulation of
the dynamic switching between phases of growth and shrinkage is particularly apparent
during cell division, when microtubules form the spindle apparatus, and specifically in
anaphase where depolymerising microtubules drive chromosome movement towards
the spindle poles. Several Microtubule Associated Proteins (MAPs) control microtubule
dynamics by favouring either growth or disassembly at the plus ends of microtubules.
In this chapter, we will discuss the regulation of microtubule plus end dynamics in
different settings and provide an overview of the factors responsible for this regulation.

General Introduction

Microtubules are composed of tubulin dimers that can self-assemble spontaneously in
vitro, while in cells, microtubule polymerization typically occurs from a template such
as the y-tubulin ring complex. The a- tubulin heterodimers are arranged in a head to
tail manner so that f-tubulins are exposed at the microtubule plus end and a-tubulins
are exposed at the minus end (Figure 1). a and p-tubulin subunits have GTP bound to
them at the N-site (non-exchangeable site) and E-site (exchangeable site), respectively.
GTP bound to a-tubulin has been proposed to stabilise the dimer with its bound
magnesium (Menendez et al., 1998), whereas GTP bound to p-tubulin gets hydrolysed
to GDP after incorporation into the lattice. This occurs with a time delay resulting in
the formation of a GTP cap (Mitchison and Kirschner, 1984). Microtubule stability is
governed by the presence of the stabilizing GTP cap at the end of a growing microtubule:
polymerizing microtubules have the GTP cap, whereas the loss of the cap results in a
switch from growth to depolymerization (an event termed catastrophe). Growing
microtubules have been reported to have either blunt ends or protrusions of tubulin sheets
ranging from 50 to 2000 nm in length (Chretien et al., 1995; Mandelkow et al., 1991).
The latter may represent ageing tip structures, which have been proposed to predispose
a microtubule to a catastrophe (Coombes et al., 2013; Gardner et al., 2011) (Figure 1).
When a microtubule starts depolymerizing, straight protofilaments at the end alter their
conformation into outwardly curled peeling ones (Arnal et al., 2000; Mandelkow et al.,
1991). Recent high resolution cryo-EM studies showed that GTP hydrolysis leads to
microtubule lattice compaction along the longitudinal inter-dimer interface at the E-site
leading to rearrangements in both the a and B tubulin subunits (Alushin et al., 2014). It
was proposed that GTP hydrolysis leads to a conformational strain at the E-site, which
is relieved upon depolymerisation, leading to the formation of peeling protofilaments.
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Figure 1. Microtubule dynamic instability.

Microtubules initiate polymerization mostly from a y-tubulin ring complex template in cells. Microtubules
polymerize with the addition of GTP-tubulin dimers at the growing end which get hydrolysed following
a time-delay resulting in the formation of a GTP-cap at the end. Hydrolysis is accompanied by change in
the conformation of the curved GTP-tubulin at the end to a straight GDP-tubulin in the lattice. Loss of
the GTP-cap leads to destabilization of the microtubule and the switch to a shrinking state (a catastrophe)
with inside-out coiled peeling protofilaments. Microtubules have been proposed to go through a tapered
intermediate state when the stabilising GTP cap is lost beyond a certain threshold which predisposes it to
a catastrophe. Depolymerising microtubules can also transit back to the polymerization phase (a rescue).

Microtubule dynamics can be tuned by enriching specific tubulin isotypes or by
changes in the microtubule lattice that occur at some distance from the GTP-hydrolysis
site (Pamula et al., 2016; Ti et al., 2016; Vemu et al., 2016). Recently it was shown that
microtubule lifetime is also governed by the lattice stability, especially when microtubules
are under mechanical strain: exchange of tubulin dimers can be observed along the lattice
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(Aumeier et al., 2016; de Forges et al., 2016; Schaedel et al., 2015). The dynamic switching
behaviour is regulated by MAPs (Akhmanova and Steinmetz, 2015), which may recognize
specific microtubule features. For example, End Binding protein family, CLIP170 and
XMAP215 recognize microtubule tips (Bieling et al., 2008; Brouhard et al., 2008; Gard
and Kirschner, 1987; Komarova et al., 2009), whereas other MAPs, such as MAP2 and
Tau, bind uniformly along the microtubule lattice (Hawkins et al., 2013; Kar et al., 2003).

Regulation of microtubule plus ends by End Binding proteins
End binding proteins (EBs) autonomously track growing microtubule plus ends through
the CH (calponin homology) domain at their N terminus. The CH domain is followed by
a linker region and a coiled coil domain that is required for dimerization (Akhmanova
and Steinmetz, 2008). EBs recruit to growing microtubule ends a variety of plus end
tracking proteins (+TIPs). This function depends on the C-terminal EB homology
domain (Akhmanova and Steinmetz, 2015; Honnappa et al., 2009; Jiang et al., 2012;
Kumar et al., 2017) or on the EB tails that bear a C-terminal tyrosine residue (Bieling
et al., 2008). Cryo-electron tomography of in vitro assembled microtubules showed that
EB1 binds to both the outwardly curved incomplete sheet-like structures reported to be
present in growing microtubule ends by earlier cryo-EM studies (Chretien et al., 1995;
Mandelkow et al.,, 1991) and to the complete tube structures (Guesdon et al., 2016).
Microtubules in cells or microtubules nucleated from centrosomes in vitro are
mostly in a 13 protofilament configuration (Evans et al., 1985), with 15-protofilament
microtubules reported in the touch receptor neurons in C. elegans (Bounoutas et al,,
2009) and 11-protofilament microtubules found in other types of worm cells (Chalfie and
Thomson, 1982). Microtubules assembled in vitro by spontaneous nucleation display
a variable number of protofilaments, and transitions in protofilament number along a
microtubule have been reported (Chretien et al., 1992). High resolution structural
studies indicate that EBs drive tubulin assembly into a 13 protofilament microtubule
configuration (des Georges et al., 2008; Vitre et al., 2008; Zhang et al., 2015). Cryo-EM
analysis revealed that the CH domain of Mal3 (the EB homolog in fission yeast) binds
to a pocket between two adjacent protofilaments close to the longitudinal interface
between two dimers and is excluded from the seam (Maurer et al., 2012). This interaction
mode enables EBs to recognise the GTP cap, since GTP bound to the B-tubulin at
the E-site is in close proximity to the binding pocket. Improving the resolution of
cryo-EM structures of the EB3 CH domain bound to microtubules assembled with
GTP analogs like GTP-yS and GMPCPP or with GDP confirmed that EBs bridge
microtubule protofilaments, promote GTP hydrolysis and also lead to a compaction of
the microtubule lattice (Zhang et al., 2015). Interestingly, recently it was shown that the
yeast EB homolog Bim1 binds yeast microtubules at both the interdimer and intradimer
tubulin contacts between protofilaments, whereas it only decorates the interdimer sites
in mammalian microtubules (Howes et al., 2017). This suggests that subtle differences in
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the conserved tubulin residues can lead to significant deviations in binding of a MAP.

Although varied effects of EBs on microtubule dynamics have been reported, there is an
emerging consensus that EBs increase microtubule growth rate and catastrophe frequency
and sensitize the plus ends to microtubule destabilizing drugs (Bieling et al., 2007; Doodhi
etal., 2016; Komarovaetal., 2009; Lietal., 2011; Mohan etal., 2013). In vitro reconstitution
and image analysis revealed that EB1 binds slightly behind the very end of the microtubule,
whereas the XM AP215 polymerase proteins bind to the outmost microtubule tip (Maurer
etal., 2014). EB1 binding to the plus ends was also suggested to shorten the lifetime of the
protective GTP cap (Maurer et al., 2014). Using classical tubulin dilution experiments to
monitor the delay in catastrophe induction at growing microtubule ends indicative of the
state of the protective GTP cap, it was shown that EBs decrease the momentary microtubule
stability (Duellberg et al., 2016; Zhang et al., 2015). It is possible that this occurs because
EBs accelerates the maturation of the lattice and induces a conformational strain by lattice
compaction. In the future it would be interesting to test if the destabilizing effects of EBs
at the plus end can be countered by changing the microtubule lattice conformation alone.

XMAP215/chTOG/Stu2 family of microtubule polymerases
Xenopus microtubule associated protein of 215 kDa (XMAP215) was first identified in
Xenopus egg extracts and characterised as a microtubule plus end growth-promoting
factor (Gard and Kirschner, 1987). Depletion experiments in frog extracts and classic
reconstitution experiments using purified components showed that XMAP215 promotes
microtubule growth by antagonizing the destabilizing effects of the Kinesin central
motor 1 (XKCM1, a Kinesin-13 family member) (Kinoshita et al., 2001; Tournebize
et al., 2000). The XMAP215 family of proteins are characterized by the presence of an
array of TOG domains, each of which can bind to a tubulin dimer with high affinity.
X-ray crystal structures of the TOG domain have shown that it has a paddle-like
shape composed of HEAT repeats, a-helices stacked next to each other and separated
by conserved loops. These loops interact with a- tubulin heterodimer, which is in a
curved conformation present in solution but becomes straight once incorporated in the
microtubule lattice (Al-Bassam et al., 2007; Ayaz et al., 2014; Ayaz et al., 2012; Slep and
Vale, 2007). The presence of a C-terminal microtubule lattice-binding region combined
with the ability of TOG domains to bind to tubulin dimers that are curved and thus
can occur only at the end but not within the microtubule lattice confer to XMAP215
the capacity to recognize microtubule tips (Brouhard et al., 2008; Widlund et al., 2011).
XMAP215 acts as a microtubule polymerase: through its multiple TOG domains, it
locally increases tubulin concentration in the vicinity of the plus ends and accelerates
tubulin subunit addition to these ends (Ayaz et al, 2012). In vitro reconstitution
experiments using purified XMAP215 or Stu2 (Suppressor of tubulin 2, the yeast
homolog of XM AP215) have shown that they increase growth rate of single microtubules
by autonomously targeting to the plus ends (Brouhard et al., 2008; Podolski et al., 2014;
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Widlund et al, 2011). Recently, a reconstitution with EB1, XMAP215 and tubulin
showed that these three components were sufficient to reproduce in vitro microtubule
growth rates that are comparable to the physiological growth rates observed in vivo
(Zanic et al, 2013). EB1 and XMAP215 do not interact with each other, but they
allosterically affect each other’s activity by binding distinct regions at the plus end
to promote microtubule polymerization (Maurer et al., 2014; Zanic et al, 2013).

Although XMAP215 can localize to the plus ends by itself, in cells it has been
shown to be targeted to the plus ends by linker proteins like Sentin in Drosophila or
SLAIN2 in mammalian cells. These linker proteins connect Msps, the Drosophila
homolog of XMAP215, or chTOG, its mammalian homolog, to EB1 (Bouchet et
al., 2016; Li et al., 2011; Li et al., 2012; van der Vaart et al., 2011). The fission yeast
Schizosaccharomyces pombe has two XMAP215 orthologs - Alp14 (Altered polarity
protein 14) and Disl. Alp14 autonomously tracks growing plus ends independently of
Mal3 and accelerates microtubule assembly (Al-Bassam et al., 2012). In contrast, the
other XMAP215 ortholog, Disl, binds directly to Mal3, the fission yeast counterpart of
EBI, through the recently characterized LxxPTPh motif (Kumar et al., 2017), and the
two proteins synergistically increase microtubule growth rates (Matsuo et al., 2016).
This suggests that XMAP215 and EBI1 exert their synergistic effects on microtubule
polymerization either allosterically or through direct/indirect interactions at the plus ends.

CLIP and CLASP families of rescue factors

Cytoplasmic linker proteins (CLIPs) were the first identified + TIPs. They were initially dis-
covered as linkers of microtubules to endocytic vesicles and were later shown to be associ-
ated with growing microtubule plus ends in live cells (Perez et al., 1999; Pierre et al., 1992).
CLIP family of proteins, including the long isoform CLIP-170 and the short isoform CLIP-
115, are characterized by the presence of two tandemly arranged CAP-Gly (Cytoskeleton
Associated Protein Glycine rich) domains followed by a long coiled coil domain responsi-
ble for dimerization. CLIP-170 also contains “zinc knuckle” domains followed by a C-ter-
minal tail that ends with a tyrosine residue (Pierre et al., 1994). The C-terminal EEY motif
of CLIP-170 can bind to the CAP-Gly domain thereby serving an autoinhibitory function,
which is relieved upon the binding of CAP-Gly domains to microtubules (Lansbergen et
al., 2004; Weisbrich et al., 2007). When bound to microtubules, CLIP-170 can through its
tail recruit other factors, such as the dynein-dynactin complex (Moughamian et al., 2013;
Splinter et al., 2012). At microtubule plus ends, CLIPs recognise a composite site that is
made up of the tyrosinated tail in a-tubulin and the end binding protein (Bieling et al.,
2008; Lansbergen et al., 2004; Weisbrich et al., 2007). The plus end localization of the yeast
homolog of CLIP-170, Tip1, has been shown to be dependent on the EB homolog, Mal3 and
the motor protein Tea2 (Bieling et al., 2007; Busch et al., 2004). CLIPs act as rescue factors
increasing the frequency of transitions from microtubule depolymerization to polymeri-
zation (Arnal et al., 2004; Komarova et al., 2002). Recent studies have suggested that CLIP-
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170 stimulates microtubule rescue at specific microtubule lattice sites enriched in GTP
tubulin (GTP islands), which coincide with the sites under mechanical stress (de Forges et
al., 2016). It has also been shown that a rescue can also be initiated at sites of damage by the
self-repair properties of microtubules alone (Aumeier et al., 2016; Schaedel et al., 2015).

CLASPs were identified as CLIP-associated proteins tracking the growing plus ends by
bindingthe coiled coil region of CLIP or targeting EBs through the SxIP motifs (Akhmanova
etal.,, 2001; Honnappa et al., 2009; Mimori-Kiyosue et al., 2005). The Drosophila homolog
of CLASP, MAST/Orbit has been shown to be important for the mitotic flux in dividing
cells and also for the proper spindle microtubule dynamics (Maiato et al., 2003; Maiato
et al., 2005). CLASPs contain two or three TOG-like domains similar to the ones in
XMAP215 family, and they were also hypothesized to bind to tubulin dimers (Al-Bassam
etal., 2010; Leano etal., 2013). X-ray crystallography showed that the second and the third
TOG domain of human CLASP have different curvatures at the tubulin binding interface
and also prefer distinct tubulin dimer curvatures induced upon drug binding leading to
distinct biochemical activities (Maki et al., 2015). Since the tubulin binding interface of the
second TOG domain of CLASP was not compatible with binding the curved conformation
of a-B tubulin dimers in solution, it was proposed that either this TOG domain or
tubulin dimers undergo a conformational change upon binding (Leano et al., 2013).

Reconstitution experiments with purified Schizosaccharomyces pombe CLASP,
Clslp, or the Drosophila homolog of CLASP, MAST/Orbit, have shown that CLASP acts
as a rescue factor by binding at a high density to microtubule lattice sites that serve as
rescue points (Al-Bassam et al., 2010; Moriwaki and Goshima, 2016). Pause induction
by Drosophila CLASP has also been reported (Moriwaki and Goshima, 2016). Therefore,
although both the XMAP215 family and CLASP family of proteins have tubulin binding
TOG domains, they exhibit distinct activities on microtubule polymerization dynamics
by increasing growth rate and acting as rescue or pausing factors, respectively. Since
tubulin binding domains combined with a microtubule lattice binding region can
make a minimal polymerization module (Widlund et al., 2011), it would be interesting
to dissect a minimal biochemical module essential for making a rescue factor.

Regulation of microtubule dynamics by motor proteins

Apart from their involvement in intracellular transport and microtubule organization,
motor proteins, in particular the members of the Kinesin-4, Kinesin-8 and Kinesin-13
family are known to impact microtubule dynamics at the plus end. One of the mitotic
kinesins, a member of the Kinesin-4 family, Kif4a, has been shown to interact with
the anti-parallel microtubule bundler PRC1, translocate to the microtubule plus ends
and inhibit their growth, and thus induce formation of stable microtubule overlaps in
anaphase (Bieling et al., 2010; Subramanian et al., 2010). Another Kinesin-4 member,
KIF7, has been shown to be an immobile motor that dampens microtubule growth rate
and increases the catastrophe frequency and is essential to control the length of cilia
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(He et al., 2014). KIF21A, a motile Kinesin-4, has been shown to target growing plus
ends by moving processively along microtubules, slow down their growth and suppress
catastrophes (van der Vaart et al., 2013). Recently, in vitro reconstitution experiments
have shown that KIF21B, yet another motile Kinesin-4, is a potent microtubule pausing
factor that moves to microtubule plus ends, concentrates there through its multiple
microtubule-binding domains and arrests microtubule elongation (van Riel et al., 2017).

Kinesin-8 family motors that include the budding yeast Kip3p and human KIF18A are
highly processive motors that facilitate microtubule length-dependent depolymerization
(Stumpft et al., 2008; Varga et al., 2009). Kip3p, by virtue of the additional microtubule
binding site present at the C-terminus of this motor protein, displays high processivity and
accumulates at the plus ends increasing the off rate of tubulin and thus inducing microtubule
depolymerisation (Gupta et al., 2006; Mayr et al., 2011; Stumpft et al., 2011; Varga et al.,
2009). Interestingly, very recent work showed that Kip3 can sense and stabilize tubulin
curvature, ultimately leading to microtubule disassembly (Arellano-Santoyo et al., 2017).

Kinesin-13 family members are different from all other kinesins because their motor
is located in the middle of the molecule and they are immotile. The best characterised
member of the Kinesin-13 family is the depolymerizing kinesin MCAK or KIF2C (the
mammalian counterpart of the previously mentioned Xenopus XKCM1). This motor
can target microtubule ends by its motor domain using lattice diffusion and lead to
microtubule depolymerisation both from the plus and minus end (Helenius et al., 2006;
Hunter et al., 2003). It has been shown that MCAK destabilizes the lateral contacts
between tubulin dimers at the plus end; furthermore, the engagement of the motor
domain with tubulin induces a conformational change in the tubulin dimer that is
incompatible with its lattice retention, thereby inducing depolymerisation (Burns et al.,
2014). The presence of the KVD motif in the MCAK motor domain and the presence
of a neck linker N-terminal to the motor are essential for the depolymerisation activity
and the lattice diffusion properties, respectively (Hertzer et al., 2006; Ogawa et al., 2004).
Furthermore, MCAK interacts with EBs, which can counter the ability of this kinesin
to prevent microtubule outgrowth but can also promote its targeting to polymerising
ends and potentiate catastrophe induction (Montenegro Gouveia et al, 2010).

A huddle at the plus end: Factors influencing +TIP activities

Microtubule plus ends associate with proteins that can autonomously track the growing
plus end, motor proteins that accumulate at the plus end or proteins that hitchhike
through EBs. The net effect of these multiple factors on microtubule growth dynamics
depends on the concentration of specific players, their affinity for the microtubule plus
ends or EBs, synergistic or antagonistic effects, allosteric effects on the microtubule
ends, post-translational modifications regulating protein activities, steric effects exerted
by their multiple domains and alterations in the microtubule plus end structure. Most
+T1IPs track the growing plus ends dynamically and display a rapid turnover at the plus
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ends, with residence times that were shown to be at the order of hundreds of milliseconds
in vitro (Bieling et al., 2008; Bieling et al., 2007; Montenegro Gouveia et al., 2010).

In vitro reconstitution assays have shown that CLIP-170 dynamically tracks
growing plus ends by recognizing the tyrosinated tails present in a-tubulin and EB
(Bieling et al., 2008). Furthermore, in mammalian cells, SLAIN2, the adaptor protein
for polymerase chTOG that tracks growing plus ends by its multiple EB1-binding SxIP
sites also possesses a C-terminal tyrosine-containing tail that is recognized by CLIP-
170 (van der Vaart et al., 2011), and this interaction might make the plus end tracking
of both proteins more robust. CLIPs also bind to CLASPs which track the growing plus
ends by virtue of their two SxIP motifs (Akhmanova et al., 2001; Mimori-Kiyosue et al.,
2005). Although the plus end targeting CAP-Gly domains of CLIP-170 bind to the tail
region of EBs, a recent study showed that a high concentration of an SxIP peptide that
binds to the EB homology domain can compete CLIP-170 off the plus end (Duellberg
et al.,, 2014). It was proposed that the binding of an SxIP peptide induced structuring
of the EB tail and might possibly affect CAP-Gly binding. Allosteric effects induced
by SxIP binding to EB can thus alter recruitment of other proteins through EB tail.

It has been demonstrated that phosphorylation of the EB-homology domain targeting
SxIP motif in CLASPs by the glycogen synthase kinase 33 (GSK3p) reduces CLASP
association with the plus ends (Kumar et al., 2009). Apart from their interaction with EBs,
CLASPs also bind to the basic/serine-rich region of SLAIN2 (van der Vaart et al., 2011)
and possibly also recognise some plus end-specific features of the microtubule structure
through their TOG domains (Maki et al., 2015). In light of these multiple interactions
that target CLIPs or CLASPs to the plus end, it would be interesting to test if the residence
time of these proteins at microtubule tips increases in the presence of their +TIP partners.

EBs have been shown to modulate the microtubule plus end structure by making
the microtubule lattice more compact (Zhang et al., 2015), which possibly results in
the synergistic effects on microtubule growth with XMAP215 (Zanic et al., 2013). In
mammalian cells, the adaptor protein SLAIN2 and in Drosophila, Sentin possibly add
another mechanism to ensure the robust plus end tracking of XMAP215 homologs
chTOG/Msps, which can also load onto microtubules by their C-terminal positively
charged region and by recognising tubulin curvature at the growing plus ends (Li et al,,
2012; van der Vaart et al,, 2011). The mammalian EB-binding protein SLAIN2, which
interacts with CLIP, CLASP and chTOG, possibly acts like an adhesive factor that
provides additional binding sites for different +TIPs and thus reduces the competition
between them. MAPs can also exert their effect on microtubule plus end growth
by modulating the end structure. For example, kinesin KIF21B induces pausing of
microtubule plus end thereby resulting in a loss of EBs and likely also their partners
from the plus ends (van Riel et al., 2017). Similarly, MCAK recognises the microtubule
tip-specific features at both ends inducing peeling of protofilaments (Burns et al., 2014).
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Regulation of centriolar microtubule growth
Centrioles are evolutionarily conserved microtubule based cellular organelles with a
remarkable 9-fold radial symmetry. Theyare essential for the formation of centrosomes, cilia
and flagella (Gonczy, 2012). Centrioles are characterized by nine triplets of microtubules
arrangedinananti-clockwisemanner. The 9-fold symmetriccentriolestructurewasshownto
be templated by the Spindle assembly defective-6 (SAS-6) oligomerization-driven cartwheel
at the proximal end (Kitagawa et al., 2011; van Breugel etal., 2011). Each microtubule triplet
has an A-microtubule with the complete 13 protofilament configuration and a B- and a
C-microtubule with 10 protofilaments arranged in an inside-out fashion (Guichard et al.,
2012). The A-microtubuleis assembled from a y-tubulin ring complex-like conical structure
from the proximal to the distal end, whereas the B and C microtubules most likely elongate
bidirectionally, as suggested by the presence of outwardly curled extensions (Guichard
et al, 2010). Although centrioles are non-compartmentalized organelles, centriolar
microtubules exhibit growth rates of tens of nanometers per hour, reaching a final length
of around 450 nm and being extremely stable after that (Chretien et al., 1997; Paintrand et
al., 1992). This is in contrast to cytoplasmic microtubules that grow with the rate of 10-20
microns per minute and exhibit dynamic instability (Akhmanova and Steinmetz, 2008).
Recent studies have characterized the molecular players involved in the centriole
elongation process. Even though centrioles are present in the cytoplasmic pool of
tubulin, centriolar microtubule assembly and stabilization post-assembly is very tightly
regulated by a number of specific microtubule/tubulin binding proteins. Centrobin/
Centrosomal protein of 120 kDa (CEP120), Centrosomal protein of 135 kDa (CEP135)
and Centrosomal P4.1-associated protein (CPAP) are some of the candidates characterized
for either microtubule or tubulin binding abilities, and some of them also interact with
each other, adding another potential layer of regulation (Gudi et al., 2011; Hsu et al., 2008;
Lin et al.,, 2013a; Lin et al., 2013b). CEP120 has been shown to be localized specifically
to daughter centrioles and is essential for proper centriole elongation (Mahjoub et al.,
2010). CEP120 mediates centriole elongation in a manner dependent on its microtubule
binding domain and on its direct interaction with CPAP (Lin et al., 2013b). Through an
interaction with CPAP and SPICE1, CEP120 recruits another centriolar protein, CEP135
(also known as Bld10p), which is essential for proper centriole assembly (Comartin et
al., 2013). CEP135 is critical for the assembly of a complete centriole, and its depletion
results in shortened centrioles or centrioles lacking microtubules altogether (Mottier-
Pavie and Megraw, 2009; Roque et al., 2012). CEP135 localizes primarily to the proximal
part of the centriole at the cartwheel-microtubule connection, where it has been proposed
to stabilize the structure via its microtubule binding coiled coil domain (Hiraki et al.,
2007; Jerka-Dziadosz et al., 2010; Kraatz et al., 2016). Centriolar coiled-coil protein of 110
kDa (CP110) localizes to the distal end of centrioles and restricts their length (Kleylein-
Sohn et al., 2007; Schmidt et al., 2009). CP110 is recruited to the centriole by CEP97 and
the complex of these two proteins is essential for preventing cilia formation (Spektor et
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al., 2007). CP110 exhibits an antagonistic relationship with another centriole assembly
factor, CPAP: CPAP overexpression or CP110 depletion both result in overly elongated
centrioles (Schmidt et al., 2009). This led to the model that CPAP promotes centriole
elongation, whereas CP110 capping activity at the distal end limits centriole length.

It has been shown that overexpression of CPAP/SAS-4 that localizes in the proximal
part of the centriole results in overly elongated centrioles, whereas its depletion results
in cells with a procentriole lacking microtubule triplets (Kohlmaier et al., 2009; Schmidt
et al., 2009; Tang et al., 2009). This suggests that CPAP has a role in the initial centriolar
microtubule assembly process. CPAP interacts directly with the y-tubulin ring complex
and may function in the initiation of the A-microtubule assembly (Hung et al., 2000).
CPAP binds to another centriolar protein, SCL-interrupting locus protein (STIL), which is
essential for pro-centriole formation in a complex with SAS-6 (Tang et al., 2011). Further
evidence for the role of CPAP in microtubule assembly comes from the experiments
demonstrating that CPAP has a tubulin-binding PN2-3 domain that can sequester tubulin
dimersand destabilize microtubules (Cormier etal.,2009; Hsu etal.,2008; Hungetal.,2000).

Recently, a reconstitution study has shown that purified SAS-6 alone which is
capable of forming dimers which then associate through their N-terminus to form a
ring. These rings can autonomously organise into stacks, explaining the stacked assembly
of the SAS-6 rings at the procentriole (Guichard et al., 2017). In the future it would
be interesting to understand how such structures recruit the tubulin- or microtubule-
binding centriole assembly factors and how their cooperative or antagonistic activities
lead to the precise control of centriole length. In vitro reconstitution experiments with
purified centriolar proteins will be very useful in this context. Also how the triplet
microtubules are established with non-canonical contacts between protofilaments of A
and B microtubule and between B and C microtubule is an open question. Identification
and characterization of molecular factors that drive the bidirectional assembly of
the 10-protofilament B and C microtubules will be needed to solve this enigma.

Scope of this thesis
In this chapter, we discussed the modulation of microtubule assembly and disassembly
and the transitions between these two states by different microtubule associated
proteins acting at the plus end. Over the years, through a combination of structural,
biophysical and cellular approaches, significant progress has been achieved in
understanding of the regulation of microtubule dynamics by cellular factors.
In Chapter2,weaddresstherole of CLASPatthe plusends of growing microtubulesusing
an in vitro assay to reconstitute microtubule dynamics. We find that CLASP predominantly
modulates microtubule dynamics by suppressing spontaneous and induced catastrophes
(the switch from growth to shrinkage). We dissect the minimal biochemical modules in
CLASP that lead to suppression of catastrophes and induction of rescues (switches from
shrinkage to growth). We further demonstrate that CLASP-mediated stabilization at the
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plusendresultsin the restoration of a tapered plus end with a partial subset of protofilaments
intoacomplete structure. Wealso probe the ability of CLASP to repair damaged microtubule
latticesand show thatitleads to stabilization and thereby recovery of complete microtubules.

In Chapter 3, we investigate microtubule rescues by extending the reconstitution
to the CLIP-170-CLASP complex. We find that CLIP-170, previously proposed to be a
rescue factor did not alter microtubule dynamics autonomously at the concentration
used in the assay. On the other hand, it increased the rescues induced by its interacting
partner CLASP, most likely by increasing its association with the microtubule lattice.

In Chapter 4, we expand our reconstitution assays to investigate the regulation of
microtubule growth by the mammalian adaptor-polymerase complex, SLAIN2-chTOG.
We demonstrate that EB3 and chTOG can promote microtubule polymerization rates
close to the ones observed in cells. The adaptor protein SLAIN2 does not stabilize
microtubules but further enhances the effect of chTOG at the plus end. Furthermore, we
show that chTOG-induced fast polymerization counteracts the ability of the microtubule
depolymerase MCAK to block microtubule outgrowth from pre-formed templates.

In Chapter 5, we characterise tubulin binding of one of the centriolar proteins,
CPAP/SAS-4 using X-ray crystallography and biochemical approaches. Using a
truncated version of CPAP together with dynamic microtubules, we show that it
autonomously tracks growing microtubule plus ends by binding to a specific site on
the terminal tubulin dimers. CPAP dampens microtubule dynamics by slowing down
microtubule elongation and reducing the frequency of catastrophes. The activities of
the protein are dependent on the tubulin binding PN2-3 domain. We further test the
impact of the CPAP-tubulin interaction on centriole elongation in cells and find that
CPAP mutants deficient in tubulin binding lead to overly elongated centrioles. We
thus uncover the capacity of CPAP to prevent overgrowth of centriolar microtubules.

In Chapter 6, we place our findings in a general context and discuss
the potential directions in which this research can be developed in future.
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Chapter 2

Abstract
Microtubules are dynamic cytoskeletal filaments composed of tubulin dimers, which
polymerize into linear protofilaments that associate laterally to form tubes. Microtubule
tips and lattices can be destabilized by different factors, but how stable microtubules are
reformed after destabilization is poorly understood. Here, we show that CLASPs act as
catastrophe suppressors by inhibiting depolymerization of incomplete microtubule tips and
allowingtheirrecoveryinto complete tubes. CLASPs counteract microtubule destabilization
induced by drugs or physical barriers, and promote repair of damaged microtubule
lattices. These activities depend on a single TOG-like domain of CLASP, TOG2, which
does not bind to free tubulin. Another TOG-like CLASP domain, TOG3, induces rescues
but cannot suppress catastrophes, demonstrating that these activities are mechanistically
distinct. These functions are modulated by the N- and C-terminal domains of CLASPs
that flank TOG2 and TOG3. We propose that CLASPs act as protofilament-stabilizing
proteins, with the unique TOG2 domain being the primary determinant of CLASP activity.
Microtubules (MTs) are essential for most cellular processes such as cell division,
differentiation and migration. MTs are dynamic polymers composed of tubulin dimers,
which attach to each other in a head-to-tail fashion to form protofilaments that
interact laterally to form a hollow tube'. MTs can alternate between phases of growth,
shortening and pause, and numerous cellular factors participate in organizing MT
networks by controlling different aspects of MT dynamics>?. In particular, switching to
MT depolymerization, termed a catastrophe, can be induced by intrinsic MT properties,
such as GTP hydrolysis and the associated changes in the structure of MT tips, but also
by extrinsic factors, such as encounters with obstacles* or MT-targeting agents®°. It is
currently poorly understood how MT tips that are destabilized by intrinsic or extrinsic
processes can be repaired to ensure continuous MT polymerization and the integrity of
the MT shaft. Interestingly, blocking just one MT protofilament can disrupt MT growth
and induce a catastrophe®, but it is unclear how severe the accompanying aberrations in
MT structure can be, and whether and how they can be restored. Furthermore, recent
work has shown that the damage and repair of MT shafts can affect the mechanical
and dynamic properties of MTs, for example, by changing MT flexibility and inducing
rescues (switches from shortening to growth)””. MT damage and destabilization
can have a profound effect on processes ranging from intracellular transport to cell
division, but little is known about the molecular mechanisms controlling MT repair.
Cytoplasmic linker associated proteins (CLASPs) are excellent candidates to mediate
MT repairbecause theyare wellknown toincrease M T stabilityand abundancein mitosisand
interphase. CLASP depletionleadsto severe spindle defects suchas monopolar or multipolar
spindles, and aneuploidy'®"'. CLASPs bind to the plus ends of spindle MTs and are essential
for proper spindle MT dynamics and MT polymerization near kinetochores, supporting
the poleward flux of kinetochore fibers'® 2. CLASP homologues stabilize overlapping MTs
in the mitotic spindle of fission yeast" and induce MT pausing in Drosophila S2 cells'.
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In worms, CLASPs are required for the assembly of the central spindle in embryos'
and suppress catastrophes in muscle cells'. In plants, CLASPs are important for
catastrophe inhibition when MTs grow around sharp cell edges”. In migrating
mammalian cells, CLASPs stimulate MT rescues at leading cell edges in 2D"® and inhibit
catastrophes at the tips of mesenchymal cells forming protrusions in a 3D matrix".
Moreover, CLASPs also participate in spindle pole organization' and can promote
y-tubulin-dependent MT nucleation at the Golgi*; such templated MT nucleation is
likely to be mechanistically related to MT polymerase or anti-catastrophe activities*'.

The ability of CLASPs to induce MT rescues, inhibit catastrophes and induce pausing
has been reconstituted in vitro??!. However, it is currently unclear whether rescue
induction and catastrophe suppression are biochemically distinct processes or represent
the same activity targeted to MT shafts and tips, respectively. Different CLASP homologues
contain two or three TOG-like domains, protein modules known to bind to tubulin, and
it has been proposed that CLASPs act like MT polymerases by promoting the recruitment
of tubulin dimers* **. However, unlike the TOG-domain containing MT polymerases
of the XMAP215/ch-TOG family, CLASPs do not accelerate but rather slow down MT
growth? 2!, and the known structures of CLASP TOG-like domains are incompatible with
binding to free tubulin due to their highly convex architecture® *. It is thus possible that
CLASPs affect MT end structures by binding to highly curved protofilaments at MT ends?.

Here, we used in vitro MT dynamics assays to show that CLASPs potently suppress
MT catastrophes that occur spontaneously or are induced by MT-depolymerizing agents
and physical barriers, and that CLASPs prevent depolymerization and promote repair
of damaged MT lattices. We demonstrate that a single TOG-like domain of CLASP,
TOG2, which does not bind free tubulin, is sufficient to induce rescues and, when
targeted to MT plus ends, suppresses catastrophes. Another TOG-like CLASP domain,
TOG3, promotes rescues but does not inhibit catastrophes, demonstrating that these
activities are mechanistically distinct. The additional folded domains present in CLASPs
do not bind to tubulin but rather have autoregulatory and MT tip targeting functions.
Furthermore, we show that CLASP stabilizes incomplete MT structures and enables
their recovery. Together, our data suggest that CLASPs, through their unique TOG2
domain, stimulate MT growth and repair by acting as protofilament-stabilizing factors.

RESULTS
A complex of CLASP2a and EB3 suppresses catastrophes and promotes templated
MT nucleation

To investigate the impact of CLASP2a on MT dynamics, we purified it from HEK293T
cells (Supplementary Fig. 1a) and analyzed its activity using an in vitro reconstitution
assay®?, in which MT growth from GMPCPP-stabilized seeds is observed by Total Internal
Reflection Fluorescence microscopy (TIRFM). In the presence of tubulin alone, full length
GFP-tagged CLASP2a showed some binding to MT lattices and a very weak enrichment at
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Figure 1
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Figure 1. CLASP2« promotes processive MT polymerization and MT outgrowth from a template

(a) A scheme of CLASP and EB domain organization and CLASP-EB interaction.

(b-e) Kymographs of MT plus end growth with rhodamine-tubulin alone or together with 30 nM GFP-
CLASP2« (b), 20 nM mCherry-EB3 alone or together with 30 nM GFP-CLASP2« (c), 20 nM mCherry-EB3
and 30 nM GFP-CLASP2aIPNN (d) and 20 nM mCherry-EB3ATail alone or together with 30 nM GFP-
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CLASP2« (e). Plots of fluorescence intensity ratio of CLASP2« at the growing MT plus end and MT lattice
are shown on the right, n=27 (b), 26 (c), 25 (d) and 30 (e). Scale bars: 2 um (horizontal) and 60 s (vertical).
(f) Parameters of MT plus end dynamics in the presence of rhodamine-tubulin alone or together with 20
nM mCherry-EB3 or together with 20 nM mCherry-EB3ATail in combination with the indicated CLASP
constructs at 30 nM or 300 nM as indicated. Number of growth events analyzed: for tubulin alone, n=135,
tubulin with GFP-CLASP2a, n=134, mCherry-EB3 alone, n= 207, mCherry-EB3 with GFP-CLASPIa,
n=75, mCherry-EB3 with GFP-CLASP2a, n=52, mCherry-EB3 with GFP-CLASP2aIPNN, n=182,
mCherry-EB3ATail, n=182, mCherry-EB3ATail and GFP-CLASP2«, n=174, mCherry-EB3ATail and 300
nM GFP-CLASP2a, n=128. Error bars represent SEM.

(gh) Average of the mean squared displacement (MSD) of MT length increments, plotted over time (g)
and the values of the diffusion constant Dp, obtained from fits of the MSD curves (h). Data are shown for
MTs grown either in the presence of EB3 alone or together with 30 nM of CLASP2a. The average diffusion
constant of 506 + 41 nm2/s for control and 316 + 25 nm?/s in presence of CLASP2« were estimated from
fits to the data (red line). Each dot in (h) represents the diffusion constant estimated for an individual M'T
growth event; control (n = 183), CLASP2« (n = 88).

(i,j) Schematic of the MT outgrowth assay and plot of the fraction of the total GMPCPP seeds that show MT
outgrowth in 15 minutes at increasing tubulin concentrations with tubulin alone (black) or together with
GFP-EB3 (200 nM) (orange) or together with GFP-CLASP2« (100 nM) (green) or together with GFP-EB3
(200 nM) and GFP-CLASP2« (100 nM) (brown). For increasing tubulin concentrations in case of tubulin
alone, n=92, 96, 105, 82, 97, 87, 161, and 127 GMPCPP seeds respectively, for 200 nM GFP-EB3, n= 69, 73,
68, 77, 80, 83, 106 and 96 GMPCPP seeds respectively, for 100 nM GFP-CLASP2a, n= 119, 122, 118, 119,
145, 110, 119 and 115 GMPCPP seeds respectively and for 200 nM GFP-EB3 together with 100 nM GFP-
CLASP2a, n= 107, 54, 85, 88, 70, 87, 85 and 70 GMPCPP seeds respectively. Data are from 2 experiments.
Error bars represent SD. Solid lines indicate the sigmoidal equation fit to the data. Tubulin concentration
for half-maximal MT outgrowth for tubulin alone= 7.28 + 0.08, for 200 nM GFP-EB3= 8.30 + 0.11, for 100
nM GFP-CLASP2« = 5.35 + 0.04, for 100 nM GFP-CLASP2« and 200 nM GFP-EB3= 1.28 + 0.01. Hill
slopes for the fits with tubulin alone=5.99 + 0.34, for EB3=6.53 £ 0.49, for CLASP20=6.46 * 0.31 and for
CLASP2a and EB3=3.16 + 0.07.

MT tips (Fig. 1a,b, Supplementary Fig. 1a). However, when mCherry-EB3 was included in
the assay, CLASP2a strongly accumulated at MT plus ends (Fig. 1a,c). MT tip recruitment
of CLASP2a was abrogated by mutating the Ile and Pro residues of the two tandemly
arranged SxIP motifs in the middle of the protein to asparagines (IPNN mutant) (Fig. 1d).
Similarly, removal of the acidic tail of EB3 (EB3ATail) abolished the tip recruitment as these
polypeptide sequences are essential for the binding between CLASP2 and EBs*® (Fig. le).

Analysis of MT dynamics showed that 30 nM CLASP2a had a mild inhibitory
effect on the MT growth rate both with and without EB3 (Fig. 1f). Strikingly, when
recruited to MT tips by EB3, CLASP2a completely suppressed catastrophes (Fig. 1c,f).
Also CLASP1a, the CLASP2a paralogue that shares a very similar domain organization,
accumulated at MT plus ends in the presence of EB3 and suppressed MT catastrophes
(Fig. 1f, Supplementary Fig.1a,b). Catastrophe suppression was not observed when
EB3 was absent or when the binding between CLASP2a and EB3 was abolished (Fig.
1b-f). We next attempted to compensate for the lack of interaction between CLASP2a
and EB3 by increasing the concentration of CLASP2a from 30 to 300 nM in the
presence of EB3ATail, but found that it was insufficient to achieve the same MT tip
accumulationof CLASP2aasobservedwith30nM CLASP2ainthepresenceoffulllengthEB3
(Supplementary Figure 1¢,d). Consistently, we observed no catastrophe suppressionin these
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conditions (Fig. 1f). Nonetheless, we observed a strong CLASP2a-dependentincreasein MT
rescues, which did not require CLASP2a accumulation at MT tips (Fig. 1b-f). We note that
for conditions where no catastrophes were observed, the rescue frequency could not be
measured. We conclude that CLASPs potently suppress catastrophes when concentrated
on MT tips by EB3, and promote rescues in an EB-independent manner.

To get a better insight into how CLASPs suppress catastrophes, we examined the dynamics
of growing MT tips in more detail. By fitting MT fluorescence intensity profiles to the
error function to determine the MT tip position at sub-pixel resolution, we found that the
length variability for MTs grown in the presence of EB3 and CLASP2a was significantly
lower than with EB3 alone (Fig. 1g,h, Supplementary Figure 1e,f). These data indicate that
CLASP2a promotes smooth MT extension by preventing transient episodes of MT tip
shortening, suggesting that in the presence of CLASP2a MT plus ends are more stable.

It has been shown that factors that destabilize MT tips, like MT depolymerizing kinesin-13
MCAK, suppress MT outgrowth from templates, such as stable MT seeds or centrosomes,
whereas catastrophe-suppressing factors such as TPX2 promote MT outgrowth, an
effect that becomes particularly obvious at low tubulin concentrations*. We performed
similar assays in which we looked at MT outgrowth from GMPCPP seeds and found that
EB3 mildly inhibited MT outgrowth, while CLASP2a alone mildly increased the MT
outgrowth frequency (Fig. 1i,j, Supplementary Fig.1g). When combined, CLASP2a and
EB3 dramatically increased MT outgrowth from GMPCPP seeds, strongly lowering its
kinetic threshold: half maximal MT outgrowth was observed at a tubulin concentration
that was almost 6 fold lower than in the presence of tubulin alone (Fig. 1j, Supplementary
Fig. 1g). These results support the notion that CLASP2a in complex with EB3 potently
promotes the formation of stably growing MT plus ends.

A single MT-tip targeted TOG-like domain of CLASP2 is sufficient to suppress
catastrophes

CLASP1a and 2a consist of three TOG-like domains (termed TOGI, 2 and 3) and a
C-terminal domain responsible for interactions with CLIP-170 and other partners,
CLIP-Interacting Domain (CLIP-ID)*>*° (Fig. 1a). By targeting single CLASP2 domains
or their different combinations to MT tips and lattices using a positively charged SxIP
containing peptide of CLASP2 (termed “S” in different abbreviations, Fig. 2a), we found
that TOG2 was necessary and sufficient to suppress catastrophes, while TOG1, TOGS3,
CLIP-ID and the SxIP peptide alone had no effect (Fig. 2a-c, Supplementary Fig. 2a).
Catastrophe suppression was not dependent on the linker region preceding TOG2 but was
abrogated when the conserved residues in TOG2, W339, R462 and R504, corresponding
to the residues which contribute to MT binding in CLASP1 and to tubulin binding in the
XMAP215/ch-TOG family proteins®, were individually mutated to glutamates (Fig. 2a-c,
Supplementary Fig. 2a, b). The catastrophe-suppressing properties of CLASP2 TOG2 are
unique, because TOG1, TOG3 and CLIP-ID domains of CLASP2 or either of the first
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Figure 2. The second TOG-like domain of CLASP2 is necessary and sufficient for catastrophe suppres-
sion. (a) A scheme of different CLASP2 constructs used. Processive MT growth is the condition in which
no catastrophes were observed within 10 min in the assay with 20 nM mCherry-EB3.
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(b) Representative kymographs showing MT plus end growth in the presence of 20 nM mCherry-EB3 and
GEP-fusions of the indicated fusion proteins. EB3-CH domain fusion was used at 100 nM, all the other
proteins at 30 nM. Scale bars: 2 ym (horizontal) and 60 s (vertical).

(c) Parameters of MT plus end dynamics in the presence of 20 nM mCherry-EB3 alone or together with the
indicated GFP-fusion proteins. Protein concentrations were as in (b). Number of growth events analyzed:
for mCherry-EB3 alone, n=207, together with GFP-CLASP2a, n=75, with TOG12-S, n=96, with S-TOG3-
CLIP-ID, n=110, with S-TOG3, n= 70, with S-CLIP-ID, n=136, with TOG2-S, n= 62, with TOG2-S W339E,
n=118, with chTOG-TOGI-S, n= 47, with chTOG-TOG2-S, n= 78 and for TOG2-EB3CH alone, n= 45.
Error bars represent SEM.

(d) Representative kymographs showing MT plus end dynamics in the presence of 20 nM mCherry-EB3
and 5 uM of the indicated TOG domains from CLASP2a or Stu2. Scale bars: 2 um (horizontal) and 60 s
(vertical).

(e, f) MT plus end rescue and catastrophe frequencies in the presence of 20 nM mCherry-EB3 alone (n=207)
or together with 5 uM of CLASP2a TOGI (n=61) or TOG2 (n=100) or with Stu2-TOG1 (n=146). Error
bars represent SEM.

(g) Plot of the fraction of the total GMPCPP seeds that show M T outgrowth at increasing tubulin concentrations
with tubulin alone (black curve) or GFP-EB3 (200nM) together with either GFP-TOG3-S (100nM) (blue)
or TOG2-S (100nM) (purple). For increasing tubulin concentrations in case of tubulin alone, n= 92, 96,
105, 82, 97, 87, 161, and 127 GMPCPP seeds respectively, for GFP-TOG3-S, n=61, 52, 53, 56, 71, 59, 61
and 88 GMPCPP seeds respectively and for GFP-TOG2-S, n= 70, 64, 50, 50, 55, 66, 63 and 63 GMPCPP
seeds respectively. Data are from 2 experiments. Error bars represent SD. Solid lines indicate the sigmoidal
equation fit to the data. Tubulin concentration for half-maximal MT outgrowth for tubulin alone= 7.28 +
0.08, for GFP-TOG2-S with GFP-EB3= 3.29 + 0.07 and for GFP-TOG3-S with GFP-EB3 = 5.54 + 0.32.
Hill slope for the fits with tubulin alone=5.99 + 0.34, for GFP-TOG2-S with GFP-EB3= 3.56 + 0.21 and for
GFP-TOG3-S with GFP-EB3=4.59 + 1.11.

two TOG domains of ch-TOG had no effect on MT growth processivity when targeted
to MT tips by an SxIP peptide (Fig. 2a-c, Supplementary Fig. 2a,b).Complete catastrophe
inhibition could also be achieved by a direct fusion of the CLASP2 TOG2 to the MT
tip-binding calponin homology (CH) domain of EB3 (Fig. 2a-c, Supplementary Fig.
2a). Importantly, unlike the other GFP-tagged fusion proteins used in this study, which
were purified from HEK293T cells, the GFP-TOG2-EB3-CH protein was purified from
bacteria, excluding possible contamination with MT regulators as a source of catastrophe-
suppressing activity (Fig. 2a-c, Supplementary Fig. 2a). The TOG2-EB3-CH fusion thus
represents a minimal MT plus end-binding protein capable of suppressing catastrophes.
MT tip-targeted TOG2 had a little impact on the MT growth rate (Fig. 2c), while a
TOG1-TOG2-S fusion reduced the MT growth rate similarly to the full length CLASP2aq,
suggesting that this effect might be caused by TOG1 or the TOG1-TOG2 combination
(Fig. 2c). The TOG3-S fusion promoted rescues, although this effect was suppressed
when the C-terminal CLIP-ID domain was also included (Fig. 2a-c, and see below). The
rescue activity of MT tip-targeted TOG2 could not be assessed due to complete absence
of catastrophes. We therefore investigated the activity of TOG2 without the EB3- and
MT lattice-binding SxIP peptide and found that while it had little effect at nanomolar
concentrations, it did cause a significant increase in rescue frequency at a concentration of
5 uM. In contrast, the TOG1 domain of CLASP2 or the tubulin-binding TOG domain of
the yeast ch-TOG homologue, Stu2, did not show such an effect, although all tested TOG
domains mildly promoted catastrophes at 5 uM concentration (Fig. 2d-f, Supplementary
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Fig. 2a). The Stu2-TOG1 but not the TOG-like domains of CLASP2 somewhat reduced
the MT growth rate, likely by sequestering tubulin dimers (Fig. 2d-f, Supplementary
Fig. 2¢). Furthermore, both the rescue-promoting TOG3-S and catastrophe-suppressing
TOG2-S in combination with EB3 individually lowered the kinetic threshold for MT
outgrowth from GMPCPP seeds (Fig. 2g), but the effect was milder than with the full
length protein (Fig. 1j).

Previous analyses of the TOG2 and TOG3 domains of CLASP2 showed that they
interact with tubulin ring-like oligomers but have only a low affinity for MT lattices®.
We confirmed that the binding of TOG2 and TOGS3 to stabilized MTs was weak, while
TOG1 and CLIP-ID did not bind to MTs at all, and none of these domains interacted with
tubulin (Supplementary Fig. 2d-h). Together, these results show that TOG2 can potently
regulate MT plus end dynamics when targeted to MT plus ends and has an intrinsic rescue
activity, although it does not bind to tubulin, which is in contrast to the TOG domains of
XMAP215/ch-TOG family of MT polymerases.

Autoregulatory interactions between CLASP2a TOG domains

As mentioned above, TOG1 of CLASP2a had no MT- or tubulin-binding activities.
Strikingly, the deletion of this domain (which converted CLASP2a to the equivalent of
the naturally occurring splice isoform CLASP2y), abrogated catastrophe suppression
characteristic for the full length CLASP2q, in agreement with a previous publication®* (Fig.
3a-d). This was surprising, as the TOG2 domain sufficient for catastrophe suppression was
fully retained in this deletion mutant. Further deletion mapping showed that the presence
of CLIP-ID prevented catastrophe inhibition by TOG2, just as it suppressed MT rescue
by CLASP2-TOG3 (Fig. 2a-c, Fig. 3a-d, Supplementary Fig. 2a,b, 3a,b). An excess (500
nM) of purified CLIP-ID could reduce the catastrophe-suppressing activity of MT tip-
bound TOG2, while by itself this protein had little effect on catastrophe inhibition (Fig.
3e, Supplementary Fig. 3c).

To explain these results, we hypothesized that CLIP-ID has an autoinhibitory activity
that can be relieved by TOGL. If this were the case, then the binding to partners might
release the CLIP-ID-induced inhibition of constructs lacking TOGI. To test this idea, we
targeted the CLASP binding coiled-coil domain of CLIP-170 (Fig. 3a) to MT tips by fusing
it to the EB-binding SxIP motif of MACF2* (Fig. 3b). While by itself this fusion had little
effect on MT catastrophes, its addition potently increased the anti-catastrophe activity of
all TOG2-containing CLASP2 constructs that lacked TOG1 (Fig. 3a-d, Supplementary
Fig. 3b). These results suggest that CLIP-ID, when it is not bound to partners such as
CLIP-170, has an inhibitory effect on TOG2, and likely also on TOG3, and that TOG1 can
relieve this inhibition.

The crystal structure of TOG1 showed a conserved TOG-domain fold, but also
demonstrated that the conserved residues required for tubulin interaction are lacking
(Fig. 3f, Supplementary Fig. 3e), thus explaining why this domain does not bind to either
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Figure 3. The C-terminal CLIP-interacting domain shows auto-inhibitory activity which is relieved by
the first TOG-like domain or by CLIP170.

(a) A scheme of the CLASP-CLIP-170 interaction.

(b) A scheme of the different CLASP and CLIP170 constructs used. Conditions showing processive MT
growth in the presence of 20 nM mCherry-EB3 are indicated based on (c).

(c) Parameters of MT plus end dynamics in the presence of 20 nM mCherry-EB3 and the indicated con-
structs. Number of growth events: for mCherry-EB3 together with GFP-CLASP2a, n=75, with TOG2-S-
TOG3, n=62, with TOG2-S-CLIP-ID, n=101, with ATOGI, n=141, with TOG1TOG2-S-CLIP-ID, n=64,
for mCherry-EB3 and SXIPMACF-CCCLIP170 alone n=217, and together with TOG2-S-CLIP-ID, n=72,
with ATOGI, n=50. Error bars represent SEM. (d) Representative kymographs showing MT plus end dy-
namics in the presence of 20 nM mCherry-EB3 together with the indicated fusion proteins. Scale bars: 2 ym
(horizontal) and 60 s (vertical).

(e) Parameters of MT plus end dynamics in the presence of 20 nM mCherry-EB3 with 30 nM TOG2-S alone
(n=62) or together with 500 nM CLIP-ID (n=96) or with CLIP-ID alone (n=115). n= number of growth
events. Error bars represent SEM.

(f) Superposition of the structure of hsCLASP2-TOGI and scStu2-TOG] at the f3-tubulin binding interface.
(g) Model for regulation of CLASP activity. CLIP-interacting domain inhibits the catastrophe suppressing
activity of TOG2. In the context of the full-length CLASP2q, this auto-inhibition is relieved by the presence
of TOG1, whereas in CLASP2 isoforms like CLASP2y, which lack TOG1I, the auto-inhibition is relieved by
engaging CLIP-ID with the CLIP-170 coiled coil domain.

tubulin or MTs (Supplementary Fig. 2d,e). We also checked whether TOG1 could bind to
alternative tubulin structures, such as tubulin rings induced by dolastatin or vinblastine,
but found this not to be the case (Supplementary Fig. 3d). Thus, in contrast to a previous
publication suggesting that the ability of TOGI to bind tubulin is required for CLASP
activity?!, we establish that TOGI has an autoregulatory function (Fig. 3g). Based on this
conclusion, we speculate that the TOG1-containing CLASP1/2a isoforms are constitutively
active whereas the CLASP2p/y isoforms, which lack TOG1%, are autoinhibited.

CLASP?2 suppresses catastrophes induced by MT-depolymerizing agents
The data described above revealed that CLASPs suppress spontaneous catastrophes.
However, in cells catastrophes are often induced by specific factors that destabilize MT
plus ends, such as MT depolymerases®. To test if CLASPs can counteract the action of
such factors, we first tested the effect of MT depolymerizing drugs such as colchicine and
vinblastine, which potently promote catastrophes in the presence of EBs*. We found that
CLASP2a indeed promoted long MT polymerization events at drug concentrations that
strongly perturbed MT growth (Fig. 4a,c, Supplementary Fig. 4a). Similarly, CLASP2a
counteracted the activity of the MT depolymerase MCAK, even when the latter was added
at a concentration that, in the absence of CLASP2a, was sufficient to completely block
MT outgrowth and cause depolymerization of MT seeds (Fig. 4b,c, Supplementary Fig.
4b). The minimal catastrophe-suppressing module TOG2-S could also counteract the
catastrophe-inducing action of colchicine and promoted MT growth in the presence of
MCAK, and was even more effective than full length CLASP2a (Fig. 4a-c).

We next tested whether CLASPs can protect MTs from drug-induced catastrophes
in cells. Simultaneous depletion of CLASPland CLASP2 in MDA-MB-231 cells stably
expressing EB3-GFP led to a mild increase in the MT catastrophe frequency in internal
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Figure 4. CLASP2« suppresses catastrophes induced by MT destabilizing agents in vitro and in cells.
(a) Kymographs showing MT plus end dynamics in the presence of rhodamine-tubulin alone or with 20 nM
mCherry-EB3 or in the presence of 100 nM colchicine with 20 nM mCherry-EB3 alone or together with 30
nM GFP-CLASP2a. Scale bars: 2 uym (horizontal) and 60 s (vertical).

(b) Kymographs showing MT plus end depolymerization in the presence of 20 nM mCherry-EB3 and 10 nM
GFP-MCAK, or plus end growth dynamics when 30 nM GFP-CLASP2a or GFP-TOG2-S are added. Scale
bars: 2 ym (horizontal) and 60 s (vertical).

(c) Parameters of MT plus end dynamics in the presence of the indicated of proteins, with or without 100
nM Colchicine. Number of growth events analyzed: for rhodamine-tubulin alone, n=135, with colchicine,
n=110, with colchicine and GFP-CLASP2«, n=68, for mCherry-EB3 alone, n=207, for mCherry-EB3 with
colchicine, n=228, for mCherry-EB3 with Colchicine and GFP-CLASP2«, n=136 and for mCherry-EB3
with colchicine and GFP-TOG2-S, n=241. For mCherry-EB3 with GFP-MCAK and GFP-CLASP2, n=144
and for mCherry-EB3 together with GFP-MCAK and GFP-TOG2-S, n=227. Error bars represent SEM.

(d) Still images of MDA-MB-231 cells stably expressing EB3-GFP and kymographs showing MT plus end
growth in control or CLASP1 and CLASP2 depleted cells alone or together with 100 nM colchicine. Scale bar:
5 um (cell images), 2 um (horizontal) and 60 s (vertical) (for kymographs).

(e) MT plus end catastrophe frequency and growth rates in MDA-MB-231 cells stably expressing EB3-GFP
after transfection either with control or CLASP1 and CLASP2 siRNAs, untreated or treated with 100 nM
colchicine. Number of growth events from left to right, n=53, 106, 53 and 123. Error bars represent SEM.
(f) Kymographs showing MT plus end dynamics in COS-7 cells expressing the indicated GFP-fusions; cells
were untreated or treated with 250 nM Colchicine. Scale bars: 2 ym (horizontal) and 15 s (vertical).

(g) MT plus end catastrophe frequency in COS-7 cells shown in (f). Numbers of growth events from left to
right n=61, 61, 65, 64 and 65 (without colchicine) and with 250 nM colchicine, n=61, 65, 92, 47 and 70
(with 250 nM colchicine). Error bars represent SEM.

cell regions and resulted in a strong catastrophe increase in cells treated with colchicine
(Fig. 4d,e). Importantly, the expression of MT tip-targeted CLASP2 TOG1-TOG2-S and
TOG2-S fusions, but not of TOG1-S or the mutated version of TOG2-S, caused a mild
catastrophe inhibition in control cells and strongly suppressed catastrophes in colchi-
cine-treated cells (Fig. 4f,g, Supplementary Fig. 4c,d). These data show that CLASPs po-
tently counteract catastrophes induced by agents that perturb the MT end structure.

CLASP suppresses force-induced catastrophes

Next, we investigated whether CLASP is capable of suppressing catastrophes induced by
compressive forces. It was previously shown that when a growing MT polymerizes against
a solid barrier, the ensuing compressive force can advance the onset of a catastrophe®.
We used micro-fabricated barriers composed of SiO2 etched on a glass coverslip®. This
fabrication process resulted in 1.7 um high barriers enclosing 15 um wide channels (Fig.
5a). MTs were allowed to grow from GMPCPP-stabilized seeds inside the channels and
polymerize towards the barriers from varying angles and distances. The interaction of the
MT plus end with the barrier gave rise to three different possible outcomes: sliding (bend-
ing and growing along the barrier), stalling, and buckling (Fig. 5b, Supplementary Videos
1-5). Stalling indicates that a MT is unable to overcome the compressive force build-up
during barrier contact and therefore cannot continue polymerizing, but instead remains
in a static contact with the barrier until the onset of a catastrophe. Buckling occurs when
a MT contacting the barrier keeps growing while its end remains at the same position at
the barrier (indicative of a moderate compressive force).
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Figure 5. CLASP2« inhibits force-induced catastrophes in the presence of EB3.

(a) Scanning Electron Microscope images with cross-sectional and top-down view of the SiO2 barriers. The
cartoon illustrates the MT-barrier interaction of a seed-nucleated MT in the presence of MT tip-binding
proteins. Scale bars: 10 ym.

(b) Representative kymograph and three-frame averaged montages of the three types of events during MT-
barrier contact: stalling, sliding, and buckling. The location of the barrier is denoted by dashed white lines.
All experiments were performed at 30°C, with the following concentrations when present: tubulin (15 uM),
EB3 (20 nM), CLASP (30 nM). Scale bars: 10 um. See also Supplementary Videos 1-5.

(c) Probability of the event type during MT-barrier contact as a function of the contact angle, with 90° being
perpendicular to the barrier. The red hatched events ended with a catastrophe.

(d) MT growth during two buckling events. Vertical dotted lines indicate the start of a buckling event. The
first graph contains two buckling initiation events, as the MT tip slipped during the first event. MT growth
velocities are significantly lower during buckling compared to free growth.

(e) MT plus end catastrophe frequency during barrier contact for MTs sliding or stalling in the presence of
tubulin alone or together with 20 nM mCherry-EB3 alone or with 20 nM mCherry-EB3 and 30 nM GFP-
CLASP2a. For sliding events, n=88, 156 and 77 and for stalling events, n=23,77 and 3 for MTs grown in the
presence of tubulin alone, together with mCherry-EB3 and with both mCherry-EB3 and GFP-CLASP2 .
Error bars represent SEM.

In the absence of EB3 and CLASP, sliding behavior predominated for all contact angles
due to the smooth surface of the barriers, while the addition of EB3 led to an increase in
stalling events, particularly when the seeds were perpendicular to the barriers (Fig. 5b,c,
Supplementary Video 1,2). The catastrophe frequency during contact in both cases was
higher for stalling than for sliding, and was particularly high for MTs stalled at barriers
in the presence of EB3, clearly showing that the MT plus end is less stable at high com-
pressive forces in these conditions (Fig. 5e). Strikingly, the addition of EB3 and CLASP2a
resulted in persistent MT growth almost devoid of observable catastrophes for all event
types (Fig. 5d, Supplementary Video 3,4,5). A few buckling events were observed in the
presence of EB3 and CLASP2a at almost perpendicular contact angles (Fig. 5d, Supple-
mentary Video 4,5). During buckling, the MT growth speed decreased compared to the
growth speed prior to barrier contact, but remained constant after an initial pausing phase
(Fig. 5d). These data show that CLASP can prevent destabilization of a growing MT tip
during barrier contact even at high compressive forces during buckling.

A few CLASP monomers stabilize incomplete MT structures

To get insight into the mechanism underlying CLASP activity, we first investigated its
residence at MT tips and lattices. As published before®”, we found that mammalian
CLASPs are monomeric (Fig. 6a). The interactions of CLASP2a and TOG2-S with MT
tips and lattices in the presence of EB3 were very transient (Fig. 6b-d), with an average
residence time at tips of ~0.2-0.3s, similar to what was previously described for other MT
tip-tracking proteins®>**%. Next, by using single GFP-CLASP2a molecules immobilized
in a separate chamber on the coverslip used for the MT dynamics assay, we estimated the
number of CLASP molecules necessary for catastrophe suppression and rescue induction.
Due to the exponential decay of the TIRF field, the brightness of a molecule attached to a
MT compared to a molecule attached to the glass surface would be lower, but our previous
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Figure 6. A small number of CLASP molecules can suppress catastrophe and induce rescue.

(a) Distributions of fluorescence intensity values for single molecules of GFP (green, mean intensity
value=0.92 x 103 + 0.25 x 103) (n=846 molecules analyzed), GFP-CLASP2« (blue, mean=1.2x 103 £ 1.3 x
103) (n=2341) and GFP-MACF43-LZ (red, mean=2.12 x 103 + 1.5 x 103) (n=7516).

(b) Kymographs showing MT plus end and lattice turnover for GFP-CLASP2«a and TOG2-S for MTs grown
in the presence of 20 nM mCherry-EB3, rhodamine-tubulin together with both 30 nM mCherry-CLASP2«
and 0.5 nM GFP-CLASP2«a or 30 nM mCherry-TOG2-S and 0.5 nM GFP-TOG2-S. Scale bars: 2 uym
(horizontal) and 2 s (vertical).

(¢, d) Exponential fits of the distributions of dwell times at the MT tip for CLASP2« (mean time= 0.23 +
0.005 s), n=608 tip events (c) and TOG2-S (mean time= 0.35 + 0.043 s), n=622 tip events (d).

(e) Kymographs showing M T plus end dynamics in the presence of 3 nM GFP-CLASP2a and 20 nM mCherry
EB3 (only green channel shown). Scale bars: 2 ym (horizontal) and 30 s (vertical).

(f) Distributions of the number of GFP-CLASP2«a molecules in the presence of 20 nM mCherry EB3 at
growing MT plus ends (n=1078 tip events) and at rescue points (n=17 rescue events) in the presence of 3 nM
GFP-CLASP2a, and at growing MT plus end with 30 nM GFP-CLASP2a (n=1393 tip events).

analysis showed that the underestimate is in the range of 10%*. We found that one or two
transiently binding molecules were sufficient to induce rescues at 3 nM CLASP2a (Fig.
6e,f). Rescues often occurred after a short event of CLASP2a tracking the depolymerizing
MT end (Fig. 6e). In contrast to the previous work on yeast and Drosophila CLASPs*> %,
rescues thus did not require the accumulation of immobile CLASP clusters on the MT
lattice. At the MT tip, 4-7 CLASP molecules were typically present in conditions when
catastrophes were fully suppressed (Fig. 6f). Together, these data indicate that a relatively
small number of CLASP molecules (less than 10) are sufficient to suppress catastrophes,
and even fewer CLASP molecules can promote rescues.

Interestingly, the examination of kymographs of MT growth in the presence of CLASPs
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Figure 7. CLASP2« stabilizes incomplete MT tip structures.

(a, b) Kymographs showing a MT tip repair (split comet) event with 20 nM mCherrry-EB3 and 30nM GFP-
CLASP2« (a), a schematic of the same event is shown in (b). Scale bars: 2 ym (horizontal) and 60 s (vertical).
(¢, d) Growth rates (c) (n=65 events) and the EB-comet intensities (d) (n=17 events) before, during and after
comet splitting, EB-comet intensities are normalized to the comet intensity before splitting.

(e) Kymograph showing a tip repair event in the presence of 20 nM mCherry-EB3 and 30 nM TOG2-S. Scale
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bars: 2 ym (horizontal) and 45 s (vertical).
(f) Frequency of tip repair for MTs grown in the presence of 20 nM mCherry-EB3 alone (n=49) or together
with 30 nM TagBFP-CLASP2a (n=103) or in the presence of 20 nM mCherry-EB3, 30 nM TagBFP-CLASP2«
and 50 nM Eribulin-A488 (n=56). The frequency was calculated by dividing the number of observed tip
repair events by the total growth time, n=number of MTs analyzed in each condition. Error bars represent
SEM.
(g) Still images of a MT grown in the presence of Alexa488-tubulin, 20 nM mCherry-EB3 and 30 nM
TagBFP-CLASP2« showing curling in the region between the leading and the lagging comet. Arrowheads
point to the EB comets, yellow points to the leading and blue to the rear comet. Scale bar: 1 ym. See also
Supplementary Video 6.
(h) Kymograph and corresponding still images showing a MT tip repair event in MDA-MB-231 cells stably
expressing EB3-GFP. The yellow arrowhead points to the leading comet and the blue one to the rear comet.
Scale bars: 2 um (horizontal) and 5 s (vertical) (kymograph) and 2 um (cell image). See also Supplementary
Video 7.
(i) Kymograph showing a MT tip repair event in the presence of HiLyte-488 tubulin, 20 nM mCherry-EB3
and 30 nM TagBFP-CLASP2a, still images and line-scans along the red (EB3) and green (tubulin) channel
during tip repair. Scale bars: 2 uym (horizontal) and 30 s (vertical) (kymograph) and 0.5 um (still images).
(j) Hlustration of two different MT end tapering models representing sharp (Model A, left) and gradual
(Model B, right) loss of protofilaments.
(k, 1) Averaged tip intensity profiles of tubulin channel (green) for MTs grown in the presence of 20 nM
mCherry-EB3 and 30 nM TagBFP-CLASP2« (k), n=16, 17 and17 for before, after and during tip repair,
respectively, and for MTs grown in the presence of 20 nM mCherry-EB3, 30 nM TagBFP-CLASP2« and 50
nM Eribulin, n=40, 44 and 27 for before, after and during tip repair, respectively. Error bars represent SEM.
Lines correspond to the best fits of simulations with the optimal model type and parameter values indicated
at the top of each plot.
(m) The distribution of minimal residuals between simulated and experimental profiles depending on the
model. Top table shows optimal parameter values for each case (d is in um). For each case n=3. Error bars
represent SD.
(n) Changes of the mCherry-EB3 comet intensity over time for the lagging comet before the tip repair.
Individual traces represent a single tip repair event. The black line is the average of several time traces
(n=22). Intensity values were normalized to the value at the first time point.

often revealed the appearance of “split” EB3 comets — events whereby a MT tip growth
slowed down and was subsequently restored by a “catching up” EB3 comet that appeared
behind the growing tip and was moving more rapidly than the “leading” comet (Fig. 7a-d).
It has been previously shown that such events could be occasionally observed with MTs
grown in the presence of EB3 and that their frequency can be strongly increased by the
protofilament-blocking agent eribulin, indicating that they represent elongation of an
incomplete MT®. In the presence of CLASPs, or just its MT tip-targeted TOG2 domain,
such MT tip repair events could be observed frequently and became very long, with the
duration often exceeding 60 s and the length of up to 3-4 pm (Fig. 7e, f, Supplementary
Fig. 5a-b). The idea that some protofilaments are missing in the MT end corresponding
to the “leading” comet was supported by the observation that such ends were often bent
or curled (Fig. 7g, Supplementary Video 6). Split comet events, which could also exhibit
curling, were also observed in cells (Fig. 7h, Supplementary Video 7), indicating that they
are not an artifact of in vitro reconstitution.

To test if comet splitting is indeed caused by stalling of a part of the protofilaments, we
collected data in the presence of TagBFP-CLASP2a, mCherry-EB3 and HiLyte488-labeled
tubulin and analyzed MT intensity profiles in the tubulin channel at different time points
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during comet splitting (Fig. 7i). As expected, the MT intensity in the region between the
leading and lagging comets was lower than the region behind the lagging comet (Fig.
7i, bottom panel). We considered two simple models of MT tip “erosion”: a subset of N
protofilaments could be shortened by a uniform value d from the growing tip, creating a
sharp drop in intensity (Model A, Fig. 7j), or the erosion could be gradual, and we assumed
that the lengths of the missing parts of N protofilaments were distributed exponentially
with characteristic value d (Model B, Fig. 7j). Using these models, we performed Monte-
Carlo simulations of the MT intensity, assuming that a MT has 13 protofilaments and that
tubulin dimers are labeled with a probability equal to the fraction of labeled tubulin in the
reaction (Supplementary Fig. 5 c-g, see Methods for details).

We analyzed two types of experimental data, the “control” situation with CLASP2a
and EB3, or the situation where the reaction was supplemented with 50 nM eribulin, which
increases the frequency of split comets (Fig. 7f). For each condition, experimental intensity
profiles of tubulin were recorded at three time points: before, during and after the catching-
up event (Fig. 7k, 1, blue, green and red, respectively). The time point during catching-up
was selected at the moment when the distance between comets was approximately equal to
1 um. For each model, the parameters N and d were varied in search of values minimizing
the residual between the experimental and theoretical profiles (Fig. 7m). Results for both
“before” and “after” conditions were very similar and favored Model A (sharp drop) with
N=10 missing protofilaments (or 3 protruding protofilaments) with a characteristic length
d of 0.2-0.3 um (Fig. 7k,l, m). For the “catching-up” phases, the experimental profiles
were better approximated by Model B (gradual) with 9-10 missing protofilaments and a
much longer erosion length d of 0.9-1.2 um (Fig. 7k,], m). If the assumption of gradual
tip erosion from Model B is correct, this means that the rear EB comet intensity should
gradually increase during the catching-up event, as more protofilaments are joining
it. Indeed, the averaging of multiple time traces for EB catch-up rear comets shows an
increase in intensity during growth (Fig. 7n), supporting the results of modeling.

Taken together, our results show that a few monomeric CLASP molecules, transiently
associated with MT tips, prevent the onset of a catastrophe at MT ends missing a critical
number of protofilaments and promote their repair to restore the MT tip structure
(Supplementary Fig. 5h).

CLASP can stall depolymerization of damaged MTs and induce their repair

To further explore the capacity of CLASP to repair MTs, we performed laser-mediated MT
severing experiments. In the presence of tubulin alone or together with EB3, we found that
severed MT lattices always depolymerize from their plus ends, as described previously”.
In the presence of CLASP2a, with or without EB3, MT plus-end depolymerization was
strongly inhibited or even completely stalled (Fig. 8a,b). Next, we induced partial MT
damage by performing laser irradiation next to a MT, which often caused the MT to bend
progressively at the laser damage site and eventual breaking oft the lattice. This was
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Figure 8
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Figure 8. CLASP2« or its second TOG-like domain can mediate MT lattice repair.

(a) A scheme of a photoablation experiment using a 532 nm pulsed laser and kymographs showing the
outcome of laser severing of a MT in the presence of rhodamine-tubulin alone or together with 20 nM
mCherry-EB3, or 30 nM mCherry-CLASP2a, or both. Scale bars: 3 ym (horizontal) and 6 s (vertical).
(b) Plot showing the percentage of different outcomes after photoablation for the newly generated MT plus
end in the presence of rhodamine-tubulin alone (n=132), together with 20 nM mCherry-EB3 (n=54), 30
nM mCherry-CLASP2« (n=83) or both 20 nM mCherry-EB3 and 30 nM mCherry-CLASP2« (n=68).
n=number of M'Ts analyzed.

46



CLASP mediates microtubule tip and lattice repair

(c) A scheme of different outcomes after photodamage of a MT. Events when a MT bends to an angle >100
at the point of photodamage result either in MT repair and straightening or MT breaking.

(d) Plot showing the percentage of total events resulting in either MT breaking or repair at the point of
photodamage in the presence of tubulin alone (n=23) or together with either 30 nM GFP CLASP2«a (n=53)
or 30 nM TOG2-S (n=54).

(e, f) Time lapse images of a dynamic MT grown in the presence of rhodamine-tubulin alone (e) or togeth-
er with 30 nM GFP-CLASP2« (f) damaged at a point along the lattice. In (f), intensity profiles along the
MT for the CLASP and tubulin channel are shown below with the arrow pointing to the site of photodam-
age. The purple circle on the plot indicates the end of the MT. Scale bar: 2 um.

most likely due to the dissociation of tubulin dimers from the damaged MT lattice and
subsequent loss of mechanical integrity (Fig. 8c). In the presence of tubulin alone, MTs
bent by more than 10° after photo-damage typically broke (Fig. 8d,e), although in 18%
of the events MTs straightened again (Fig. 8d), suggesting that they were repaired (Fig.
8d,e). These data are in agreement with previous work showing that damaged MT lattices
can be repaired by tubulin incorporation’®. When these experiments were performed
in the presence of CLASP2a, the protein rapidly accumulated at the site of the damage
(Fig. 8f, Supplementary Video 8) and the frequency of successful repair of MTs bent at
a damaged site by an angle of more than 10° increased threefold to 62% (Fig. 8d). The
TOG2-S fusion could also autonomously enrich at the damaged site and promote repair
(Fig. 8d, Supplementary Fig. 6, Supplementary Video 9). Taken together, these data show
that CLASPs can autonomously recognize damaged MT sites and stabilize incomplete MT
structures to promote repair of MT tips and lattices.

DISCUSSION

CLASPs are among the most conserved regulators of MT dynamics, which are present
in animals, plants and fungi'*** *. In this paper, by performing a detailed analysis of
the activities of individual CLASP domains combined with diverse perturbations of MT
structure and dynamics, we showed that CLASPs enhance the repair of incomplete or
damaged MTs and thus promote MT stability.

Previous work demonstrated that CLASPs can promote rescues in different systems®*»*.
CLASPs can also suppress catastrophes, but it was not clear whether this is a biochemically
distinct activity or whether it reflects increased rescue frequency in the vicinity of the
MT tip*. By analogy with other TOG domain-containing members of the XMAP215/
ch-TOG family, which bind to free tubulin and promote their association with growing
MT ends, it was proposed that CLASPs promote rescues by recruiting tubulin dimers
to MTs*»**. However, several lines of data do not fit well with such a model. First, the
TOG-like domains of CLASPs, when tested individually, do not bind tubulin, most likely
because they display a much more convex shape than the tubulin-binding TOG domains
of XMAP215/ch-TOG family members* . Second, CLASPs do not accelerate but rather
inhibit the MT growth rate, an observation that is difficult to reconcile with a polymerase
activity. Third, bona fide MT polymerases such as XMAP215 do not block catastrophes or
induce rescues in vitro*’, and our experiments showed that targeting of
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individual tubulin-binding TOG domains of the mammalian XMAP215 homologue ch-
TOG to growing MT tips had little effect on catastrophes and rescues. In contrast, we
found that artificial targeting of a single TOG-like domain of CLASP2, TOG2, to growing
MT plus ends was sufficient to completely suppress catastrophes and thus recapitulate
one major activity of the full length protein. Importantly, although TOG2 does not
bind to tubulin, several of its residues expected to be engaged in interactions with a MT
based on the analysis of other TOG domains, are required for catastrophe suppression.
Furthermore, it has been shown that TOG?2, although only weakly binding to stabilized
MTs, displays a higher affinity to drug-stabilized tubulin ring-like oligomers®. These data
suggest that CLASPs might stabilize incomplete MT structures such as curved, protruding
protofilaments to prevent MT disassembly (Supplementary Fig. 5h). We provided direct
support for this idea by showing that in the presence of CLASPs, MTs could tolerate
the loss of a significant number of protofilaments without undergoing a catastrophe. In
the presence of CLASPs, protruding protofilaments kept elongating until the lagging
protofilaments would catch up, leading to MT repair.

It is likely that the unique convex architecture of TOG2 with an additional N-terminal
helix that stabilizes the domain’s paddle-like HEAT repeat structure* ¢ is important for
recognition and stabilization of partial, curved MT structures. The ability of CLASP2 to
mildly enrich at MT tips and accumulate at the sites of MT damage supports this idea.
Furthermore, a single TOG2 domain could also promote rescues, even when it completely
lacked any MT lattice targeting domains such as positively charged linker regions. Since
TOG2 has no affinity for tubulin and only a weak affinity for stabilized MTs, these data
can best be explained by the interaction of this domain with depolymerizing MT ends. In
the presence of CLASPs, subsets of protofilaments at plus ends can undergo shrinkage and
regrowth on the scale of several microns, with CLASPs promoting stabilization and repair
of these partial MT tip structures.

Another TOG-like domain of CLASP2, TOG3, did not suppress catastrophes but
promoted rescues. This domain is structurally different from TOG2, binds better to
vinblastine-stabilized tubulin spiral-like oligomers and stabilized MTs, but interacts less
well with the more curved tubulin rings induced with soblidotin®. It is possible that TOG2
and TOG3 bind to peeling protofilaments with different curvature or have different ability
to stabilize lateral contacts between protofilaments. Irrespective of the exact mechanism,
the distinct activities of TOG2 and TOG3 demonstrate that the catastrophe suppression
and rescue induction activities of CLASPs are mechanistically different (Supplementary
Fig. 7). This view is supported by our observation that more CLASP molecules were needed
to suppress catastrophes than to induce rescues, and therefore, for catastrophe inhibition
CLASPs had to be concentrated near MT plus ends by binding to EBs.

Strikingly, stalling of depolymerization of artificially damaged MTs could be achieved
by CLASP alone. We found that CLASP2a efficiently blocks depolymerization of a severed
MT or repairs a damaged MT lattice, although it did not by itself suppress catastrophes
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and depolymerization of dynamic MTs. In growing MTs, catastrophes might be initiated
by rapid depolymerization of a few strongly protruding protofilaments. This would be
in line with the model hypothesizing that increased tapering of MT plus ends leads to
catastrophe*" **. It is possible that preventing progressive peeling of a few protruding
protofilaments is more demanding than stalling the initiation of outward protofilament
curling of a freshly severed blunt MT.

Many cytoskeletal proteins are known to be controlled by autoinhibitory interactions,
which are released by the binding of their partners. Here, we showed that CLASPs also
belong to this category of cytoskeletal proteins, because their C-terminal domains (CLIP-
ID), responsible for the interactions with the majority of known CLASP partners such
as CLIP-170, LL5B, GCC185, CENP-E and Xkid **?* **, can inhibit the MT-directed
activities of TOG2 and TOGS3. Interestingly, we found that the N-terminal TOG domain of
CLASP, TOG1, which does not bind to either MTs or tubulin because it lacks the conserved
residues necessary for contacting tubulin, can release the autoinhibition. TOG1 is present
in CLASP1/2a isoforms but absent in CLASP2 and CLASP2y isoforms®. CLASP2 can
thus be expressed both as a constitutively active isoform and as isoforms that require
partner binding for their activation, which might be important for increasing the activity
of CLASPs at specific cellular sites such as mitotic kinetochores or the cell cortex.

Interestingly, our findings provide insight into how CLASPs work in different
cellular settings. For example, the ability to suppress catastrophes fits well with the fact
that CLASPs promote processive MT growth at kinetochores, a process that is required
for spindle flux'2. The ability of MTs in the presence of the CLASP-EB complex to make
a sharp turn and to continue growing at a glass barrier explains how CLASPs can help
MTs to navigate around sharp edges in plant cells”. The observation that CLASPs inhibit
catastrophes during encounters with physical barriers also helps explaining how CLASP1
participates in driving persistent MT growth at the tips of cancer cells during invasion
into a 3D matrix'’. Such persistent MT growth in the vicinity of the cell cortex prevents
the retraction of cell protrusions in 3D and supports their elongation. In this context,
modeling suggested that this property can be due to the increased ability of growing MTs
to withstand compression®.

CLASPs also have a very well documented rescue activity’® *. Previous work with
yeast and fly CLASP proteins showed a significant correlation between rescue sites and the
presence of immobilized CLASP clusters®* . In contrast, in our reconstitutions rescues
were induced by a few mammalian CLASP molecules exchanging rapidly on the MT
lattice. Furthermore, the strong MT repair-promoting properties of CLASPs suggest that
they can stimulate rescues induced by MT damage”’. A more efficient and fast repair of
MT lattices by CLASPs might explain the fact that when CLASPs are depleted, the GTP
content and thus the EB accumulation along MT shafts increases, a phenotype that could
be rescued by the TOG2 domain of CLASP2 alone*.

Finally, the finding that the CLASP-EB complex strongly lowered the kinetic threshold
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for template-based MT outgrowth explains why CLASPs can stimulate y-tubulin-
dependent MT nucleation from the Golgi*. The observation that the overall MT polymer
mass is reduced in CLASP-depleted cells'® suggests that CLASPs might also play a role
in promoting MT nucleation from the centrosome. Both TOG2 and TOG3 are likely to
cooperate in this process, as they both display partial activity compared to the full length
CLASP2a protein. Taken together, our data reveal how a combination of distinct domains
with anti-catastrophe, rescue, partner binding and autoregulatory activities make CLASPs
potent MT growth promoting factors; their ability to bind partial MT structures further
characterizes them as autonomous MT repair factors.

Methods

DNA constructs, cell lines and cell culture

CLASP truncations expressed in mammalian cells were made from the full length
constructs described previously'® * in modified pEGFP-C1 or pmCherry-Cl1 vectors
with a StreplI tag. Ch-TOG construct was a gift of S. Royle (University of Warwick, UK).
MDA-MB-231 cells stably expressing EB3-GFP19 were cultured in DMEM supplemented
with 10% FCS. COS-7 and HEK 293T cells were cultured in DMEM/F10 (1:1 ratio, Lonza,
Basel, Switzerland) supplemented with 10% FCS. For siRNA transfection, MDA-MB-231
cells stably expressing EB3-GFP were simultaneously treated with siRNAs specific for
CLASP1 and CLASP218 or with control (luciferase ) siRNA19 for 72 hours. EB3-GFP
comets were imaged in live cells on a TIRF microscope and kymographs were analyzed to
determine the effects of CLASP1/2 depletion on MT plus end dynamic). For overexpression
of CLASP2 constructs, COS-7 cells were transiently transfected with different StreplI-
GFP-CLASP2 constructs (as indicated in the figures) for 12 hours, and the GFP signals
of these constructs were used to quantify MT dynamics. Live imaging of COS-7 cells
overexpressing different constructs of CLASP2 in the presence of colchicine (250 nM) was
performed within 40 min of colchicine treatment. HEK293T, MDA-MB-231 and COS-7
cell lines used here were not found in the database of commonly misidentified cell lines
maintained by ICLAC and NCBI BioSample, were not authenticated and were negative for
mycoplasma contamination.

Protein purification from HEK293T cells for in vitro reconstitution assays

GFP-CLASPla, mCherry-CLASP2a, Tag-BFP-CLASP2a, GFP-CLASP2aq, its TOG-
domain truncations, point mutants, fusion proteins with the TOG domains of chTOG and
coiled coil of CLIP-170, and GFP-MCAK used in the in vitro reconstitutions assays were
purified from HEK293T cells using the Strep(II)-streptactin affinity purification. Cells
were harvested 2 days after transfection. Cells from a 15 cm dish were lysed in 500 pl of
lysis buffer (50 mM HEPES, 300 mM NaCl and 0.5% Triton X-100, pH 7.4) supplemented
with protease inhibitors (Roche) on ice for 15 minutes. The supernatant obtained from
the cell lysate after centrifugation at 21,000 x g for 20 minutes was incubated with 40 pl of
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StrepTactin Sepharose beads (GE) for 45 minutes. The beads were washed 3 times in the
lysis buffer without the protease inhibitors. The protein was eluted with 40 pl of elution
buffer (50 mM HEPES, 150 mM NaCl, 1 mM MgCI2, 1 mM EGTA, 1 mM dithiothreitol
(DTT), 2.5 mM d-Desthiobiotin and 0.05% Triton X-100, pH 7.4). Purified proteins were
snap-frozen and stored at -80 °C.

Cloning, protein expression and purification from E. coli

Each human CLASP2 TOG construct (see Figure 2a) was cloned into a pET-based bacterial
expression vector using the restriction free positive selection method47. All recombinant
proteins contained either an N-terminal thioredoxin-6xHis or 6xHis cleavable tag for
affinity purification. For standard expression, the proteins were transformed into the E. coli
expression strain BI21(DE3). Transformed cells were incubated at 37 °C until an OD600
of 0.4 to 0.6 was reached. The cultures were subsequently cooled down to 20 °C prior to
induction with 0.4 mM isopropyl 1-thio-p-galactopyranoside (IPTG, Sigma). Expression
was carried out overnight at 20° C. Cells were harvested by centrifugation at 4°C for 15-20
min and lysed by sonication (50 mM HEPES, pH 8.0, 500 mM NaCl, 10 mM Imidazole,
10% Glycerol, 2 mM B-mercaptoethanol, proteases inhibitors (Roche)). The crude extracts
were cleared by centrifugation at 20,000 x g for 20 min and the supernatants were filtered
through a 0.45 micron filter before purification.

TOG domain proteins were purified by immobilized metal-affinity chromatography
(IMAC) on HisTrap HP Ni2+ Sepharose columns (GE Healthcare) at 4°C according to
the manufacturer’s instructions. The thioredoxin-6xHis or 6xHis tags were cleaved by
3C protease during dialysis against lysis buffer (without proteases inhibitors). Cleaved
samples were reapplied onto an IMAC column to separate the cleaved products from the
respective tags and potentially uncleaved protein. Processed proteins were concentrated
and gel filtrated on a HiLoad Superdex 75 16/60 size exclusion chromatography column
(GE Healthcare) equilibrated in 20 mM Tris HCl, pH 7.5, 150 mM NaCl, 2 mM DTT.
Protein fractions were analyzed by Coomasie stained SDS-PAGE. Fractions containing
the target protein were pooled and concentrated by ultrafiltration. Protein concentrations
were estimated by UV at 280 nm and the pure proteins were aliquoted, flash frozen in
liquid nitrogen and stored at -80°C.

MT pelleting assay

MT pelleting assays were performed as previously described*. Briefly, taxol-stabilized MTs
were assembled in BRB80 buffer (80 mM PIPES-KOH, pH 6.8, 1 mM MgCl2,1 mM EGTA)
from pure bovine brain tubulin at 1 mg/mL. 50 uL of polymerized MTs were incubated
20 min with 20 uL of the protein of interest at 2 mg/mL (diluted to the desired protein
concentration with 2 x BRB80 buffer) and 50 pL of BRB80. The mixture was centrifuged
at 25°C for 20 min at 180,000 x g. Mix, supernatant and pellet fractions were analyzed by
Coomasie stained 12% SDS-PAGE. As controls, MTs alone and individual TOG domains
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were processed the same way.

Isothermal Titration Calorimetry (ITC)

All the proteins were buffer exchanged to BRB80 buffer supplemented with 50mM NaCl
by overnight dialysis at 4°C. ITC experiments were performed at 25°C using an ITC200
system (Microcal) by step wise addition of different TOG domain proteins (syringe
concentration was 150 puM for CLASP2 TOG1, TOG2 and TOG3, 200 uM for CLIP-ID,
and 250 pM for Stu2 TOGL1) in the ITC cell containing 15 uM bovine brain tubulin. The
resulting heats were integrated and fitted in Origin (OriginLab) using the standard ‘one set
of sites’ model implemented in the software package. Only for Stu2 TOG1 the dissociation
constant of binding to tubulin could be determined (K,=18.8 + 3.21 nM).

Crystallization, data collection and structure solution

CLASP2-TOG1 (HsCLASP2 residues 2-228) crystals were obtained by the hanging-drop
vapor diffusion method at 20°C in the Morpheus crystallization condition B12 (Molecular
Dimensions) by mixing 2 uL of the protein at 7 mg/mL with 2 pL of the reservoir solution.
Crystals appeared over-night and were frozen directly in liquid nitrogen. A single-
wavelength anomalous diffraction experiment from intrinsic sulfur atoms (S-SAD) was
performed at the macromolecular crystallography super-bending magnet beamline
X06DA (PXIII) at the Swiss Light Source, Villigen, Switzerland. 360° native data sets were
collected at 1.0 A wavelength on a single crystal at 100 K. Multi-orientation 360° data
were collected on the same crystal at 100 K at a wavelength of 2.066 A with 0.2° oscillation
and 0.1 sec exposure at 8 different orientations of the PRIGo multi-axis goniometer®,
as previously described™. The sample-to-detector distance was set to 120 mm. The data
were processed using XDS (Kabsch, W. (2010a). XDS. Acta Cryst. D66, 125-132.) and
scaled and merged with XSCALES51. The high-resolution data cut-off was based on the
statistical indicators CC1/2 and CC**. Substructure determination and phasing were
performed with SHELXC/D/E53 using the HKL2MAP interface®*. The successful SHELXD
substructure solution that was found in a search for 20 sites had a CCall and a CCweak
of 41.27 and 23.45, respectively. 154 cycles of density modification resulted in a clear
separation of hands. Model building was performed using Bucaneer> *. The resulting
model was improved through iterative model rebuilding in Coot” and refined in the
PHENIX software package®. The quality of the structure was assessed with MolProbity®.
See Supplementary Table S1 for crystallography data collection and refinement statistics.
The structure was deposited in the PDB with the accession code 5NR4.

In vitro MT dynamics assays

Reconstitution of MT growth dynamics in vitro was performed as described previously®.
GMPCPP-stabilized MT seeds (70% unlabeled tubulin, 18% biotin tubulin and 12% of
rhodamine-tubulin or HiLyte 488 tubulin) were prepared as described before®. Flow
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chambers, assembled from plasma-cleaned glass coverslips and microscopic slides were
functionalized by sequential incubation with 0.2 mg/ml PLL-PEG-biotin (Susos AG,
Switzerland) and 1 mg/ml NeutrAvidin (Invitrogen) in MRB80 bufter (80 mM piperazine-
N,N[prime]-bis(2-ethanesulfonic acid), pH 6.8, supplemented with 4 mM MgCI2, and
1 mM EGTA. MT seeds were attached to the coverslip through biotin-NeutrAvidin
interactions. Flow chambers were further blocked with 1 mg/ml k-casein. The reaction
mixture with or without CLASP proteins (MRB80 buffer supplemented with 15 uM porcine
brain tubulin, 0.5 uM rhodamine-tubulin, 50 mM KCl, 1 mM guanosine triphosphate,
0.2 mg/ml x-casein, 0.1% methylcellulose, and oxygen scavenger mix [50 mM glucose,
400 pg/ ml glucose oxidase, 200 pg/ml catalase, and 4 mM DTT]) was added to the flow
chamber after centrifugation in an Airfuge for 5 minutes at 119,000 x g. For experiments
in the presence of EB3, concentration of mCherry-EB3 or GFP-EB3 was as indicated in
the figures and rhodamine-tubulin was excluded from the assay. The flow chamber was
sealed with vacuum grease, and dynamic MTs were imaged immediately at 30 °C using
TIRF microscopy. All tubulin products were from Cytoskeleton Inc.

TIRF microscopy

In vitro reconstitution assays were imaged on a TIRF microscope setup as described
previously’' or on an Ilas? TIRF setup. In brief, we used an inverted research microscope
Nikon Eclipse Ti-E (Nikon) with the perfect focus system (Nikon), equipped with Nikon
CFI Apo TIRF 100x 1.49 N.A. oil objective (Nikon) and controlled with MetaMorph 7.7.5
software (Molecular Devices). The microscope was equipped with TIRF-E motorized
TIRF illuminator modified by Roper Scientific France/PICT-IBiSA, Institut Curie. To
keep the in vitro samples at 30 °C, a stage top incubator model INUBG2E-ZILCS (Tokai
Hit) was used. For excitation, 491 nm 100 mW Calypso (Cobolt) and 561 nm 100 mW
Jive (Cobolt) lasers were used. We used ET-GFP 49002 filter set (Chroma) for imaging
of proteins tagged with GFP or ET-mCherry 49008 filter set (Chroma) for imaging of
proteins tagged with mCherry. Fluorescence was detected using an EMCCD Evolve 512
camera (Roper Scientific) with the intermediate lens 2.5X (Nikon C mount adapter 2.5X)
or using the CoolSNAP HQ2 CCD camera (Roper Scientific) without an additional lens.
In both cases the final magnification was 0.063 pum/pixel.

Ilas? system (Roper Scientific, Evry, FRANCE) is a dual laser illuminator for azimuthal
spinning TIRF (or Hilo) illumination and with a custom modification for targeted
photomanipulation. This system was installed on Nikon Ti microscope (with the perfect
focus system, Nikon), equipped with 150 mW 488 nm laser and 100 mW 561 nm laser, 49002
and 49008 Chroma filter sets, EMCCD Evolve mono FW DELTA 512x512 camera (Roper
Scientific) with the intermediate lens 2.5X (Nikon C mount adapter 2.5X), CCD camera
Co0ISNAP MYO M-USB-14-AC (Roper Scientific) and controlled with MetaMorph 7.8.8
software (Molecular Device). To keep the in vitro samples at 30°C, a stage top incubator
model INUBG2E-ZILCS (Tokai Hit) was used. The final resolution using EMCCD camera
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was 0.065 pm/pixel, using CCD camera it was 0.045 um/pixel.

Both microscopes were equipped with an ILas system (Roper Scientific France/
PICT-IBiSA) for FRAP and photoablation. The 532 nm Q-switched pulsed laser (Teem
Photonics) was used for photoablation on the TIRF microscope.

Analysis of MT plus end dynamics in vitro

Kymographs were generated using the Image] plugin KymoResliceWide (http://fiji.sc/
KymoResliceWide). MT dynamics parameters were determined from kymographs using
an optimized version of the custom made JAVA plug in for Image] as described previously*>
6162 ~100-200 MT growth events were analyzed per condition.

The relative standard error for catastrophe frequency was calculated as described
previously®. The relative standard error of mean rescue frequency was calculated in the
same way as the standard error of the mean catastrophe frequency, ie. ¢ E=7 SE,
where f, .7, are average values and SE, .SE, are standard errors of rescue L
frequency and shortening time respectlvely. The number of observed rescue events for
control was relatively small as compared to the catastrophes, so we assumed that they
follow a Poisson distribution. The standard deviation of the rescue frequency was calculated

as the sauare root of its mean value and the standard error was calculated according to
7,
JN,

where /. and SE, are the average and the standard error of the rescue frequency and

SE, =

is the number of rescues®

In vitro template-based MT outgrowth assay

GMPCPP MT seedslabeled with HiLyte 488 tubulin were attached to the coverslips through
biotin-neutravidin interaction as described above. After washing out unbound seeds,
the flow chambers were blocked with 1 mg/ml k-casein followed by the polymerization
reaction mixture as above with different concentrations of Rhodamine-labeled tubulin.
The nucleation probability was estimated as the fraction of the total GMPCPP seeds that
showed MT outgrowth within 15 min imaging window. The nucleation probabilities over
different tubulin concentration were fitted to the sigmoidal equation using GraphPad
Prism 7.

Microfabrication of SiO2 barriers

Fabrication of the SiO2 barriers was achieved by subsequent deposition, lithography, and
plasma etching steps, as previously described in*>. Our method differs from this protocol,
by using PE-CVD (Oxford Instruments PlasmaPro 80) to deposit a 1.7 um layer of SiO2,
and by plasma-etching with a mixture of CHF3/O2 to ensure an anisotropic etch. The
barriers were 10 um wide and 1.7 um high, enclosing channels with a width of 15 um.
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MT growth against SiO2 barriers and analysis of barrier contact events

The micro-fabricated samples were passivated with PLL-PEG-biotin and «-casein.
Biotinylated GMPCPP-stabilized seeds were attached to the surface via streptavidin. The
direction of flow of the seed mix was perpendicular to the barriers in order to favour
perpendicular MT-barrier contact events. The height and straightness of the barriers
in combination with methyl-cellulose in solution prevents MTs from growing over the
barriers. The experiments without CLASP in solution were imaged on an Olympus TIRF
microscope with a 60x, 1.45 NA oil immersion objective, using an additional magnification
of 1.6 to obtain 96x image magnification. Images were collected on two Andor iXon Ultra
897 EMCCD cameras for simultaneous dual-colour acquisition. The experiments with
CLASP2a were imaged on a ilas* TIRF setup described in the TIRF microscopy section.
All MT-barrier contact events were separated into three different event types, i.e. sliding,
stalling, and buckling. The contact angle of a MT with a barrier and the barrier contact
times were determined and analyzed with a custom written MATLAB script, adapted
from64. The catastrophe frequency was determined by counting the number of observed
catastrophes and dividing this by the time a MT spends in contact with the barrier. The
statistical error was obtained by dividing this number by the square root of the number
of measured contact events. The growth of buckling MTs was determined by manually
tracking the MT (Fig. 5d).

Quantification of the intensities of EB comets

To obtain the intensity values of EB comets in Fig. 7d, we collected the intensity profiles
of mCherry-EB3 comets along several time points for each individual growth event by
averaging across 6-pixel wide lines. The intensity profile for each time point was fitted
to a Gaussian function with the background intensity(l, ) to obtain the amplitude of the
comet’s peak I, according to:

(x—xc)?

Ip(x, t) = IBG(I) + IA(t)e_ 202
The final values were obtained by averaging the I (t) for each individual growth event.

Tip-averaging of MT intensity profiles

To build average HyLite 488 tubulin intensity distribution at the growing tip (Fig. 7k,l) we
generated intensity profiles of 6 pixel thick line (400nm) of 2-3 pm length with its middle
point positioned approximately at the MT tip using Fiji® (similar to%). Resulting profiles
I(x) were fitted with the error function shifted in x using custom written MATLAB script:

I0)=1, +IIW( [IU

where fitting parameter I, . corresponds to the intensity of background, I

to the

> TAMP
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amplitude of the fluorescent signal, x_to the position of the MT tip and o to the degree of
tip tapering convolved with microscope’s point spread function (PSF) (see Supplementary
Fig. 5e,g). Each profile was shifted by its x_value, background subtracted with I, . and
normalized by I, , (Supplementary Fig. 5e,g).

End tapering simulations

Monte-Carlo simulations of MTs tips were performed using 13 element- (protofilament-)
wide regular array with 8 nm longitudinal distance between dimers as a MT lattice
representation (Supplementary Fig. 5¢). Absent length of N protofilaments was constant
and defined by parameter d for Model A. For Model B it was randomly sampled from
an exponential distribution with parameter d. Present tubulin dimers were labeled with
a probability equal to the fraction of labeled tubulin in the corresponding experiment
(0.09). Only labeled dimers were assumed to generate intensity profile in molecule
number (Supplementary Fig. 5¢) and its version convoluted with PSF of used microscope
(Supplementary Fig. 5d). The PSF was approximated with a Gaussian function with the
standard deviation of 122 nm. Convolved intensity values were binned together according
to the image pixel size (65 nm) and the Gaussian noise was added leading to the signal-
to-noise ratio of 7 observed in experiment (Supplementary Fig. 5f). Noise containing
profiles were fitted and normalized using the same procedure as described in the previous
section. For a single iteration of simulation, we used the same number of MTs as in the
corresponding experimental condition with lengths determined from the fitting. A total
of 50 iterations were run and averaged for each parameters combination of N and d.
Residual between simulated and experimental profiles was calculated as a sum of squared
differences using only those pixels in x which contain all individual profiles. The final
fitting result was obtained by varying N and d independently in a search for a minimal
residual value (Fig. 7m).

Analysis of MT growth variability

Time lapse images of growing MTs labeled with HiLyte 488 tubulin were recorded at
intervals of 0.7 s for 5 min and 350-400 ms of exposure time. To estimate the position
of the MT plus end, we fitted MT intensity profiles as described above. Subsequently,
the change in MT length over time was calculated as AL(t)=L(t)-L(first frame). Next, as
described previously”, we calculated the average mean squared displacement (MSD) of
the MT length increments (AL*)(7) for increasing values of time delay T. We then fitted
(AL*)(t) to an MSD equation containing diffusion with drift:

(AL*)(7) = vyt +2DyT + 04y

growth, D is the effective diffusion coefficient for the MT polymerization and 0, is the

where T corresponds to delay, v is the average speed of

experimental error.
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Single-molecule fluorescence intensity analysis of CLASP2a

Diluted protein samples of GFP, GFP-MACF43-LZ* and GFP-CLASP2a were immobilized
in adjacent flow chambers of the same plasma cleaned glass coverslip as described
previously®'. The flow chambers were washed with MRB80 bufter and sealed with vacuum
grease and immediately imaged with a TIRF microscope. 10-20 images of previously
unexposed coverslip areas were acquired with 100 ms exposure time and low laser power.
GFP, GFP-MACF43LZ and GFP-CLASP2a were located in different chambers of the same
coverslip, so the same imaging conditions could be preserved. Single molecule fluorescence
spots were detected and fitted with 2D Gaussian function using custom written Image]J
plugin DoM_Utrecht (https://github.com/ekatrukha/DoM_Utrecht). The fitted peak
intensity values were used to build fluorescence intensity histograms.

CLASP molecule counting at MT tips and rescue points

To determine the number of molecules of CLASP2a at a MT tip, we immobilized single
molecules of CLASP2a onto the coverslip of one of the flow chambers and performed the
in vitro reconstitution assay in the adjacent chamber of the same coverslip as described
previously®'. Images of unbleached CLASP2a single molecules were acquired first and
using the same imaging/illumination conditions, time lapse imaging was performed with
the in vitro assay with CLASP2a at 3 nM or 30 nM, using 100 ms exposure and 2 s intervals
for 5 minutes. The plus end localized CLASP2a molecules or the molecules present at the
rescue site were manually located in each frame and fitted with 2D Gaussian, the amplitude
of which was used for the intensity analysis. For CLASP2a at the rescue site, 2-3 frames
after rescue initiation were used to get the intensity values. To build the distributions of
CLASP2a molecule numbers at the MT tip, each CLASP2a intensity value at the MT plus
end or a rescue site was normalized by the average CLASP2a single molecule intensity
from the adjacent chamber.
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Supplementary Figure 1. CLASPs suppress catastrophes and promote MT outgrowth from GMPCPP-
stabilized seeds.

(a) Coomassie blue stained gels with GFP, mCherry and TagBFP-fusions of CLASP2a, GFP-fusions of the
SxIP mutant CLASP2a, EB3 and mCherry-fusions of EB3 and EB3ATail. All CLASP proteins were purified
from HEK293T cells whereas the EB3 proteins were purified from E. coli.

(b) Kymograph showing MT plus end dynamics in the presence of 20 nM mCherry-EB3 and 30 nM GFP-
CLASPIa. Scale bars: 2 um (horizontal) and 60 s (vertical).

(¢, d) Kymographs illustrating MT plus end growth for MTs grown in the presence of 30 nM GFP-CLASP2a
and 20 nM mCherry-EB3 or 300 nM GFP-CLASP2« and 20 nM mCherry-EB3Atail (c) and normalized
mean fluorescence intensity profiles along a growing MT plus end in the CLASP channel in the same
conditions (d). Scale bars: 2 ym (horizontal) and 30 s (vertical). 8 MT profiles were used for averaging.

(e, ) Individual time traces of MT tip position in the presence of 20 nM mCherry-EB3 alone (e) or together
with 30 nM GFP-CLASP2a (f).

(g) Maximum intensity projections of MT outgrowth (red) from HiLyte488-labeled GMPCPP seeds (green)
in the presence of 2.5 uM, 5 uM and 12.5 uM rhodamine-labeled tubulin alone or together with 200 nM
GFP-EB3 or 100 nM GFP-CLASP2« or both. Scale bar: 5 um.
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Supplementary Figure 1
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Supplementary Figure 2. TOG2 domain of CLASP2 is necessary and sufficient for catastrophe
suppression.

(a) Coomassie blue stained gels with GFP-fusions of full-length CLASP2«, TOG domain deletions, SxIP-
fusions of different individual TOG domains, point mutants or chimeras with SxIP of CLASP2« fused to
chTOG-TOG domains and mCherry-fusion of TOG2-S purified from HEK293T cells and the individual
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TOG domains of CLASP2a, STU2-TOG1 and the GFP-fusion of CLASP2a-TOG2 domain fused to EB3-
CH domain purified from E. coli.

(b) Kymographs showing MT plus end dynamics in the presence of 20 nM mCherry-EB3 and 30 nM GFP-
fusions of the indicated CLASP2a-TOG domain combinations, point mutants or SxIP motif of CLASP2«
fused to chTOG-TOG domain or alone. Scale bars: 2 ym (horizontal) and 60 s (vertical).

(c) MT plus end growth rates in the presence of 20 nM mCherry-EB3 alone or together with 5 uM of
CLASP2a-TOGI or TOG2 domains or with Stu2-TOGI domain.

(d) MT pelleting assays with CLASP2a-TOG1, TOG2, TOG3 and the CLIP-interacting domains with taxol-
stabilized MTs.

(e-h) ITC analysis of the interaction between tubulin and the CLASP2a-TOGI, TOG2, TOG3 or the CLIP-
interacting domain.

S 9 5
Lo &
oV N
LELR o
a yvoLo £ b
KLELL & TOG2-S-CLIP-ID
kDa O O O O kDa O TOG2-S-CLIP-ID SXIPyace-CoiledCoiley 1pr70
EB3 EB3
150 201 | —
|
e - _|—
100 - - 150
75 100 -
75-
50 -
37 50
25- 87- Seed
C
Toczs CLIP-ID
CLIP-ID
et EB3 d
, TOG1

kba M S P M S P M S P M S P
50- G - - - & - O ew-

20- |- - - - — ——
Dolastatin Vinblastin Taxol Tubulin

HRA HRB HRC HRD ~ HRE HRF

Supplementary Figure 3. TOG1 domain of CLASP2 has an autoregulatory function and does not
interact with MTs or tubulin oligomers.

(a) Coomassie blue stained gels with the indicated GFP-fusions, purified from HEK293T cells.

(b,c) Kymographs showing MT plus end dynamics in the presence of 20 nM mCherry-EB3 and together with
the indicated proteins. 30 nM GFP-CLASP fusions, 30 nM of the MACF-CLIP-170 coiled coil fusion and
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500 nM CLIP-ID were used. Scale bars: 2 ym (horizontal) and 60 s (vertical).

(d) MT pelleting of CLASP2a-TOG1 domain with tubulin-dolastatin rings, tubulin-vinblastine spirals,
taxol-stabilized MTs or tubulin alone, as indicated.

(e) Crystal structure of the CLASP2a-TOG1 domain with the indicated HEAT repeats and the residues at
the intra-HEAT loop regions.

Supplementary Figure 4
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Supplementary Figure 4. CLASP suppresses catastrophes induced by MT-depolymerizing agents.

(a) Kymographs showing MT plus end dynamics in the presence of 20 nM mCherry-EB3 together with either
200 nM vinblastine alone or 30 nM GFP-CLASP2a. Scale bars: 2 um (horizontal) and 60 s (vertical).

(b) Coomassie blue stained gel with GFP-MCAK.

(¢c) Maximum intensity projections illustrating time lapse imaging of COS-7 cells expressing GFP fusions
of different TOG domain combinations of CLASP2«a or a TOG2 point mutant fused to the SxIP motif of
CLASP2q; cells were untreated or treated with 250 nM colchicine. Scale bar: 5 um.

(d) MT plus end growth rates in COS-7 cells shown in (c).

Supplementary Figure 5. Characterization of MT tip repair events.

(a, b) Distributions of the duration (a) and length (b) of tip repair events, mean time=54 + 4 s; mean
length= 1.6 + 0.1 microns from n=65 events. Error bars represent SEM.

(c) Schematic view of MT structure used for Monte-Carlo simulations and an example of labeled dimer
number distribution along MT length for a single random realization of simulation.

(d) Intensity profile after convolution of dimer number density from (c) with the point spread function of a
microscope.

(e) Intensity profile from (d) after binning in x with the experimental image pixel size and noise addition
(black solid line) and corresponding error function fitting (green dashed line).

(f) Examples of experimentally measured MT tip intensity profiles (solid lines) and corresponding error
function fittings (dashed lines), vertical lines mark a position of tip derived from the fitting.
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Supplementary Figure 5
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(g) Experimental intensity profiles from (f) (solid lines) and corresponding fitted curves (dashed lines) after
background subtraction, alignment and normalization.

(h) Model for MT tip repair mediated by CLASP and EB.
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Supplementary Figure 6
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Supplementary Figure 6. MT lattice repair by TOG2 domain of CLASP2.

Time lapse sequence images of a dynamic M T grown in the presence of rhodamine-tubulin and 30 nM GFP-
TOG2-S damaged at a point along the lattice as indicated. The corresponding intensity profiles along the MT
for the TOG2-S and tubulin channel are shown below with the arrow pointing to the site of photodamage.
The purple circle on the plot indicates the end of the MT. Scale bar: 2 ym.

Supplementary Figure 7
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Supplementary Figure 7. A scheme illustrating catastrophe suppressing and rescue activities of the
distinct TOG domains of CLASP.
Both TOG2 and TOG3 can promote rescues, but only TOG2 can suppress catastrophes.
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Supplementary Table 1. X ray crystallography data collection and refinement statistics.

a
Data Collection

Wavelength (A)

b
Resolution range (&)

Space group

Unitcella, b, ¢ (A) o, B, v ()

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(l)
Wilson B-factor
R-merge

R-meas

CC1/2C

cc*

Refinement
R-work

R-free
Macromolecules
Water
RMS{bonds) (A)

RMS(angles) (°)
Ramachandran favored (%)

Ramachandran outliers (%)

Native

1

38.49 - 1.19 (1.24 -
1.19)

P1211

66.08, 47.12, 74.15,
90, 115.83, 90

797853 (62543)
128081 (11920)
6.2 (5.1)

99 (95)

13.42 {0.84)
12.78

0.07116 (1.571)
0.07762 (1.748)
1(0.3)

1(0.679)

0.2003 (0.2917)
0.2137 (0.3135)
3368

770

0.008

1.27

99

0

S-SAD

2.066

47.12-2.14 (2.2 - 2.14)

P1211

66.05, 47.12, 74.02, 90,
115.797,90

831552 (6204)
21534 (1379)
38.62 (4.50)
93.49 (60.91)
64.0 (10.2)
0.056 (0.119)
0.056 (0.132)
0.999 (0.984)

Chi
orientations/oscillations :
Chi0/360°

Chi5/360°

Chil0/360°

Chil5/360°

Chi20/360°

Chi25/360°

Chi30/360°

Chi35/360°
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B-factors

Average B-factor 21.22
Macromolecules 19.03
Solvent 30.80

Highest resolution shell statistics are in parentheses.
b

Resolution cutoffs were chosen based on CC1/2 and Mean
I/sigma(1)*
As defined by Karplus and Diederichs®

d
As defined by MolProbity®®
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Chapter 3

Abstract

The dynamic growth of microtubules is an essential property underlying diverse cellular
processes such as cell-division, migration and morphogenesis. Microtubule associated
proteins modulate this behavior either autonomously or through their binding partners.
In this report, we reconstituted microtubule growth in the presence of CLIP-170, a protein
previously reported to be a rescue factor. We found that CLIP-170 tracked growing
microtubule plus ends together with EB3. Contrary to the observations in cells, we found
that purified full length CLIP-170 lacked rescue activity of its own. Furthermore, it did
not alter the microtubule growth rate or catastrophe frequency, indicating that it is not an
autonomous regulator of microtubule dynamics. However, a binding partner of CLIP-170,
CLASP2aq, is a potent microtubule rescue factor, and we found that CLIP-170 enhanced
the rescue activity of CLASP2a, whereas EB3 suppressed the rescue activity of both
CLASP2a alone and CLASP2a combined with CLIP-170. Analysis of CLASP localization
dynamics revealed that CLASP2a-mediated rescue events predominantly occurred at sites
where CLASP2a molecules were already present at microtubule lattice. CLIP-170 further
increased the frequency of CLASP-induced rescues initiated by microtubule lattice bound
CLASP. Our work suggests that in cells, CLIP-170 might induce rescues by enhancing
CLASP association with microtubules.

Microtubules grown from purified tubulin switch stochastically between growth and
shrinkage. However, in cells, this behaviour is regulated by several motile and immotile
microtubule associated proteins (Akhmanova and Steinmetz, 2015). One of the less well
understood aspects of microtubule dynamics is the switching from depolymerization to
polymerization, a process termed rescue. CLIP and CLASP families of proteins have been
implicated as rescue factors based on cellular and in vitro experiments (Al-Bassam et al.,
2010; Arnal et al., 2004; Komarova et al., 2002; Mimori-Kiyosue et al., 2005). In this report,
we revisit the function of CLIP-170 and reconstitute the activity of the CLIP170-CLASP
complex on dynamic microtubules to gain insight into microtubule rescues.

CLIP-170 was initially isolated as a factor linking microtubules to endocytic vesicles
and was subsequently identified as the first microtubule plus end tracking protein (Perez
etal., 1999; Pierre et al., 1994; Pierre et al., 1992). In vertebrates, CLIP-170 tracks growing
microtubule plus ends by recognizing the tyrosinated tails in a-tubulin and the end binding
proteins (EBs) through its N-terminal CAP-Gly domains (Bieling et al., 2008; Mishima et
al., 2007). The plus end localization of the yeast CLIP-170 homolog, Tip1, has been shown
to be dependent on the EB homolog Mal3 and the kinesin motor Tea2 (Bieling et al.,
2007; Busch et al., 2004). The C-terminal part of CLIP-170 contains two “zinc knuckles”
and an EEY/F motif, which together can cause autoinhibition of the protein by binding
to the CAP-Gly domains within the same molecule (Lansbergen et al., 2004). Binding of
the CAP-Gly domains of CLIP-170 to microtubule plus end relieves this autoinhibition
(Lansbergen et al., 2004). Plus end-associated CLIP-170 can then act as a hub promoting
recruitment of other factors like p150Glued, LIS1, CLASP and SLAIN2 (Akhmanova et
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al., 2001; Lansbergen et al., 2004; van der Vaart et al., 2011; Weisbrich et al., 2007). CLIP-
170 modulates microtubule dynamics by increasing the frequency of rescues (Arnal et
al., 2004; Komarova et al., 2002). Recently, it was also shown that CLIP-170 could trigger
fast actin polymerization by microtubule plus ends through its interaction with formins
(Henty-Ridilla et al., 2016; Lewkowicz et al., 2008).

CLASPs were identified as CLIP-associated proteins and were shown to act as rescue
factors in cells and in vitro (Akhmanova et al., 2001; Al-Bassam et al., 2010; Mimori-
Kiyosue et al., 2005; Yu et al., 2016). The current model suggests that a rescue is initiated
along the microtubule lattice by tubulin exchange with the aid of a protein containing
multiple tubulin binding domains, such as CLASP (Al-Bassam et al., 2010). CLIP-170-
mediated rescues have been proposed to be due to recognition of the so-called ‘GTP-islands’
(microtubule lattice sites containing GTP tubulin) (de Forges et al., 2016; Dimitrov et al.,
2008). GTP islands might arise as remnants of the GTP cap or as sites where microtubule
lattice was damaged and repaired by tubulin incorporation; such lattice self-repair sites
can serve as microtubule rescue points also independently of CLIP-170 (Aumeier et al.,
2016; Schaedel et al., 2015).

In this report, we revisited the effect of CLIP-170 on microtubule dynamics and
confirmed that it co-localizes with EB at the growing plus end. Interestingly, we found
that CLIP-170 did not induce rescues on its own but stimulated CLASP-induced rescues.
CLASP could induce rescues autonomously when present in trace amounts and exhibited
higher rescue activity in combination with CLIP-170. Reconstitution experiments with
EB3, CLIP-170 and CLASP showed that EB3 suppresses CLASP-induced rescues. We
quantified different types of rescue events based on CLASP localization dynamics and
found that rescues were predominantly initiated at sites where CLASP molecules were
already present at the microtubule lattice. CLIP-170 increased the frequency of such
events, suggesting that it might act by increasing the affinity of CLASP for microtubules.

RESULTS

CLASP mediates CLIP-170 induced rescues

We investigated the effect of CLIP-170 on dynamic microtubules in an in vitro reconstitu-
tion assay in which microtubules are grown from GMPCPP seeds and imaged using Total
Internal Reflection Fluorescence (TIRF) microscopy (Bieling et al., 2007; Sharma et al,,
2016). To test the purity of CLIP-170, we performed mass spectrometry analysis, which
revealed that endogenous CLASP2, a known CLIP-170 interactor, was present in the sam-
ple (Akhmanova et al., 2001)(Figure 1A, G). We then increased the ionic strength of the
washing buffer during purification from 300 mM to 1000 mM and found that CLASP2 no
longer co-purified with CLIP-170 (Figure 1H). We termed these purified CLIP-170 sam-
ples CLIP-170, . and CLIP-170,  .We found that when combined with EB3, CLIP-
170, .., tracked the growing plus ends co-localizing with EB3 (Figure 1B, D). Analysis of
parameters of microtubule dynamics revealed that CLIP170,  increased the frequency
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Figure 1. CLIP-170 does not induce rescues on its own but promotes CLASP induced rescues.
(A) A scheme of interactions between CLASB, CLIP-170 and EB.
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(B) Coomassie blue stained gel showing GFP-CLIP-170 purified from HEK293T cells with 300 mM NaCl
containing wash buffer during purification (CLIP-170 or with 1000 mM NaCl containing wash
buffer (CLIP-170,, hsah) during purification.

(C-E) Kymographs of microtubule plus end growth with rhodamine-tubulin alone or together with

20 nM mCherry-EB3 (C), 20 nM mCherry-EB3 together with 15 nM GFP-CLIP-170, . (D) or 20 nM
mCherry-EB3 together with 15 nM GFP-CLIP-170 (E). Scale bars: 3 um (horizontal) and 60

s (vertical).

(F) Microtubule rescue frequency, catastrophe frequency and growth rate for microtubules

grown in the presence of rhodamine-tubulin alone or together with 20 nM mCherry-EB3, 20 nM
mCherry-EB3 together with 15 nM CLIP-170, . or 20 nM mCherry-EB3 together with 15 nM
CLIP-170, , .. Number of growth events analyzed for tubulin alone, n=100; 20 nM mCherry-EB3,
n=164; for assays with 20 nM mCherry-EB3 and 15 nM GFP-CLIP-170, ., n=111 and for assays with
20 nM mCherry-EB3 together with 15 nM GFP-CLIP-170 n=113. Data are from 2

independent experiments. Error bars represent SEM.

lowsalt)

highsalt

highsal?

of rescue events compared to tubulin alone or tubulin together with EB3 (Figure 1D, F).
Next, we tested the impact of CLIP-170,, ghealt
CLIP-170, ., also tracked growing plus ends with EB3 but did not affect rescue frequency
(Figure 1 E F). We also found that CLIP170,  containing co-purified CLASP2 mildly
suppressed catastrophes and reduced microtubule growth rates, which is consistent with
the effects of CLASP2 on microtubule dynamics (Chapter 2) (Figure 1F). This suggests
that CLIP-170 does not induce rescues on its own but possibly participates in CLASP2-
induced rescues.

on microtubule dynamics. We found that

CLIP-170 enhances CLASP-induced rescues whereas EB suppresses rescues
To test the idea that CLIP promotes CLASP2-induced rescues, we investigated the effect of
CLIP-170 without co-purified CLASP2 (CLIP-170, . referred to as CLIP-170 hereafter)
together with trace amounts of purified CLASPZa (Figure 2A). We found that 0.7 nM
CLASP2a increased the frequency of rescue events compared to microtubules grown in
the presence of tubulin alone or with tubulin and EB3 (Figure 2B, C). We note that the
CLASP2a preparation used in this chapter was different from the one used in Chapter
2, and appeared much more potent in rescue induction, as here we observed 2.67 + 0.14
rescues/min with 0.7 nM CLASP2a, while in Chapter 2 we reported 3.50 + 0.02 rescues/
min with 30 nM CLASP2a (compare Figure 2C of the current chapter to Figure 1f in
Chapter 2). The possible reasons underlying these observations will be discussed below.
Combining 0.7 nM CLASP2a with 15 nM CLIP-170 further increased the rescue
frequency (Figure 2B, C). Consistent with the previous experiments, we found that 0.7
nM CLASP2a slightly reduced the catastrophe frequency (Figure 2C). When 20 nM EB3
was included in the assay, rescues were strongly suppressed, and a significant number of
rescues was only observed when both CLIP-170 and CLASP were present (Figure 2C).
This suggests that rescue initiation is not dependent on the plus end tracking of CLASP,
which relies on EB proteins, but may require CLIP-170-dependent association of CLASP
with microtubule lattice.
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Figure 2. CLIP-170 enhances CLASP induced rescues whereas EB suppresses rescues.

(A) Coomassie blue stained gel showing GFP-CLASP2a and GFP-CLIP-170 purified from HEK293T cells
with 1000 mM NaCl containing wash buffer (CLIP-170, .. ) during purification.

(B) Kymographs of microtubule plus end growth with rhodamine-tubulin alone, together with 15 nM
mCherry-CLIP-170, .. ., or with 0.7 nM GFP-CLASP2« or 15 nM mCherry-CLIP-170 and 0.7 nM
GFP-CLASP2a. Scale bars 3 um (horizontal) and 60 s (vertical).

(F) Microtubule rescue frequency, catastrophe frequency and growth rate for microtubules grown in the
presence of rhodamine-tubulin alone, together with 15 nM mCherry-CLIP- 170h i » With 0.7 nM GFP-
CLASP2a, or with 15 nM mCherry-CLIP-170,,, ., and 0.7 nM GFP-CLASP2a in the absence and presence
of 20 nM mCherry-EB3. Number of growth events analyzed: for tubulin alone, n=100; for 0.7 nM GFP-
CLASP2a, n=117; for 15 nM mCherry-CLIP-170,,, ,, n=169; for 0.7

14nM GFP-CLASP2a and 15 nM mCherry-CLIP-170,, e =139 for assays with 20 nM mCherry-EB3,
n=164 for EB3 alone, for 0.7 nM GFP-CLASP2«a, n=101; for 15 nM mCherry-CLIP-170,, eha 1=129; for 0.7
nM GFP-CLASP2« and 15 nM mCherry-CLIP-170,, ., n=206. Data are from 2 mdependent experiments.
Error bars represent SEM.

highsalt

CLIP-170 promotes rescues induced by microtubule lattice-bound CLASP

To further investigate the nature of CLASP-induced rescue events, we classified them based
on CLASP2a dynamics. The analysis was performed in the absence of EB3, as rescues were
much more frequent in these conditions. We note that in these experiments with 0.7 nM
CLASP2aq, the density of CLASP binding to microtubule lattices was higher and many
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Figure 3
A Back-tracking CLASP B Lattice-bound CLASP
Rh-tubulin, Rh-tubulin,
CLIP170 CLASP2a CLIP170 CLASP2a

Merle (15nM) (0.7 nM Merge (15nM) (0.7 nM)

Seed  Seed

C CLASP recruitment at rescue site D  No CLASP visible at rescue
Rh-tubulin, Rh-tubulin,
CLIP170 CLASP2a CLIP170 CLASP2a
Merge (15 nM) (0.7 nM) Merge (15 nM (0.7 nM)

Seed Seed

E F ©= Back-tracking =3 Lattice-bound
CLASP CLASP
= i .
4 O CLASP2a o ;er;ifu;e;rttitment - gtor;:sl_cAuzp visible
e CLASP2a + CLIP-170
3
40

-

Rescue frequency
(events/min)
N

Rl (Wl |

CLASP2a CLASP2a + CLIP-170

Percentage of total rescue events

Figure 3. CLIP-170 promotes rescues induced by microtubule lattice-bound CLASP.

(A-D) Illustrative schemes and single and dual color kymographs showing rescues observed in the
presence of 0.7 nM GFP-CLASP2« and 15 nM mCherry-CLIP-170 categorized based on CLASP
localization dynamics at the rescue event.

(E) Plot showing the frequencies of the four types of rescue events for microtubules grown in the
presence of rhodamine tubulin together with 0.7 nM GFP-CLASP2a or 0.7 nM GFP-CLASP2« and
15 nM mCherry-CLIP-170, , .. Number of growth events analysed for CLASP2a alone, n=215 and
for CLASP2x with CLIP- 1%0 n=155. Data are from 3 independent experiments. Error bars
represent SEM.

(F) Quantification of the four types of rescue events as percentage of the total rescue events.

Data are from 3 independent experiments. Error bars represent SEM.

highsalt
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more events with a long residence time were observed compared to the data we reported in
Chapter 2 with 3 nM CLASP2a (compare Figure 3A-C of the current chapter to Figure 6b,e
of Chapter 2). We again attribute these differences to the variability in CLASP preparations,
as discussed below; however, the fact that EB3 was included in the experiments shown in
Chapter 2 but not here could also play a role. Regardless of these differences, we could
distinguish three types of events with CLASP present at the rescue site: rescue initiation
preceded by CLASP2a tracking the depolymerising microtubule end, rescue at the site
where a depolymerising microtubule encountered a pre-bound CLASP2a molecule,
and rescue that coincided with CLASP2a recruitment (Figure 3 A-C). We also observed
events where no CLASP2a signal could be detected at the rescue site possibly due to
photo-bleaching of CLASP2a molecules (Figure 3D). Quantification of frequencies of
different types of events showed that rescues induced by CLASP2a already present at the
microtubule lattice or recruited at the site of rescue initiation were predominant (Figure
3E). In the presence CLIP-170, the rescues induced by lattice-bound CLASP2a became the
most frequent ones (Figure 3E). Next, we looked at the distribution of the different types
of rescue events. Consistent with the rescue frequency analysis, we found that CLIP-170
increased the percentage of rescue events initiated at sites where lattice-bound CLASP2a
was already present: such events constituted 53% of total rescues compared to 32% in the
presence of CLASP2a alone (Figure 3F).

Discussion

CLIP-170 was initially proposed to be a rescue factor in cells based on experiments
with a dominant negative CLIP-170 construct that lacked the CAP-Gly domains: when
overexpressed, this construct strongly reduced rescue frequency (Komarova et al., 2002).
This was most likely due to the binding of the C-terminal domain of CLIP-170 to the CAP-
Gly domains of the endogenous CLIP-170 and the ensuing inhibition of its microtubule
association. In the current study, we investigated the impact of purified CLIP-170 on
microtubule dynamics, thereby ruling out indirect effects caused by the presence of other
microtubule regulators. We found that CLIP-170 does not exhibit rescue activity but
promotes rescues stimulated by CLASP2, which is a potent rescue factor. It is possible
that the suppression of CLIP-170 interaction with microtubules by the dominant negative
mutant reduced the amount of CLASP2a on microtubules, resulting in a diminished
rescue frequency.

Our in vitro reconstitution experiments are consistent with the fact that no rescue
induction was observed in the presence of the yeast CLIP-170 homologue, Tip1, when it
was combined with Mal3 and Tea2 in a microtubule plus end tracking assay (Bieling et
al., 2007). However, our data seemingly contradict the previous work that showed that
a purified fragment of mammalian CLIP-170, which contains the N-terminal CAP-Gly
domains and a part of the dimeric coiled coil region is sufficient to induce rescues (Arnal
et al., 2004). Importantly, in this paper the authors used a much higher concentration of
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CLIP-170 fragment (1 uM), and in the few assays performed at lower concentration of
CLIP-170 fragment (160 nm), the concentration of tubulin was extremely high (50 uM,
compared to 15 uM used by us). These CLIP-170 concentrations exceed the physiological
range: in cells, the concentration of CLIP-170 was estimated to be ~40 nM (Dragestein et
al., 2008). Another in vitro study in which the effects of purified EB1 and the CAP-Gly
domains were tested (Lopus et al., 2012) also reported a moderate increase in rescues,
but also at high (250 nM-2 pM) concentrations. Moreover, in these assays the proper
behaviour of the purified EB1 and CLIP-170 fragment (e.g. their ability to track growing
microtubule ends) was not demonstrated. Taken together, the data suggest that although
CLIP-170 can have autonomous effects on microtubule dynamics when its concentration
is high, at nanomolar concentrations characteristic for cells, this protein might primarily
act by potentiating the activity of its binding partner CLASP.

Examining the dynamics of CLASP during rescue revealed that in most cases,
the transition of a depolymerizing microtubule to a polymerizing one was driven by
microtubule lattice-bound CLASP molecules. We note that the rescue activity of CLASP2a
used in Chapter 2 appeared to be lower than that used in the current Chapter, and this
correlated with more dense and prolonged events of CLASP2a binding to microtubule
lattice. Protein association with microtubule lattice is well known to strongly depend on
electrostatic interactions. We envisage two scenarios explaining the observed differences.
First, it is possible that the lattice binding of CLASP is suppressed by the association with
negatively charged C-terminal domains of the EBs. The inclusion of EB3 in the assay can
explain the differences between the single molecule behaviour of CLASP2a observed
in Figure 3 of the current Chapter compared to Figure 6 of Chapter 2. However, it is
still puzzling that using 0.7 nM CLASP2a in the presence of tubulin alone, we observed
here a rescue frequency similar to that seen in Chapter 2 in the same conditions with 30
nM CLASP2a. A possible explanation of this discrepancy is that although both protein
preparations were produced in a similar way using HEK293T cells, the two samples have
a slightly different degree of CLASP phosphorylation, because phosphates are easily lost
during protein purification. CLASP association with microtubules is notorious for being
exquisitely sensitive to multisite phosphorylation (Akhmanova et al., 2001; Wittmann and
Waterman-Storer, 2005). It is possible that the CLASP2a preparation used in this Chapter
is somewhat less phosphorylated and, therefore, has a higher affinity for microtubule
lattice.

CLIP-170 increased the proportion of rescues induced by microtubule lattice-bound
CLASP2a, suggesting that the CLASP-CLIP-170 complex has a higher propensity for
lattice binding. Interestingly, we found that EB3 suppressed CLASP2a induced rescues.
This could be due to several reasons. First, it is possible that EBs reduce the amount of
CLASP bound along the microtubule lattice and available for inducing rescues either by
concentrating CLASP at the plus ends of microtubules (Mimori-Kiyosue et al., 2005), or
by directly interfering with CLASP binding to GDP-microtubule lattice, to which EBs
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themselves have only a low affinity (Maurer et al., 2011). Second, EB1 was shown to inhibit
templated microtubule nucleation in vitro (Wieczorek et al., 2015). This could account for
rescue suppression, considering that a rescue represents a microtubule outgrowth event
from the microtubule lattice initially lacking a GTP cap and is thus mechanistically similar
to template-based microtubule nucleation. In the future, it would be interesting to try
to distinguish between these possibilities by performing reconstitution assays in which
the CLASP-EB interaction is perturbed. This would be easy to do using CLASP with
mutated SxIP motifs together with EB3 or using an EB3 mutant without the C-terminal
EB Homology (EBH) domain together with intact CLASP.

To further test the idea that CLIP increases CLASP induced rescues, it will be interesting
in future to investigate if the CLASP interacting domain alone could restore the activity of
the full length protein in CLIP-170 knockout cells.

Experimental Procedures

DNA constructs, cell lines and cell culture

CLIP-170 and CLASP2a proteins expressed in mammalian cells were made in modified
pEGFP-C1 or pmCherry-C1 vectors respectively with a StreplII tag. HEK 293T cells were
cultured in DMEM/F10 (1:1 ratio, Lonza, Basel, Switzerland) supplemented with 10%
FCS.

Protein purification from HEK293T cells for in vitro reconstitution assays
GFP-CLIP-170, mCherry-CLIP-170 and GFP-CLASP2a used in the in vitro reconstitutions
assayswere purified from HEK293T cells using the Strep(II)-streptactin affinity purification.
Cells were harvested 2 days after transfection. Cells from a 15 cm dish were lysed in 500 ul of
lysis bufter (50 mM HEPES, 300 mM NaCl and 0.5% Triton X-100, pH 7.4) supplemented
with protease inhibitors (Roche) on ice for 15 minutes. The supernatant obtained from
the cell lysate after centrifugation at 21,000 x g for 20 minutes was incubated with 40 pl of
StrepTactin Sepharose beads (GE) for 45 minutes. The beads were washed 3 times in the
lysis buffer without the protease inhibitors either with 300 mM NaCl or 1000 mM NaCl
for GFP-CLIP-170lowsalt and GFP-CLIP-170highsalt respectively. The protein was eluted
with 40 pl of elution buffer (50 mM HEPES, 150 mM NaCl, 1 mM MgCl2, 1 mM EGTA,
1 mM dithiothreitol (DTT), 2.5 mM d-Desthiobiotin and 0.05% Triton X-100, pH 7.4).
Purified proteins were snap-frozen and stored at -80 °C.

In vitro microtubule dynamics assays

Reconstitution of microtubule growth dynamics in vitro was performed as described
previously (Sharma et al., 2016). GMPCPP-stabilized microtubule seeds (70% unlabeled
tubulin, 18% biotin tubulin and 12% of rhodamine-tubulin) were prepared as described
before. Flow chambers, assembled from plasma-cleaned glass coverslips and microscopic
slides were functionalized by sequential incubation with 0.2 mg/ml PLL-PEG-biotin
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(Susos AG, Switzerland) and 1 mg/ml NeutrAvidin (Invitrogen) in MRB80 buffer (80
mM piperazine-N,N|[prime]-bis(2-ethanesulfonic acid), pH 6.8, supplemented with 4
mM MgCl2, and 1 mM EGTA. Microtubule seeds were attached to the coverslip through
biotin-NeutrAvidin interactions. Flow chambers were further blocked with 1 mg/ml
k-casein. The reaction mixture with or without proteins (MRB80 buffer supplemented
with 15 pM porcine brain tubulin, 0.5 pM rhodamine-tubulin, 50 mM KCl, 1 mM
guanosine triphosphate, 0.2 mg/ml k-casein, 0.1% methylcellulose, and oxygen scavenger
mix [50 mM glucose, 400 pg/ ml glucose oxidase, 200 pug/ml catalase, and 4 mM DTT])
was added to the flow chamber after centrifugation in an Airfuge for 5 minutes at 119,000
x g. For experiments in the presence of EB3, concentration of mCherry-EB3 or GFP-EB3
was as indicated in the figures and rhodamine-tubulin was excluded from the assay. The
flow chamber was sealed with vacuum grease, and dynamic microtubules were imaged
immediately at 30 °C using TIRF microscopy. All tubulin products were from Cytoskeleton
Inc.

TIRF microscopy

In vitro reconstitution assays were imaged on a TIRF microscope setup as described
previously or on an Ilas2 TIRF setup. In brief, we used an inverted research microscope
Nikon Eclipse Ti-E (Nikon) with the perfect focus system (Nikon), equipped with Nikon
CFI Apo TIRF 100x 1.49 N.A. oil objective (Nikon) and controlled with MetaMorph 7.7.5
software (Molecular Devices). The microscope was equipped with TIRF-E motorized
TIRF illuminator modified by Roper Scientific France/PICT-IBiSA, Institut Curie. To
keep the in vitro samples at 30 °C, a stage top incubator model INUBG2E-ZILCS (Tokai
Hit) was used. For excitation, 491 nm 100 mW Calypso (Cobolt) and 561 nm 100 mW
Jive (Cobolt) lasers were used. We used ET-GFP 49002 filter set (Chroma) for imaging
of proteins tagged with GFP or ET-mCherry 49008 filter set (Chroma) for imaging of
proteins tagged with mCherry. Fluorescence was detected using an EMCCD Evolve 512
camera (Roper Scientific) with the intermediate lens 2.5X (Nikon C mount adapter 2.5X)
or using the CoolSNAP HQ2 CCD camera (Roper Scientific) without an additional lens.
In both cases the final magnification was 0.063 pum/pixel.

Ilas2 system (Roper Scientific, Evry, FRANCE) is a dual laser illuminator for
azimuthal spinning TIRF (or Hilo) illumination and with a custom modification for
targeted photomanipulation. This system was installed on Nikon Ti microscope (with the
perfect focus system, Nikon), equipped with 150 mW 488 nm laser and 100 mW 561 nm
laser, 49002 and 49008 Chroma filter sets, EMCCD Evolve mono FW DELTA 512x512
camera (Roper Scientific) with the intermediate lens 2.5X (Nikon C mount adapter 2.5X),
CCD camera CoolSNAP MYO M-USB-14-AC (Roper Scientific) and controlled with
MetaMorph 7.8.8 software (Molecular Device). To keep the in vitro samples at 30°C, a
stage top incubator model INUBG2E-ZILCS (Tokai Hit) was used. The final resolution
using EMCCD camera was 0.065 pm/pixel, using CCD camera it was 0.045 um/pixel.
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Both microscopes were equipped with an ILas system (Roper Scientific France/PICT-
IBiSA) for FRAP and photoablation. The 532 nm Q-switched pulsed laser (Teem Photonics)
was used for photoablation on the TIRF microscope.

Analysis of microtubule plus end dynamics in vitro

Kymographs were generated using the Image] plugin KymoResliceWide (http://fiji.sc/Ky-
moResliceWide). Microtubule dynamics parameters were determined from kymographs
using an optimized version of the custom made JAVA plug in for Image] as described
previously.

Therelative standard error for catastrophe frequency was calculated as described previously.
The relative standard error of mean rescue frequency was calculated in the same way as

the standard error of the mean catastrophe frequency, i.e., _ SE
SE, =f ——=
f

sk

where are f.-7.; average values and SE . -SE, are standard errors of rescue frequency
and shortening time respectively. The number of observed rescue events for control was
relatively small as compared to the catastrophes,so we assumed that they follow a Poisson
distribution. The standard deviation of the rescue frequency was calculated as the square
root of its mean value and the standard error was calculated according to:
V7,
W

,where f, and SE_ are the average and the standard error of the
rescue frequency and N, is the number of rescues.

SE. =
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Chapter 4

Abstract

Microtubules are dynamic biopolymers that switch between phases of growth and
shrinkage. This behavior is modulated by a network of plus end binding proteins. Here,
we reconstituted microtubule growth in the presence of the mammalian microtubule
polymerase chTOG. Together with EB3, chTOG accelerated microtubule growth to rates
comparable to those observed in vivo. SLAIN2, an adaptor protein connecting chTOG to
EBs, further increased microtubule growth rates when combined with EB3 and chTOG.
This suggests that SLAIN2 can augment chTOG function, in agreement with observations
in cells. chTOG alone or combined with SLAIN2 in the presence of EB3 could antagonize
the ability of the kinesin-13 MCAK to block microtubule outgrowth. However, chTOG,
either alone or in complex with SLAIN2, promoted rather than suppressed microtubule
catastrophes, and these proteins could not counteract the catastrophe-inducing activity of
MCAK. This is in contrast to published data showing that in cells, SLAIN2 and chTOG
suppress catastrophes. This discrepancy is most likely explained by the interplay between
chTOG, SLAIN2 and additional cellular factors, which together control the processivity of
microtubule polymerization.

Introduction

Microtubules are cytoskeletal filaments important for diverse cellular processes including
cell division, migration and intracellular transport. Microtubules exhibit dynamic
switching between phases of growth and shrinkage, a process termed dynamic instability.
This dynamic behavior has been proposed to be driven by the hydrolysis of GTP bound to
the B-tubulin (Mitchison and Kirschner, 1984). Multiple microtubule associated proteins
that regulate this switching behavior either autonomously or through their binding
partners have been characterized (Akhmanova and Steinmetz, 2015).

Microtubule polymerases of the XMAP215/chTOG/Stu2 family are autonomous
microtubule plus end tracking proteins that promote microtubule growth both in interphase
and in mitosis by binding tubulin through their TOG domains (Bonfils et al., 2007; Cullen
et al., 1999; van der Vaart et al., 2011; Wang and Huffaker, 1997). The mammalian family
member, chTOG (colonic and hepatic tumor overexpressed gene), is also essential for
stabilization of kinetochore fibers in the mitotic spindle, where it crossbridges microtubules
by acting in a complex with TACC3 and clathrin (Booth et al., 2011; Royle, 2013). TOG
domains of the XMAP215/chTOG/Stu2 proteins can bind to af tubulin dimers in a curved
conformation. Such curved tubulins are present only at microtubule tips, because the
dimers undergo straightening upon incorporation into microtubule lattice. Preference for
curved tubulin subunits combined with the C-terminal microtubule lattice binding region
and the ordering of TOG domains confers to XMAP215 and its homologs their plus end
specificity (Ayaz et al., 2014; Ayaz et al., 2012). Reconstitution experiments using purified
XMAP215/chTOG/Stu2 proteins have demonstrated that they increase microtubule
growth rates 2 to 20 fold depending on the species and protein concentrations used in
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the experiments (Brouhard et al., 2008; Li et al., 2012; Roostalu et al., 2015; Widlund
et al., 2011). It was also shown that XMAP215 and its yeast, fly, and human homologs
autonomously track both growing and depolymerizing plus ends (Al-Bassam et al., 2012;
Brouhard et al., 2008; Li et al., 2012; Roostalu et al., 2015).

End binding proteins (EBs, which in vertebrates include EB1, EB2 and EB3) also track
the growing plus ends autonomously through their N-terminal CH domain, which senses
the nucleotide state of tubulin (Komarova et al., 2009; Maurer et al., 2012; Zhang et al,,
2015). Through their C-terminus, EBs recruit to microtubule plus ends numerous binding
partners (Akhmanova and Steinmetz, 2008). In vitro, EBs increase microtubule growth
rates and catastrophe frequency (Doodhi et al., 2016; Mohan et al., 2013), although in cells
loss of EBs has no major impact on microtubule growth rate but reduces processivity of
microtubule growth (Komarova et al 2009). EBs lead to the maturation of the microtubule
plus end and also promote compaction of microtubule lattice (Maurer et al., 2014; Zhang et
al., 2015). Recently, it was shown that purified XMAP215 and EB1 constitute the minimal
plus end-binding module that can accelerate microtubule growth rate up to 20 um per
minute, a value that is in the higher range of the microtubule growth rates observed in
vivo (Zanic et al., 2013). It has been shown that EB and XMAP215 bind to distinct regions
at the plus end of a microtubule and do not interact with each other either (Maurer et
al., 2014). The current model proposes that EB binding allosterically affects XMAP215
activity, an effect that could potentially be due to EB-induced changes in microtubule tip
structure or the microtubule lattice compaction.

Although XMAP215 family proteins can autonomously track growing plus ends, in
Drosophila and mammalian cells, they have been shown to be targeted to the growing plus
end by EB-binding adaptor proteins Sentin and SLAIN1/2, respectively (Li et al., 2011;
van der Vaart et al,, 2011). Furthermore, fission yeast harbors two chTOG homologs,
Dis1, which binds directly to the EB homolog Mal3, and Alp14 that functions in an EB-
independent manner (Al-Bassam et al., 2012; Matsuo et al., 2016). This suggests that
additional mechanisms might ensure robust microtubule tip localization of chTOG in the
crowded plus end environment. Mammalian SLAIN2 tracks the growing plus ends in an
EB dependent manner through its multiple SxIP like motifs. It recruits chTOG through the
N-terminus and also binds other plus end binding proteins, such as CLIP-170 and CLASP,
through its C-terminus (van der Vaart et al., 2011). Interestingly, depletion of SLAINs
perturbs microtubule growth: catastrophes become more frequent and microtubule
growth episodes become irregular, interrupted by depolymerization events, leading to the
reduction of the average microtubule growth rate (Bouchet et al., 2016; van der Vaart et
al., 2012; van der Vaart et al., 2011). Depletion of chTOG has a similar effect (Bouchet et
al., 2016; van der Vaart et al., 2012; van der Vaart et al., 2011), which, however, contradicts
the work with purified proteins, because chTOG together with EB increase catastrophe
frequency in vitro (Zanic et al., 2013). One possibility is that SLAIN2, when present in a
complex with chTOG and EB, would modify their properties explaining the discrepancy
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between the data obtained in vitro and in cells.

To investigate the effects of SLAIN2 and SLAIN2-chTOG complex on microtubule
dynamics, we performed in vitro reconstitution assays using purified proteins. In this
report, we characterize the effects of the mammalian microtubule polymerase chTOG
on microtubule growth rate and catastrophe frequency. We also analyze the impact of
SLAIN? alone or together with chTOG on microtubule dynamics. Finally, we look at the
ability of SLAIN2 and the SLAIN2-chTOG complex to antagonize microtubule growth-
blocking activity of MCAK. Our data indicate that these proteins, when present in different
combinations, can potently regulate microtubule growth. However, our in vitro assays do
not fully recapitulate the in vivo observations, suggesting that cellular activities of chTOG
and SLAIN2 require additional factors.

RESULTS
chTOG increases microtubule polymerization rate
To characterize the effects of mammalian microtubule polymerase chTOG on microtubule
growth, we used an in vitro reconstitution assay in which dynamic microtubules are
nucleated from GMPCPP seeds and monitored with TIRF microscopy (Bieling et al., 2007;
Sharma et al., 2016). We purified GFP tagged chTOG from HEK293T cells and investigated
its effects on dynamic microtubules (Figure 1A). Kymographs of microtubules grown in
the presence of rhodamine-labeled tubulin and 100 nM chTOG-GFP showed association
of chTOG with polymerizing as well as depolymerizing plus end (Figure 1B, lower panel,
left), in agreement with previous work (Roostalu et al., 2015). chTOG accumulation at the
ends of GMPCPP seeds was also seen in the absence of microtubule growth (Figure 1B,
lower panel). Microtubules grown in the presence of 100 nM mCherry-EB3 and 100 nM
chTOG-GEFP exhibited the same chTOG accumulation pattern as without EB3 (Figure 1B,
lower panel, right), although the duration of growth episodes was strongly reduced when
both proteins were present (Figure 1B).

Next, we examined the impact of chTOG on the parameters of microtubule dynamics.
We tested different concentrations of chTOG ranging from 25 nM to 200 nM either in the
presence of rhodamine-labeled tubulin alone or together with 100 nM mCherry-EB3 at
a constant tubulin concentration of 15 uM. In the absence of EB3, chTOG increased the
microtubule growth rate approximately threefold, from 3.40 + 0.08 ym min™ for tubulin
alone to 10.52 + 0.20 pum min™ for tubulin with 100 nM of chTOG-GFP (Figure 1C, upper
panel). Similarly, the catastrophe frequency increased 2.5 fold, from 0.28 + 0.02 min™
for tubulin alone to 0.69 £ 0.03 min™ for tubulin with 100 nM chTOG-GFP (Figure 1C,
lower panel). The effects on both the growth rate and catastrophe frequency seemed to
reach saturation beyond 100 nM chTOG. Microtubule growth rate increased from 5.16
+ 0.04 um min™ in the case of EB3 alone to 15.87 + 0.16 pm min™ in the presence of 100
nM chTOG GFP (Figure 1C, upper panel). Similar to the assays without EB3, a two fold
increase in the catastrophe frequency was observed (Figure 1C, lower panel). Thus both
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Figure 1. The mammalian microtubule polymerase chTOG increases microtubule polymerization rate
to physiological levels in the presence of EB3.

(A) Coomassie blue stained gel showing chTOG-GFP purified from HEK293T cells.

(B) Kymographs of microtubule plus end growth with rhodamine-tubulin alone or together with 100 nM
mCherry-EB3 and together with 100 nM chTOG-GFP. chTOG channels are shown below the dual color
kymographs for chTOG alone or together with EB3. Scale bars: 3 um (horizontal) and 60 s (vertical).

(C) Microtubule growth rate and catastrophe frequencies for microtubules grown in the presence of
rhodamine-tubulin alone (red) or together with 100 nM mCherry-EB3 (green) at the indicated chTOG-
GEP concentrations. Number of growth events analyzed: for tubulin alone, n=98; tubulin with chTOG-GFB,
n=66, 105, 190 and 218 for 25 nM, 50 nM, 100 nM and 200 nM chTOG-GEP respectively; for assays with
100 nM mCherry-EB3, n=211; 100 nM mCherry-EB3 with chTOG-GFB, n=282, 347, 466, 586 for 25 nM,
50 nM, 100 nM and 200 nM chTOG respectively. Data are from 2-3 experiments. Error bars represent SEM.

EB3 and chTOG promote microtubule growth rates and increase catastrophe frequency
and when combined, lead to microtubule growth rates close to the ones observed in vivo,
in line with previous observations with the frog polymerase XMAP215 and EB1 (Zanic et
al., 2013).

SLAIN2 increases microtubule polymerization rate and catastrophe frequency in the
presence of chTOG

SLAIN2 was shown to connect chTOG to EBs (van der Vaart et al., 2011) (a scheme of the
interactions between these proteins is shown in Figure 2A). To investigate the effect
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Figure 2. SLAIN2 increases microtubule polymerization rate and catastrophe frequency in the presence
of chTOG.

(A) A scheme of interaction between chTOG, SLAIN2 and EB.

(B) Coomassie blue stained gel showing GFP and mCherry tagged SLAIN2 purified from HEK293T cells.
(C) Representative kymographs showing microtubule plus end dynamics in the presence of rhodamine
tubulin alone or with 100 nM mCherry-SLAIN2 and 100 nM GFP-EB3. Scale bars: 3 ym (horizontal) and
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60 s (vertical).

(D) Microtubule growth rate and catastrophe frequency for microtubules grown in the presence of rhodamine-
tubulin alone, together with 100 nM mCherry-EB3 or with 100 nM mCherry-SLAIN2 and 100 nM GFP-
EB3. Number of growth events analyzed: tubulin alone, n=98, 100 nM mCherry-EB3, n=211 and n=63 for
100 nM GFP-EB3 together with 100 nM mCherry-SLAIN2. Error bars represent SEM.

(E) Kymographs illustrating microtubule plus end growth in the presence of rhodamine tubulin together
with 100 nM mCherry-EB3 or 25 nM chTOG-GFP alone (upper panel), and in the presence of rhodamine
tubulin, 100 nM mCherry-EB3 and 25 nM chTOG-GFP , with or without 50 nM mCherry-SLAIN2. chTOG
channels are shown next to the dual color kymographs for chTOG alone or chTOG and EB3 or chTOG,
SLAIN2 and EB3 . Scale bars: 3 um (horizontal) and 60 s (vertical).

(F) Microtubule growth rate and catastrophe frequencies for microtubules grown in the presence of
rhodamine-tubulin together with 100 nM mCherry-EB3, 25 nM chTOG-GFP, 25 nM chTOG-GFP and
100 nM mCherry-EB3, or with 100 nM mCherry-EB3, 25 nM chTOG-GFP and 50 nM mCherry-SLAIN2.
Scale bars: 3 ym (horizontal) and 60 s (vertical). Number of growth events analyzed: n=211 for 100 nM
mCherry-EB3, n=66 for 25 nM chTOG-GFB n=282 for 100 nM mCherry-EB3 and 25 nM chTOG-GFP,
n=282 for 100 nM mCherry-EB3, 25 nM chTOG-GFP and 50 nM mCherry-SLAIN2 and n=409 for 100
nM mCherry-EB3, 25 nM chTOG-GFP and 100 nM mCherry-SLAIN2. Data are from 2 experiments. Error
bars represent SEM.

of SLAIN2 on microtubule dynamics, we performed assays in the presence of EB3 either
with SLAIN2 alone, or in combination with chTOG. We found that in the presence of
EB3, SLAIN2 tracked growing microtubule plus ends and co-localized with EB3 (Figure
2B, C). Analysis of the microtubule dynamics parameters revealed that SLAIN2 leads to
an increase in growth velocity, although this could be due to the presence of co-purified
endogenous chTOG (indicated by asterisk, Figure 2B, D). When tested together with 25
nM chTOG-GFP and 100 nM mCherry-EB3, the conditions when the effect of chTOG on
growth rate and catastrophes is not saturated, 50 nM mCherry-SLAIN2 further increased
microtubule growth rate by a factor of 1.6 (Figure 2F). At 100 nM mCherry-SLAIN2,
microtubule growth rate of 17.75 £ 0.18 pm min™ was observed, again a 1.6 fold increase
compared to 11.03 + 0.14 um min™ in the presence of 100 nM mCherry-EB3 and 25 nM
chTOG. Similar to the effect of increasing chTOG concentration, the addition of SLAIN2
in the presence of chTOG resulted in an increase in catastrophe frequency, although by
itself SLAIN2 had no impact on catastrophes (Figure 2C-F). We note that the recruitment
of chTOG to the growing plus ends appeared to be more robust when both SLAIN2 and
EB3 were present compared to EB3 alone (Figure 2E). It is thus possible that in the presence
of chTOG, SLAIN2 primarily acts by recruiting it to the plus end and thus increasing both
the growth rate and catastrophe frequency. However, an autonomous effect of SLAIN2
on microtubule polymerization remains a distinct possibility, which would need to be
further tested, ideally by obtaining SLAIN2 preparations completely devoid of chTOG.
Importantly, our data suggest that in vitro, SLAIN2 by itself does not have stabilizing
effects on the microtubule plus end, and when combined with chTOG, promotes rather
than suppresses catastrophes, opposite to the observations in cells (Bouchet et al., 2016;
van der Vaart et al., 2012; van der Vaart et al., 2011).

Fast microtubule polymerization antagonizes MCAK activity
We next investigated the microtubule growth-promoting activity of the SLAIN2-chTOG
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Figure 3. chTOG antagonizes microtubule growth-blocking activity of MCAK.

(A) Coomassie blue stained gel showing GFP-MCAK purified from HEK293T cells.

(B) Representative kymographs showing microtubule plus end dynamics in the presence of rhodamine
tubulin with 50 nM mCherry-EB3 alone or together with 5 nM, 12.5 nM and 15 nM GFP-MCAK. Scale
bars: 3 ym (horizontal) and 60 s (vertical).

(C) Micrographs showing maximum intensity projections of microtubules grown from rhodamine labeled
seeds (bright red) in the presence of rhodamine tubulin alone or with 50 nM mCherry-EB3, 50 nM mCherry-
SLAIN2 and 100 nM chTOG-GFP together with (lower panel) or without (upper panel) 15 nM GFP-MCAK.
Scale bar: 5 um (horizontal)

(D) Plot showing the percentage of GMPCPP seeds showing no microtubule outgrowth or outgrowth from
at least one end in the presence of rhodamine tubulin with 50 nM mCherry-EB3, 50 nM mCherry-SLAIN2
and 50 nM GFP-EB3, 50 nM mCherry-EB3 and 100 nM chTOG-GFP, or 50 nM mCherry-EB3, 50 nM
mCherry-SLAIN2 and 100 nM chTOG-GFP with or without 15 nM GFP-MCAK. Number of microtubules
(n) analysed from 2 experiments without MCAK, n=153, 98, 95 and 104, and for experiments with MCAK
n=163, 87, 102 and 89 for microtubules grown in the presence of EB3 alone or combined with SLAIN2 or
chTOG or both SLAIN2 and chTOG, respectively, at the above mentioned concentrations.

module in the presence of the microtubule depolymerase MCAK. We tested increasing
concentrations of GFP-MCAK (Figure 3A) in the presence of 50 nM mCherry-EB3 and
found that at 15 nM it accumulates at the ends of GMPCPP seeds and blocks their growth
[Figure 3B, C (left, top and bottom panels)]. We next tested the ability of SLAIN2, chTOG
or both to promote microtubule growth under these conditions. We found that in the
presence of 50 nM mCherry-EB3 and 15 nM MCAK, 94% of the microtubules did not
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show growth from any end and 6% showed growth from at least one end (Figure 3D). In
the presence of SLAIN2, only 1% of the microtubules showed growth from at least one
end whereas in the presence of chTOG, this percentage was increased to 78% (Figure 3D,
Figure 4A). The combination of SLAIN2 and chTOG in the assay restored microtubule
growth further, as 86% of the microtubules showed growth (Figure 3D). The observation
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Figure 4. SLAIN2-chTOG do not suppress MCAK induced catastrophes in vitro.

(A) Representative kymographs showing microtubule plus end dynamics in the presence of rhodamine
tubulin with 50 nM mCherry-EB3, 50 nM mCherry-SLAIN2 and 50 nM GFP-EB3, 50 nM mCherry-EB3
and 100 nM chTOG-GFP, or 50 nM mCherry-EB3, 50 nM mCherry-SLAIN2 and 100 nM chTOG-GFP
with or without 15 nM GFP-MCAK. Scale bars: 3 um (horizontal) and 90 s (vertical).

(B, C) Microtubule growth rate and catastrophe frequency for microtubules grown in the presence of
rhodamine-tubulin together with 50 nM mCherry-EB3, 50 nM mCherry-SLAIN2 and 50 nM GFP-EB3, 50
nM mCherry-EB3 and 100 nM chTOG-GFB or 50 nM mCherry-EB3, 50 nM mCherry-SLAIN2 and 100
nM chTOG-GFP combined with or without 15 nM GFP-MCAK . Number of growth events analyzed:
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n=329 for 50 nM mCherry-EB3, n=361 for 50 nM GFP-EB3 and 50 nM mCherry-SLAIN2, n=172 for 50
nM mCherry-EB3 and 100 nM chTOG-GFP and n=367 for 50 nM mCherry-EB3, 100 nM chTOG-GFP
and 50 nM mCherry-SLAIN2. For experiments with 15 nM GFP-MCAK, n=493 for EB3 and chTOG and
n=724 for EB3, SLAIN2 and chTOG. Data are from 2 experiments. Error bars represent SEM. ND, not
determined because no microtubule growth was observed.

that chTOG alone or combined with SLAIN2 can restore growth whereas SLAIN2 alone
cannot, further suggests that SLAIN2 enhances the effect of chTOG at the plus end.

We next measured the parameters of microtubule dynamics in conditions when
we did observe microtubule growth. We note that microtubule growth rate observed in
these experiments was lower than that shown in Figure 1C even though 100 nM chTOG
was present, because we used a lower concentration of EB3 (50 nM instead of 100 nM,
Figure 4B). In these conditions, the addition of SLAIN2 together with chTOG increased
microtubule growth rate and catastrophe frequency compared to chTOG alone (Figure
4B). When MCAK was also included in the assay, it had no effect on microtubule growth
rate in the presence of chTOG alone or together with SLAIN2 (Figure 4B). The catastrophe
frequency in the presence of MCAK increased both with chTOG alone and when SLAIN2
and chTOG were added together, suggesting that chTOG and SLAIN2 cannot suppress
MCAK-induced catastrophes (Figure 4C).

Discussion

In the past few decades, multiple microtubule associated proteins have been identified
and characterized for their effects on microtubule dynamics both in vivo and in vitro.
There has been a significant progress made in terms of understanding of the mechanisms
underlying the activity of individual components. But there is still a gap in correlating
protein activities seen in vitro with the effects observed in cells. This could be partly due
to the fact that proteins often act through their binding partners or function in a different
way in the context of the crowed cellular environment. In depletion experiments in cells,
removal of a protein from the complex not only takes away its activity but also perturbs the
network and dynamics of its binding partners. An important next step will be to develop
a systems level understanding of the interplay, allosteric effects and competition between
different regulatory factors at the microtubule plus end. Gaining such an understanding
will require complex multicomponent reconstitutions, as illustrated by a recent study,
which has provided an example of the plus end interacting protein network that ensures
robust recruitment of the minus-end directed motor dynein (Duellberg et al., 2014).

In the majority of in vitro reconstitution studies of microtubule dynamics, microtubule
growth rates are an order of magnitude lower than the ones observed in cells. This has
been attributed to the absence of a microtubule polymerase in the assay. In this report, we
explored the effects of the mammalian microtubule polymerase chTOG on microtubule
growth. We showed that chTOG together with EB3 can lead to microtubule polymerization
rates comparable to the ones observed in vivo, supporting previous observations with the
frog XMAP215 (Zanic et al., 2013). Catastrophe frequency was also increased, in line with
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published data on XMAP215 (Zanic et al., 2013), and the effects on both microtubule
growth parameters saturated at 100 nM chTOG and 100 nM EB3.

We next tested the effect of the adaptor protein SLAIN2 and found that on its own
it did not alter the catastrophe frequency and mildly increased the growth rate, possibly
due to the presence of co-purified endogenous chTOG or through an autonomous effect,
similar to fly sentin (Li et al., 2012). When combined with EB3 and an intermediate
chTOG concentration, SLAIN2 increased microtubule growth rate and also the catastrophe
frequency. SLAIN2-induced increase in the growth rate in the presence of chTOG could
be attributed to increased recruitment of chTOG to the plus end (Figure 2E), increased
residence time of chT'OG at the tip, or a combination of both. It would be interesting to
test in future if the addition of SLAIN2 further increases microtubule growth rate at EB
and chTOG concentrations where the effect of chTOG gets saturated (Figure 1C). It would
also be interesting to test if SLAIN2 ensures plus end tracking of its binding partners
chTOG, CLIP-170 and CLASP in the presence of an excess of other plus end-associated
proteins, and in particular, EB ligands, such as an SxIP peptide.

Next, we revisited the classic reconstitution experiments, which showed that XM AP215
can restore microtubule growth from centrosomes countering the activity of XKCM1, the
Xenopus MCAK homolog (Kinoshita et al., 2001; Tournebize et al., 2000). Using single
microtubules grown from GMPCPP seeds, we found that fast polymerization promoted by
chTOG alone or together with SLAIN2 antagonized the microtubule outgrowth-blocking
activity of MCAK. However, chTOG either alone or together with SLAIN2 did not prevent
MCAK from inducing catastrophes. Previous work showed that the probability that a
microtubule undergoes a catastrophe depends on microtubule “age”, the time spent after
initiation of microtubule growth (Gardner et al., 2011). MCAK was shown to abolish the
aging process, making catastrophe occurrence random (Gardner et al,, 2011). It would
be interesting to know how age-induced microtubule catastrophes are affected by the
presence of chTOG and SLAIN2, with and without MCAK.

Our experiments conclusively showed that in a system with purified components,
SLAIN2 on its own or together with chTOG did not suppress spontaneous or MCAK-
induced catastrophes, even in conditions when microtubule growth rate became as
fast as that observed cells. This is in contrast to experiments in cells, where SLAIN2
or chTOG depletion leads to strongly perturbed microtubule growth with increased
catastrophe frequency and reduced growth rate, although this reduction is not dramatic,
and instantaneous polymerization rate during short growth events is quite normal (van
der Vaart et al.,, 2011). The reduction of microtubule growth velocity in SLAIN2 and
chTOG-depleted cells can be explained by the loss of chTOG from microtubule tips.
The effect on catastrophe frequency in cells is more difficult to understand, given that
SLAIN2 and chTOG promote catastrophes in vitro. Most likely, the absence of robust plus
end localization of chTOG upon SLAIN2 depletion results in an altered microtubule tip
structure and possibly a smaller GTP-cap, which would be more susceptible to the physical
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barrier- or depolymerase-induced catastrophes in cells. In connection with this, it will be
interesting to compare the lengths of EB-positive comets in cells and in vitro at the same
microtubule growth rate. In cells, the robustness of microtubule growth appears to depend
onlong GTP caps (reflected by extended, 1-2 pm long EB-positive comets) (Seetapun et al.,
2012). Such a comparison will help to determine whether our reconstitutions are missing
specific cellular factors which confer robustness to the microtubule polymerization process
in cooperation with SLAIN2 and chTOG. Relevant in this respect, SLAIN2 can recruit to
microtubule tips other proteins, such as CLASP and CLIP-170, which are known to have
stabilizing effects on the plus end (Al-Bassam et al., 2010; Arnal et al., 2004; Komarova et al.,
2002; van der Vaart et al., 2011). Taken together, we think that resolving the controversies
between the effects that the different regulators have on microtubule growth in cells and
in vitro will be a productive way of gaining deeper understanding of the mechanisms
governing microtubule dynamics.

Experimental Procedures

DNA constructs, cell lines and cell culture

chTOG and SLAIN2 proteins expressed in mammalian cells were made in modified
pEGFP-N1 or pEGFP-C1/ pmCherry-C1 vectors respectively with a StrepII tag. chTOG
construct was a gift of S. Royle (University of Warwick, UK). HEK 293T cells were cultured
in DMEM/F10 (1:1 ratio, Lonza, Basel, Switzerland) supplemented with 10% FCS.

Protein purification from HEK293T cells for in vitro reconstitution assays
chTOG-GFP, GFP-SLAIN2, mCherry-SLAIN2 and GFP-MCAK used in the in vitro
reconstitutions assays were purified from HEK293T cells using the Strep(II)-streptactin
affinity purification. Cells were harvested 2 days after transfection. Cells from a 15 cm
dish were lysed in 500 pl of lysis buffer (50 mM HEPES, 300 mM NaCl and 0.5% Triton
X-100, pH 7.4) supplemented with protease inhibitors (Roche) on ice for 15 minutes. The
supernatant obtained from the cell lysate after centrifugation at 21,000 x g for 20 minutes
was incubated with 40 ul of StrepTactin Sepharose beads (GE) for 45 minutes. The beads
were washed 3 times in the lysis buffer without the protease inhibitors. The protein was
eluted with 40 ul of elution buffer (50 mM HEPES, 150 mM NaCl, 1 mM MgCl2, 1 mM
EGTA, 1 mM dithiothreitol (DTT), 2.5 mM d-Desthiobiotin and 0.05% Triton X-100, pH
7.4). Purified proteins were snap-frozen and stored at -80 °C.

In vitro microtubule dynamics assays

Reconstitution of microtubule growth dynamics in vitro was performed as described
previously. GMPCPP-stabilized microtubule seeds (70% unlabeled tubulin, 18% biotin
tubulin and 12% of rhodamine-tubulin) were prepared as described before. Flow
chambers, assembled from plasma-cleaned glass coverslips and microscopic slides were
functionalized by sequential incubation with 0.2 mg/ml PLL-PEG-biotin (Susos AG,
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Switzerland) and 1 mg/ml NeutrAvidin (Invitrogen) in MRB80 buffer (80 mM piperazine-
N,N[prime]-bis(2-ethanesulfonic acid), pH 6.8, supplemented with 4 mM MgCl2, and 1
mM EGTA. Microtubule seeds were attached to the coverslip through biotin-NeutrAvidin
interactions. Flow chambers were further blocked with 1 mg/ml k-casein. The reaction
mixture with or without proteins (MRB80 buffer supplemented with 15 pM porcine brain
tubulin, 0.5 uM rhodamine-tubulin, 50 mM KCl, 1 mM guanosine triphosphate, 0.2 mg/
ml k-casein, 0.1% methylcellulose, and oxygen scavenger mix [50 mM glucose, 400 pg/ ml
glucose oxidase, 200 pg/ml catalase, and 4 mM DTT]) was added to the flow chamber after
centrifugation in an Airfuge for 5 minutes at 119,000 x g. The assays with MCAK were
supplemented with 1 mM ATP. For experiments in the presence of EB3, concentration
of mCherry-EB3 or GFP-EB3 was as indicated in the figures and rhodamine-tubulin was
excluded from the assay. The flow chamber was sealed with vacuum grease, and dynamic
microtubules were imaged immediately at 30 °C using TIRF microscopy. All tubulin
products were from Cytoskeleton Inc.

TIRF microscopy

In vitro reconstitution assays were imaged on a TIRF microscope setup as described
previously or on an Ilas2 TIRF setup. In brief, we used an inverted research microscope
Nikon Eclipse Ti-E (Nikon) with the perfect focus system (Nikon), equipped with Nikon
CFI Apo TIRF 100x 1.49 N.A. oil objective (Nikon) and controlled with MetaMorph 7.7.5
software (Molecular Devices). The microscope was equipped with TIRF-E motorized
TIRF illuminator modified by Roper Scientific France/PICT-IBiSA, Institut Curie. To
keep the in vitro samples at 30 °C, a stage top incubator model INUBG2E-ZILCS (Tokai
Hit) was used. For excitation, 491 nm 100 mW Calypso (Cobolt) and 561 nm 100 mW
Jive (Cobolt) lasers were used. We used ET-GFP 49002 filter set (Chroma) for imaging
of proteins tagged with GFP or ET-mCherry 49008 filter set (Chroma) for imaging of
proteins tagged with mCherry. Fluorescence was detected using an EMCCD Evolve 512
camera (Roper Scientific) with the intermediate lens 2.5X (Nikon C mount adapter 2.5X)
or using the CoolSNAP HQ2 CCD camera (Roper Scientific) without an additional lens.
In both cases the final magnification was 0.063 pum/pixel.

Ilas2 system (Roper Scientific, Evry, FRANCE) is a dual laser illuminator for
azimuthal spinning TIRF (or Hilo) illumination and with a custom modification for
targeted photomanipulation. This system was installed on Nikon Ti microscope (with the
perfect focus system, Nikon), equipped with 150 mW 488 nm laser and 100 mW 561 nm
laser, 49002 and 49008 Chroma filter sets, EMCCD Evolve mono FW DELTA 512x512
camera (Roper Scientific) with the intermediate lens 2.5X (Nikon C mount adapter 2.5X),
CCD camera CoolSNAP MYO M-USB-14-AC (Roper Scientific) and controlled with
MetaMorph 7.8.8 software (Molecular Device). To keep the in vitro samples at 30°C, a
stage top incubator model INUBG2E-ZILCS (Tokai Hit) was used. The final resolution
using EMCCD camera was 0.065 pm/pixel, using CCD camera it was 0.045 um/pixel.
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Both microscopes were equipped with an ILas system (Roper Scientific France/
PICT-IBiSA) for FRAP and photoablation. The 532 nm Q-switched pulsed laser (Teem
Photonics) was used for photoablation on the TIRF microscope.

Analysis of microtubule plus end dynamics in vitro

Kymographs were generated using the Image] plugin KymoResliceWide (http://fiji.
sc/KymoResliceWide). Microtubule dynamics parameters were determined from
kymographs using an optimized version of the custom made JAVA plug in for Image] as
described previously. The relative standard error for catastrophe frequency was calculated
as described previously (Mohan et al., 2013).
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Chapter 5

Abstract

Centrioles are fundamental and evolutionarily conserved microtubule-based organelles
whose assembly is characterized by microtubule growth rates that are orders of magnitude
slower than those of cytoplasmic microtubules. Several centriolar proteins can interact
with tubulin or microtubules, but how they ensure the exceptionally slow growth of
centriolar microtubules has remained mysterious. Here, we bring together crystallographic,
biophysical and reconstitution assays to demonstrate that the human centriolar protein
CPAP (SAS-4 in worms and flies) binds and “caps” microtubule plus-ends by associating
with a site of B-tubulin engaged in longitudinal tubulin-tubulin interactions. Strikingly, we
uncover that CPAP activity dampens microtubule growth and stabilizes microtubules by
inhibiting catastrophes and promoting rescues. We further establish that the capping
function of CPAP is important to limit growth of centriolar microtubules in cells. Our
results suggest that CPAP acts as a molecular lid that ensures slow assembly of centriolar
microtubules and, thereby, contributes to organelle length control.

Introduction

Centrioles are evolutionarily conserved organelles that are pivotal for the formation of
cilia, flagella and centrosomes, and are thus critical for fundamental cellular processes
such as signaling, polarity, motility and division (reviewed in (Azimzadeh and Marshall,
2010; Bornens, 2012; Jana et al., 2014; Gonczy, 2012)). Owing to their central role in such
diverse cellular processes, centriole aberrations contribute to a range of severe human
diseases, including ciliopathies, primary microcephaly and cancer (reviewed in (Nigg and
Raft, 2009; Gonczy, 2015)). Microtubules are the major constituent of centrioles and are
arranged in a radial nine-fold symmetrical array that forms a barrel-shaped centriolar wall
(reviewed in (Azimzadeh and Marshall, 2010; Bornens, 2012; Jana et al., 2014; Gonczy,
2012)). Centriolar microtubules are unique in exhibiting exceptionally slow growth
rates of a few tens of nanometers per hour and being very stable after their formation
(Kuriyama and Borisy, 1981; Chretien et al., 1997). Such properties likely contribute to
setting centriole length, which is extremely conserved across evolution. The behavior
of centriolar microtubules is in stark contrast to that of their cytoplasmic counterparts,
which assemble up to four orders of magnitude faster and are highly dynamic (Kinoshita
etal.,, 2001). The molecular mechanisms that impart the exceptional slow growth rate and
stability of centriolar microtubules are not known.

Several centriolar proteins that can directly interact with tubulin and/or microtubules
have been identified, including CEP120, CEP135, Centrobin and CPAP (Gudi et al., 2011;
Lin et al., 2013a; Lin et al., 2013b; Hsu et al., 2008). CPAP (SAS-4 in worms and flies) is
of particular interest, since it is the only component amongst the ones listed above that is
present and essential for centriole formation from worm to man (Kohlmaier et al., 2009;
Schmidt et al., 2009; Tang et al., 2009; Kirkham et al., 2003; Leidel and Gonczy, 2003). The
importance of CPAP is further substantiated by the fact that homozygous mutations in
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the corresponding gene lead to autosomal recessive primary microcephaly, a devastating
human disease with drastically reduced neuron numbers and thus brain size (Bond et al.,
2005). Interestingly, CPAP overexpression induces overly long centrioles in human cells
(Kohlmaier et al., 2009; Schmidt et al., 2009; Tang et al., 2009), which interferes with cell
division (Kohlmaier et al., 2009; Schmidt et al., 2009; Tang et al., 2009). Together, these
observations suggest that CPAP somehow regulates centriolar microtubule growth to
produce fully functional centrioles. How this role is exerted at a mechanistic level remains
elusive.

CPAP comprises a tubulin-binding domain (PN2-3), a positively charged microtubule-
binding domain (MBD), a coiled-coil dimerization domain and a C-terminal G-box
(Figure 1A). The PN2-3 domain is of prime interest as this region is highly conserved
across evolution and found exclusively in CPAP/SAS-4 proteins. PN2-3 sequesters tubulin
dimers and has been shown to destabilize microtubules both in vitro and in cells (Hsu et
al., 2008; Cormier et al., 2009; Hung et al., 2004). How this observation can be reconciled
with the presence of overly long centrioles upon CPAP overexpression, which is suggestive
of the protein enhancing centriolar microtubule elongation, has remained puzzling.
Here, to elucidate the fundamental mechanism of action of CPAP/SAS-4 proteins, we
set out to decipher how CPAP impacts microtubules using structural, biophysical and
cell biological approaches. We first report a high resolution structure of af3-tubulin in a
complex with the PN2-3 domain of CPAP. This structural information guided the design
of experiments aimed at understanding the key role of CPAP in regulating centriolar
microtubule behavior. Using reconstitution experiments, we demonstrate that CPAP
autonomously recognizes and tracks growing microtubule plus ends. There, CPAP
suppresses microtubule polymerization and increases microtubule stability by inhibiting
catastrophes and promoting rescues. We further establish that the PN2-3 domain of CPAP
is critical in the cellular context to restrict the extent of centriolar microtubule elongation
by acting as a molecular ‘cap.

RESULTS
Crystal structure of the SAC domain of CPAP in a complex with tubulin

To gain insight into the molecular mechanism of tubulin binding by CPAP/SAS-4
proteins, we sought to crystallize the PN2-3 domain of human CPAP in complex
with tubulin (see Table S1 for all constructs generated in the course of this study).
Extensive crystallization trials with complexes of tubulin and PN2-3 variants were not
met with success. However, adding the p-tubulin-binding darpin (D1; (Pecqueur et al.,
2012)) allowed us to solve the ternary complex formed between PN2-3, af- tubulin and
D1 (denoted the D1-tubulin-PN2-3 complex) to 2.2 A resolution by X-ray crystallography
(Figure 1A-C and Table S2). As reported previously for other structures, the D1 molecule
was bound at the tip of f-tubulin in the D1-tubulin-PN2-3 complex structure, a location
involved in longitudinal tubulin-tubulin contacts within microtubules (Pecqueur et al.,
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Figure 1. Structure of the tubulin-PN2-3 complex.

(A) Domain organization of human CPAPB, with indication of amino acids numbers at domain boundaries.
The PN2-3 region is shown magnified below, with residue conservation amongst CPAP/SAS-4 proteins in
H. sapiens, M. musculus, G. gallo, D. rerio, X. tropicalis, D. melanogaster and C. elegans. Black and gray
shadings indicate different degrees of residue conservations. Blue and olive bars highlight the LID and SAC
domains, respectively. Asterisks indicate residues that have been mutated in this study. MBD, microtubule-
binding domain; CC, coiled coil.

(B) Overall view of complex formed between PN2-3 (SAC residues in olive), af-tubulin (gray) and D1
(cyan). The N- and C-termini of SAC are indicated. The dashed box depicts the area shown in (C).

(C) Close up view of the interaction between SAC (olive sticks) and tubulin (gray). Selected secondary
structural elements of tubulin are labeled in bold purple letters. Residues at the tubulin-SAC interface are
labeled in black and olive (SAC).

(D) Location of the DI- (cyan), Eribulin- (brown) and Maytansine sites (pink) on [-tubulin. Note that
Eribulin binds to the vinca site on 3-tubulin. The N-terminus of SAC (olive) is shown. The blue oval represents
the expected binding region of LID.

See also Tables S1 and S2.

2012). In addition, we found electron densities for residues 373-385 of PN2-3, which
correspond to the evolutionarily conserved SAC domain of CPAP (for “Similar in
SAS-4 and CPAP”; (Leidel and Gonczy, 2003; Hsu et al.,, 2008; Kitagawa et al., 2011))
(Figure 1B). In the PN2-3-tubulin-D1 complex structure, we found that SAC residues are
engaged with both a- and p-tubulin subunits without affecting the overall conformation
of the dimer (RMSD of tubulin in the tubulin-D1 (PDB ID 4DRX) and PN2-3-tubulin-D1
complex structures: 0.49 A over 760 Ca-atoms). The SAC-binding site on tubulin is shaped
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by hydrophobic and polar residues of helices aH11, BH3’, BH5 and BH12, and loops
PH8-S7 and pH11’-H12 (Figure 1C).

The SAC-tubulin interaction is characterized by an extensive water and non-water-
mediated hydrogen bonding network, as well as by hydrophobic contacts established
between both main chain and side chain atoms of SAC and tubulin residues. Prominent
SAC side chain contacts involve Phe375 (PAsp414, PMet416, fGlu417, pGlu420), Leu376
(BHis192, pQIn193, pGlul96), Lys377 (BGlud20), Arg378 (pGlu420, PAsn426), and
Phe385 (BH406, BTrp407, PPro263). Pull down experiments had implicated Lys377 and
Arg378 in tubulin binding (Hsu et al., 2008), and our findings reveal the structural basis
for their importance in this interaction.

Figure 2
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Figure 2. Interactions of PN2-3 with tubulin and microtubules.

(A-C) ITC analysis of interactions between indicated PN2-3 variants and tubulin. D1, DARPin; Er,
Eribulin; Ma, Maytansine. Note that Eribulin and Maytansine bind to the vinca- and Maytansine-site on
B-tubulin, respectively (Gigant et al., 2005; Prota et al., 2014; Smith et al., 2010).

(D) Binding of SAC (olive surface representation) and LID (schematically represented by a blue oval) in
the context of a microtubule plus end, with three protofilaments (PF1-PF3) being represented. Light gray
surface representation, B-tubulin; dark gray surface representation, a-tubulin. The plus- (+) and minus (-)
ends of the microtubule are indicated on the right.

See also Figure S1 and Table S1.

Atomic model of the interaction of tubulin and PN2-3

Previous studies suggested that PN2-3 inhibits exchange of the nucleotide on B-tubulin
and that residues situated N-terminal to SAC also interact with tubulin (Cormier et al.,

2009; Hsu et al., 2008; Hung et al., 2004). The PN2-3-tubulin-D1 structure revealed that
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the N-terminus of SAC is located close to the D1-binding site at the tip of p-tubulin
(Figure 1D). We therefore reasoned that the presence of D1 might hinder access of this
region of CPAP to its binding site. Accordingly, isothermal titration calorimetry (ITC)
experiments demonstrated that whereas PN2-3 bound tubulin with an equilibrium
dissociation constant, Kd, of 47 + 6 nM, the affinity of PN2-3 for tubulin-D1 dropped one
order of magnitude (Figure 2A). Likewise, Eribulin and Maytansine, two drugs that bind
near the D1- and nucleotide-binding site, and which also inhibit longitudinal tubulin-
tubulin contacts in microtubules (Pecqueur et al., 2012; Prota et al., 2014; Alday and
Correia, 2009), significantly impaired the affinity of PN2-3 for tubulin (Figure 2A). We
conclude that the N-terminal part of PN2-3 binds to a site on the tip of B-tubulin engaged in
longitudinal tubulin-tubulin interactions (Cormier et al., 2009), and therefore named this
putative domain “LID” To test whether the hydrolysis state of the exchangeable nucleotide
bound to PB-tubulin is important for tubulin-PN2-3 complex formation, as previously
suggested for PN2-3 of Drosophila DmSAS-4 (Gopalakrishnan et al, 2012), we
performed additional ITC experiments. As shown in Figure S1, we found similar Kd values
for the interaction between human CPAP PN2-3 and GDP-, GTP-, or GMPCPP-tubulin
(maximal difference of 1.3-fold). We conclude that the hydrolysis state of the nucleotide
bound to B-tubulin has at most a minor effect on tubulin-PN2-3 complex formation.

To assess whether SAC and LID can bind tubulin independently, we generated two
corresponding peptides, SACp and LIDp, and analyzed their tubulin-binding properties
by ITC. Kd values in the low micromolar range were obtained for the interactions between
tubulin and either SACp or LIDp (Figure 2B). To investigate the importance of selected
SAC and LID residues for tubulin binding, we conducted further ITC experiments with
mutant variants of the PN2-3 domain. Mutation of the tubulin-interacting SAC residues
Lys377 and Arg378 to glutamic acid (KR/EE), or of Phe375 and Phe385 to alanine (FF/
AA), reduced the affinity of PN2-3 for tubulin by two orders of magnitude (Figure 2C;
compare with wild-type PN2-3 in Figure 2A). We also tested a PN2-3 mutant in which
three residues in a conserved region of LID (Phe338, Glu339, Tyr341; Figure 1A) were
simultaneously mutated to alanine (FEY/AAA), and also in this case obtained a Kd in the
low micromolar range (Figure 2C).

These results suggest that both SAC and LID can bind independently to tubulin
with low micromolar affinities, and that they cooperate to give rise to a ~100-fold tighter
interaction with tubulin when present together. To test whether SAC and LID could bind
in the context of microtubules, we analyzed their interactions using an atomic model of
a microtubule based on a cryo-electron microscopy reconstruction at 3.5 A resolution
(Zhang et al., 2015). Interestingly, this analysis showed that both SAC and LID binding
interfaces are located on the outer surface, at the distal tip of the microtubule that exposes
B-tubulin subunits (Figure 2D). This result indicates that CPAP could specifically target
microtubule plus ends via its PN2-3 domain.
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Figure 3
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Figure 3. Effects of CPAP, . . on dynamic microtubules.

(A) Schematic of CPAP  construct.

(B) Single frame of a time-lapse movie of rhodamine (Rh)-labeled microtubules growing from rhodamine-
GMPCPP-seeds in the presence of CPAP, . Arrows point to CPAP  microtubule tip accumulation.

(C) Normalized mean intensity profiles for CPAP . and rhodamine-tubulin from 30 microtubules.

(D) Kymographs of microtubule growth at the plus (+) and minus (-) end from a rhodamine-GMPCPP- seed
with 50 nM mCherry-CAMSAP3 and 100 nM CPAPmini. Scale bars, here and in other kymographs of this
figure: 2 um (horizontal) and 60 s (vertical).

(E) Kymographs of microtubule plus-end (+) dynamics with rhodamine-tubulin alone or together with 100
nM CPAP

(F) Kymographs of microtubule plus-end (+) dynamics with with 20 nM mCherry-EB3 alone or
together with 100 nM CPAP, .
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(G) Kymographs of microtubule plus-end (+) dynamics with rhodamine-tubulin and 100 nM of the two
indicated CPAP  variants.

(H-M) Microtubule plus-end growth rates, catastrophe and rescue frequencies in the presence of rhodamine-
tubulin alone or together with 20 nM mCherry-EB3 and 100 nM of the indicated CPAP _ variants. ~100-
200 microtubule growth events from 2-4 independent experiments were analyzed per condition.

See also Figure S2 and Table S1.

CPAP tracks growing microtubule plus ends in vitro

To test the idea that CPAP targets microtubule plus ends, we performed in vitro
reconstitution experiments in which dynamic microtubules were grown from GMPCPP-
stabilized seeds and imaged using a Total Internal Reflection Fluorescence microscopy-
based assay (Bieling et al., 2007; Montenegro Gouveia et al., 2010). Since purified full
length CPAP was insoluble in our hands, we engineered a soluble chimeric protein in
which the PN2-3-MBD moiety was fused to the leucine zipper domain of the yeast
transcriptional activator GCN4 (O'Shea et al., 1991), to mimic the dimerization imparted
by the endogenous coiled-coil domain of CPAP (Zhao et al., 2010), which is required
for CPAP function in centriole duplication (Kitagawa et al., 2011), as well as to GFP (the
resulting protein has been dubbed CPAP __ ; Figures 3A and S2A).

We found that CPAP__ . bound weakly to the microtubule lattice; importantly,
in addition, we found that CPAP_. . localized to, and tracked, one end of dynamic
microtubules specifically (Figure 3B-E). We determined that CPAP . bound the plus
end of microtubules, distinguished as such because it is negative for the minus-end
targeting protein CAMSAP3 (Figure 3D) (Jiang et al., 2014). CPAP__ . colocalized at
growing microtubule tips with the plus-end tracking protein EB3 (Figure 3F). However,
in contrast to EB3, the plus-end accumulation of which critically depends on microtubule
growth (Bieling et al., 2007; Montenegro Gouveia et al., 2010), CPAP . . was enriched at
one end of GMPCPP- stabilized microtubules even when soluble tubulin was present at a
concentration insufficient for microtubule elongation (5 instead of 15 uM tubulin; Figure
S2B). These data reveal that microtubule growth is not required for plus-end recognition
by CPAP__ . In the absence of soluble tubulin, CPAP__ localized along the entire length
of GMPCPP-stabilized microtubules (data not shown), indicating that the interaction of
CPAP__ with soluble tubulin suppresses its binding to the microtubule lattice. Overall, we
conclude that CPAP__ is an autonomous microtubule plus-end tracking protein.

CPAP promotes slow and processive microtubule growth

We set out to determine the impact of CPAP__ . on microtubule dynamics. Strikingly, we
found that CPAPmini strongly reduced the rate of microtubule growth (Figure 3EH).
This effect could not be explained by tubulin sequestration, because the concentration
of CPAP_ . (75-100 nM) was much lower than that of tubulin (15 uM). Furthermore,
CPAP__ . dramatically reduced the frequency of catastrophes and promoted rescues,
leading to highly processive microtubule polymerization (Figure 3EIJ). This effect was

also observed in the presence of EB3, despite the fact that EB3 by itself causes a ~1.5 fold
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Figure 4. Counting of CPAP, , molecules at microtubule plus ends.
(A) Kymographs illustrating growth dynamics of microtubule plus ends in the presence of 20 nM mCherry-
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EB3 and indicated concentrations of CPAP . Only the CPAP . channel is shown. Scale bars, 2 um
(horizontal) and 60 s (vertical).

(B) Microtubule growth rates at indicated concentrations of CPAP . in the presence of 20 nM
mCherry-EB3.

(C) Distribution of fluorescence intensities for single molecules of GFP (blue, mean intensity value 3.4 x 103
+ 1.6 x 103) and CPAP, . (green, mean intensity value 6.2 x 103 + 3.1 x 103).

(D) Distribution of fluorescence intensity values at microtubule tips for single CPAP . molecules (green,
mean intensity value=8.3 x 103 + 3.2 x 103) compared to 100 nM CPAP _ (red, mean intensity value 15.2
x 103 £ 4.7 x 103).

(E) Distributions of the numbers of CPAP . molecules on microtubule plus ends at indicated protein
concentrations of CPAP . At 100 nM, a concentration sufficient to strongly suppress microtubule growth,
~2 CPAP dimers were ¢ bound to microtubule tips (green curve).

(F) Kymographs of dynamic microtubules grown in the presence of 100 nM CPAP, -mCherry, 5 nM
CPAP,, -GFP and rhodamine tubulin, demonstrating CPAP, . single molecule behaviour at the tip and
lattice. Plus ends are indicated by black arrows. White arrows point to examples showing both lattice diffusion
and tip tracking, while molecules displaying stationary behaviour at the microtubule tips are indicated by
arrowheads. Scale bars, 2 ym (horizontal) and 2 s (vertical).

(G) Mean dwell times for CPAP . on the microtubule lattice (mean time=0.51 + 0.01, n=258) and tip
(mean time=1.67 * 0.06, n=755) obtained from the dwell time distributions; reported means were corrected
for photobleaching. Error bars represent the error of fit (Supplementary Experimental Procedures).

(H) Working model of how CPAP, . ensures slow processive microtubule growth. CPAP recognizes the
microtubule plus-end via tandemly arranged LID, SAC and MBD domains (I). This stabilizes the interactionof
the terminal tubulin dimers, caps’ the corresponding protofilaments and stabilizes the microtubule lattice.
‘Opening’ of LID (dashed curved arrow), either spontaneously and/or induced by an incoming tubulin dimer
(I1), enables processive microtubule tip elongation (III).

See also Figure S3 and Table S3.

increase in microtubule growth rate and a ~3 fold increase in catastrophe frequency
(Figure 3F and Figure 3K-M). To test whether the artificial dimerization domain of GCN4
in CPAPmini has an influence on microtubule dynamics we purified a CPAP construct
that contains the endogenous coiled coil (CPAP, ). Although CPAP,  -had a higher
propensity for degradation and aggregation, it also bound to microtubule plus ends, very

similar to CPAP__ , and had a similar effect on microtubule dynamics, as it reduced both
growth rate and catastrophe frequency (Figure S2D-S2G). These data demonstrate that
GCN4 links CPAP__ = chains in a fashion similar to that of the endogenous coiled-coil
domain of CPAP.

Next, we tested the effect of mutations that disrupt either the tubulin-SAC (KR/EE, FF/
AA) or the tubulin-LID interaction (ALID, FEY/AAA) on the ability of CPAP__to regulate
microtubule plus-end dynamics (Figures 1A and S2A). We found that all four mutants
abrogated tip enrichment, as well as the effects on microtubule growth and catastrophes
(Figures 3G-L and S2H). In contrast, all mutants as well as the dimeric version of MBD
alone (APN2-3), were still able to bind to the microtubule lattice and induce rescues to
a similar extent as wild type CPAP__ . (Figure 3G-M).This result suggests that the MBD
has microtubule-stabilizing properties. To further assess the mechanism underlying the
activity of CPAP__ , we investigated how its concentration affects microtubule dynamics.
As mentioned above, at 75 nM of CPAP__ , though not at lower concentrations, both the
microtubule growth rate and the catastrophe frequency were strongly reduced (Figures
3H-L and 4AB). A four- fold increase in concentration of CPAP__  had little additional
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effect on the microtubule growth rate and catastrophe frequency, indicating that the effect
of CPAP__ . on microtubule elongation in vitro saturates at ~75 nM (Figure 4B).

We next set out to determine the number of CPAP_. . molecules at microtubule plus
ends. Single- molecule fluorescence intensity analysis of CPAP . . in comparison to GFP
confirmed that CPAP__ is a dimer (Figure 4C). To determine the number of CPAP__
molecules at one microtubule tip, we immobilized single CPAP_. . molecules on the
surface of one flow chamber and performed the in vitro reconstitution assay in the adjacent
chamber on the same coverslip. Images of unbleached CPAP__ . single molecules were
acquired first, and then time lapse imaging of the in vitro assay with CPAP__  was performed
using the same illumination and imaging conditions. We found that approximately two
dimers of CPAP__ . were present at microtubule tips in the presence of 100 or 300 nM
protein, respectively (Figure 4DE). Our tubulin-PN2-3 structural model suggests that
CPAP_. , which contains two PN2-3 moieties, interacts with microtubule plus ends by
binding to terminal f-tubulin subunits (Figure 2D). Our reconstitution data thus indicate
that CPAP__  can reach its full activity with respect to microtubule growth inhibition and
catastrophe suppression by binding to approximately four to six protofilaments.

To acquire mechanistic insights into CPAP = association with the microtubule tip
and lattice, we mixed 5 nM of CPAP__ -GFP (Figure 4F) with 100 nM CPAP_. -mCherry.
This approach allowed us to observe the behavior of single CPAP_. -GFP molecules in
conditions where the protein inhibits microtubule growth. Rapid imaging of such samples
showed that in most cases CPAP__ . directly associated with the microtubule plus end
where it remained stationary and then detached. Occasionally, we observed CPAP__
molecules diffusing towards or away from the microtubule tip (Figure 4F). The analysis of
binding events of CPAP__ at growing microtubule plus ends yielded an exponential dwell
time distribution with a mean value of ~1.7 s (corrected for photobleaching (Helenius et
al., 2006)) (Figures 4G, S3AB). The dwell time for CPAP__. waslonger than those observed
previously for EB1, EB3 and CLIP-170 in similar conditions (values ranged between
~0.05-0.3 s (Bieling et al., 2008; Montenegro Gouveia et al., 2010). We also observed
binding and unbinding of CPAP __ . to the microtubule lattice, with an average dwell time
of ~0.5 s (Figures 4G and S3AB). On the lattice, both stationary and mobile CPAP__
molecules were detected. We noted that a single CPAP__ . molecule could switch between
the two types of behavior (Figure 4F). Automated single particle tracking combined with
mean squared displacement (MSD) analysis indicated that the mobile CPAP . molecule
population undergoes one-dimensional diffusion, as the increase of the MSD value over
time was linear (Figure S3C-E) (Qian et al., 1991). The diffusion coefficient of CPAP__
bound to microtubule lattices was 0.03 + 0.0004 um?2 s-1 (Table S3). This value is three
times lower than that for EB3 and similar to the one for the kinesin-13 MCAK, obtained
under similar conditions (Montenegro Gouveia et al., 2010).

Taken together, these results demonstrate that CPAP _ . localizes to microtubule plus
ends mostly through direct binding and remains largely immobile at the microtubule tip

109




Chapter 5

until detachment. This behavior, as well as the longer dwell times at the microtubule plus
end compared to the lattice, can be explained by the presence of the LID domain, which
can attach CPAP__ . to the tip of a protofilament. Our data further show that CPAP___
can either diffuse along the lattice or bind to it in a stationary manner. We think that
these two types of CPAP__ . behavior might be due to the presence of the MBD and SAC
domains, which can independently interact with microtubule lattices. Finally, our results
demonstrate that CPAP__suppresses microtubule growth and stabilizes microtubules by
inhibiting catastrophes and promoting rescues. In combination with the structural and
biophysical data, our reconstitution data suggest that CPAP__ . ensures slow processive
microtubule growth by capping and stabilizing the plus ends of protofilaments (Figure
4H).

Both the SAC and MBD domains of CPAP are essential for centriole assembly

Our in vitro observations raised the possibility that CPAP could contribute to centriole
formation in two ways: the MBD could promote centriolar microtubule assembly by
stabilizing microtubules, while LID, together with SAC, might limit centriolar microtubule
elongation by slowing growth of their plus ends. To test these predictions in the cellular
context, we generated cell lines conditionally expressing YFP-tagged CPAP transgenes
resistant to RNAi targeting endogenous CPAP (Kitagawa et al., 2011). We analyzed mitotic
cells using the centriolar marker Centrin 2 as a readout of successful centriole assembly.
Whereas >90% of control cells contained >4 centrioles, this was the case for less than
10% of cells depleted of endogenous CPAP (Figure 5A, 5B, 51 and S4A) (Kohlmaier et
al., 2009; Schmidt et al., 2009; Tang et al., 2009). YFP-CPAP rescued this phenotype to
a large extent, with>80% of cells having successfully duplicated their centrioles (Figures
5C, 51 and S4A) (Kohlmaier et al., 2009; Schmidt et al., 2009; Tang et al., 2009). Strikingly,
we found that the removal of MBD (AMBD) completely abolished centriole assembly, to
levels that are even lower than depletion of CPAP alone, likely due to dominant negative
effects following dimerization of YFP-CPAP-AMBD with any residual endogenous CPAP
(Figures 5D, 51 and S4A). We conclude that the microtubule-stabilizing effect of MBD
observed in vitro is essential for centriole biogenesis.

We found also that CPAP constructs lacking the LID domain or with key residues
mutated, YFP-CPAP- ALID and FEY/AAA, respectively, were able to sustain centriole
assembly in ~65% of cells (Figure 5G- 5I), indicating that LID contributes to, but is not
essential for, this process. In contrast, CPAP function was severely compromised upon
mutation of SAC (KR/EE or FF/AA; Figure 5E, 5F and 5I), in line with previous findings
(Hsu et al., 2008; Kitagawa et al., 2011; Tang et al., 2009). Impaired function of all CPAP
mutants likely reflects an impact on protein activity, because localization and turnover at
the centrosome were unaffected (Figures 5C-H and S$4B). Overall, these results establish
that MBD and SAC are critical for centriole assembly, whereas LID appears to play an
accessory role in this process.
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Figure 5. Effect of PN2-3 mutations on CPAP cellular function.

(A-H) Mitotic U20S FlpIn TREX cell lines without transgene (A, B) or expressing the indicated YFP- CPAP
variants (C-H), treated with control siRNA (A) or siRNA targeting endogenous CPAP (B-H), stained with
antibodies against Centrin 2 (magenta) and GFP (green); DNA in blue. Scale bars, 10 um and 1 ym in insets.
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(I) Percentage of cells showing successful centriole duplication (=24 Centrin foci). Bars show the mean of three
experimental repeats, circles indicate the individual values for each experiment; n>100 cells analyzed for
each condition and per experiment. Full data set shown in Figure S4A.

See also Figure S4 and Table S1.

CPAP regulates the length of centriolar microtubules in cells

We further investigated the function of SAC and LID by analyzing cells depleted of
endogenous CPAP and overexpressing YFP-CPAP variants, which provided us with
an assay system to address the contribution of distinct domains of CPAP to centriole
biogenesis. In these conditions, wild type YFP- CPAP leads to the formation of overly long
centrioles that contain not only CPAP, but also other centriolar markers such as Centrin
2 along their entire length (Figure 6AD), as reported for cells overexpressing wild-type
CPAP in addition to having the endogenous protein (Kohlmaier et al., 2009; Schmidt et
al., 2009; Tang et al., 2009). In contrast, we found no overly long centrioles upon YFP-
CPAP-AMBD overexpression (Figure S4C-D), as anticipated from the fact that MBD is
essential for centriole assembly. Mutation of SAC (KR/EE or FF/AA) led to a reduction
in the proportion of cells with overly long centrioles, while deletion of LID had no such
effect, again reflecting the respective impact of these variants on the ability of CPAP to
sustain regular centriole assembly (Figures 6AD and S4C-D).

Intriguingly, close examination of cells depleted of endogenous CPAP and
overexpressing either YFP- CPAP-FF/AA or YFP-CPAP-ALID revealed the presence of
extended YFP-positive fibers that stemmed from centrosomes, but which did not contain
centriolar markers along their length (Figure 6AC). In order to determine whether such
centrosomal fibers originated from centrioles or from the pericentriolar matrix, we
conducted immunofluorescence experiments with a marker surrounding the proximal end
of parental centrioles (CEP63) and one marking the distal end of all centrioles (Centrin
2). This analysis revealed that ~80% of centrosomal fibers appeared to be continuations of
the distal end of regular centrioles or of overly long centrioles, and thus termed centriole
fibers (Figure 6E-F). These fibers, lacking Centrin, were often considerably longer than
overly long centrioles bearing Centrin (Figure 6H) and were positive for a-tubulin (Figure
61-]), raising the possibility that they correspond to abnormal extensions of centriolar
microtubules.

To test this hypothesis, we carried out correlative light and electron microscopy (CLEM;
Figures 7 and S5). In line with previous observations (Kohlmaier et al., 2009; Schmidt et
al., 2009; Tang et al., 2009), we found that cells overexpressing YFP-CPAP and depleted of
endogenous CPAP harbored overly long centrioles, in which microtubules extended from
the distal end of the centriole (Figures 7B and 7F; compare with 7A and 7E). Strikingly,
cells expressing YFP-CPAP-ALID also exhibited microtubule extensions from the distal
end of the centriole, which attained several microns in some cases (Figure 7C and 7G). To
ensure that such figures represented centriole fibers (i.e. devoid of Centrin) and not overly
long centrioles (i.e. bearing Centrin), further CLEM experiments were carried out using
tagRFP-Centrin 1 as an additional marker. In agreement with our immunofluorescence
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Figure 6. Fibers extend from centrioles upon expression of CPAP lacking the LID domain

(A-D) U20S cells expressing indicated YFP-CPAP variants and depleted of endogenous CPAP by RNAi,
stained with antibodies against Centrin 2 (magenta) and GFP (green). (A) Quantification of the YFP
structures illustrated in (B-D) (n>100 per sample). Scale bar, 1 um. Note that the total exceeds 100% here
and in (E-G) because some cells contain multiple types of structure.

(E-G) Proportion of YFP-CPAP-ALID expressing cells with centriole fibers (E, F), or PCM fibers (G). Scale
bar, 1 ym. Percentages are the mean of three experiments, standard deviation is indicated; N=9, 17, and 26
cells, respectively.

(H) Length of overly long centrioles and of centriole fibers in the indicated conditions determined using
GEP immunofluorescence. N=42, 22, and 37 cells, respectively. Bars indicate the mean, squares indicate the
minimum and maximum values, and error bars indicate the standard deviation. Students’ two-sample
two-tailed unequal variance t-test comparing ALID overly long centrioles and centriole fibers with CPAP-
induced overly long centrioles: *** p<0.001, n.s. not significant.

(I, J) YFP-CPAP-ALID cells without (1) or with (]) 1 hour incubation on ice stained with antibodies against
a-tubulin (gray), GFP (green) and the distal centriole protein POC5 (magenta). Scale bars, 10 um; inset,
5 um. Arrowheads indicate end of the centriole from which emanates fibers, as determined by the
POCS5 signal. Note that the signal of YFP-CPAP-ALID along the centriole fiber becomes sparser following
ice-induced microtubule depolymerization.

analysis, we found that YFP- CPAP-ALID centriole fibers were indeed microtubules
extending from the distal end of centrioles (Figure 7DH). We conclude that the activities
of LID and SAC can prevent aberrant overextension of centriolar microtubules.

Figure 7
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Figure 7. Centriole fibers are centriolar microtubule extensions.
(A-H) CLEM of cells expressing tagRFP-Centrin 1 (Cell 1; A, E), YFP-CPAP and tagRFP-Centrin 1 (Cell
2; B, F), YFP-ALID (Cell 3; C, G) or YFP-ALID plus tagRFP-Centrin-1 (Cell 4; D, H), and simultaneously
depleted of endogenous CPAP using RNAi (Cells 2 to 4). (A-D) Fluorescence microscopy images of the region
of interest in each cell. Scale bar 1 ym. (E-H) Corresponding high-magnification electron micrographs of one
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section of the boxed region in (A-D). Yellow arrowheads indicate microtubule extensions from the distal ends
of centrioles. Scale bars, 500 nm.10 cells expressing YFP-ALID were analyzed, which contained a total of
28 centrioles. Of these, 3 were centrioles with an apparent normal length and structure, 2 were overly long
centrioles without further microtubule extensions, 4 exhibited PCM fibers, whereas 19 harbored
microtubule extensions from their distal ends (as illustrated in (G) and (H). Of these 19 centrioles, 6 came
from the experiment where cells were also expressing tagRFP-Centrin 1 and could therefore be unambiguously
classified as centriole fibers (i.e., without Centrin 1 signal), rather than overly long centrioles.

See also Figures S5 and S6.

DISCUSSION

Our study provides fundamental insights into the mechanisms by which the evolutionarily
conserved family of CPAP/SAS-4 proteins regulate the growth of centriolar microtubules,
thus contributing to setting organelle size. Whereas the crystal structure of the G-box of
CPAP, either alone or in complex with a peptide derived from the centriolar protein STIL,
has been solved (Zheng et al., 2014; Cottee et al., 2013; Hatzopoulos et al., 2013), high
resolution structural information on the evolutionarily conserved domains interacting
with tubulin and microtubules was lacking, precluding full understanding of how CPAP
regulates centriole biogenesis. The structural and biophysical data presented here reveal
a novel dual binding mode between tubulin and the LID plus SAC domains of PN2-3,
explaining its tubulin sequestering and microtubule destabilizing activity (Hsu et al., 2008;
Cormier et al., 2009; Hung et al., 2004). The finding that LID binds at the tip of B-tubulin,
in combination with the structural model suggesting that PN2-3 can bind the
terminal p-tubulin subunits on the outside of a microtubule, strongly suggested that PN2-
3 represents an autonomous microtubule plus-end targeting domain in CPAP.

To test whether this is the case, we performed dynamic microtubule reconstitution
experiments and indeed found that the sequential arrangement of LID, SAC and MBD in
a dimeric configuration localizes CPAP__  to growing microtubule plus ends. The plus-end
localization of CPAP__ is unlikely to depend on co-polymerization with tubulin, because
tip localization is observed at CPAP__  concentrations that are several orders of magnitude
lower than that of tubulin. Analysis of the behavior of single CPAP_. -~ molecules in our
in vitro reconstitution system showed that the majority of CPAP . molecules bound to
microtubule plus ends directly. CPAP__  also displayed one- dimensional diffusion along
the microtubule lattice, as described previously for other microtubule end-interacting
proteins (Brouhard et al., 2008; Bieling et al., 2008; Helenius et al., 2006; Montenegro
Gouveia et al., 2010); however, diffusion did not seem to be a major contributing factor
responsible for the recruitment of CPAP__ to microtubule plus ends. Notably, in the context
of a centriole CPAP is expected to be organized in a precise manner along the inside of the
centriole wall where it binds STIL and is thus very likely not diffusive (Hatzopoulos et al.,
2013).

Our reconstitution data revealed that depending on the conditions, microtubule
tip-localized CPAP__ . slows down microtubule growth 5- to 8-fold and that only a few
CPAPmini molecules suffice to induce this effect. Based on the structural and biophysical
results, we propose that the LID and SAC domains of CPAP __  bind terminal 3-tubulin
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subunits exposed at the microtubule plus ends and thereby occlude the binding sites
for the incoming tubulin dimers. The ability of PN2-3 to block longitudinal tubulin-
tubulin interactions is reminiscent of the tubulin-sequestering protein stathmin and the
microtubule plus-end capping ligands DARPin D1, Eribulin and Maytansine (Gigant
et al., 2000; Pecqueur et al., 2012; Smith et al., 2010; Prota et al., 2014). However, in striking
contrast to these microtubule-destabilizing and polymerization-blocking agents, CPAP __
stabilizes microtubules by potently suppressing catastrophes and promoting rescues. The
latter property can be attributed to the MBD, which binds strongly to the microtubule
lattice and can autonomously induce rescues. The MBD is positively charged, and its
binding to negatively charged microtubules likely involves an electrostatic mechanism,
similar to microtubule lattice-binding regions of cytoplasmic microtubule regulators
such as XMAP215/ch-TOG (Brouhard et al., 2008; Widlund et al.,, 2011). In order
to stabilize microtubules, we assume that the MBD of CPAP__ . binds along, as well as
between, protofilaments.

Based on these considerations, we conclude that this particular mode of binding to
microtubule plus ends, due to the combination of LID, SAC, and MBD, can "cap" and
stabilize terminal tubulin dimers (Figure 4H). We postulate that in this state, a capped
protofilament can only be elongated by an incoming tubulin dimer if the LID domain is
released and frees the interaction site needed for establishing longitudinal tubulin-tubulin
contacts. Therelease of LID in turn weakens the CPAP__ - microtubule plus-end interaction
and either promotes CPAP_. detachment or enables the liberated PN2-3 domain to cap
the newly elongated protofilament or a neighboring one. Notably, slowing microtubule
growth normally promotes catastrophes by reducing the size of the GTP cap (Walker et al.,
1988; Janson et al., 2003). Accordingly, microtubule polymerization suppressors typically
act as microtubule depolymerases. However, exceptions to this rule are known, including
the kinesin-4 family members Xklp1/KIF4 and KIF21A, which, similarly to CPAP__ , can
suppress both microtubule growth and catastrophes (Bringmann et al., 2004; Bieling et al.,
2010; Van der Vaart et al., 2013). The molecular basis of kinesin-4-mediated microtubule
growth inhibition is not understood, but it is very likely distinct from that of CPAP__
because both Xklp1/KIF4 and KIF21A are molecular motors that can move along
microtubules and accumulate at microtubule plus ends due to their processive motility
(Bieling et al., 2010; Van der Vaart et al., 2013). In contrast, CPAP presents a unique
arrangement of tubulin- and microtubule lattice-binding domains, which together have
the potential to recognize, cap and stabilize microtubule plus ends, a mechanism that has
not been previously described to our knowledge for any microtubule regulator.

In cells, centriolar microtubules grow very slowly and processively as judged from
the analysis of specimens prepared from different stages of the cell cycle (Kuriyama and
Borisy, 1981; Chretien et al., 1997). However, the mechanisms underlying such slow and
regulated elongation have remained elusive. Our study reveals that CPAP plays a critical
dual role in ensuring that this is the case. First, our data indicates that a pivotal function of
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CPAP is to stabilize centriolar microtubules via its MBD, which explains why this domain
is essential for centriole assembly. Second, although the capacity of LID to cap microtubule
plus ends is not essential for this stabilization function, and thus for centriole formation,
it exerts a negative role by limiting microtubule extension from the distal end
of centrioles. The SAC domain, which interacts with the lateral side of tubulin dimers,
can contribute to both microtubule stabilization and capping functions, potentially
explaining why mutations in SAC affect centriole formation more strongly than those in
LID. These considerations can at least partially explain why centrioles overelongate when
CPAP dosage is increased (Kohlmaier et al., 2009; Schmidt et al., 2009; Tang et al., 2009);
however, additional mechanisms likely control the activity of CPAP domains in cells. Our
in vitro data revealed that ~2 CPAP__ . dimers are sufficient to limit the growth rate of a
single microtubule, suggesting that the activity of CPAP has been optimized to work at
sub- stoichiometric levels. In the context of the centriolar microtubule wall, we expect ~2
CPAP dimers to be able to access the microtubule tips of each triplet from the luminal
side of the centriole (Figure S6) (Hatzopoulos et al., 2013; Sonnen et al., 2012; Tang et al.,
2011).

Overall, our results reveal that CPAP is a highly specialized microtubule plus-end
regulator that acts as a molecular cap to ensure slow and processive growth of centriolar
microtubules. Given that endogenous CPAP is present primarily in the proximal region of
mature centrioles (Kohlmaier etal., 2009; Schmidtetal., 2009; Tang et al., 2009), we propose
that CPAP activity is most critical during the early stages of centriole elongation. Upon
overexpression of the wild-type protein, excess CPAP molecules localize along the entire
length of centrioles and could cause over-elongation of centriolar microtubules due to
the microtubule stabilization activity of ectopic CPAP. Furthermore, we speculate that
upon overexpression of a mutant protein lacking LID domain function, over-elongation
of centriolar microtubules is exacerbated due to the lack of capping function (Figure S6).

We note that microtubule growth rates obtained in vitro upon CPAP__  addition are
still some three orders of magnitude faster than those estimated for centriolar microtubules
in cells (Kuriyama and Borisy, 1981; Chretien et al., 1997). Regions of CPAP outside of the
tubulin- and microtubule-binding domains, including the G-box that may organize CPAP
molecules along the entire length of the microtubule wall in a precise manner (Hatzopoulos
et al., 2013), as well as post-translational modifications, could be important to further
bolster CPAP activity; these features are not recapitulated by the CPAP , -and CPAP,
constructs used in our study. In addition, other centriolar proteins have been implicated
in controlling centriole length, including the CPAP interacting proteins CEP120, CEP135
and Centrobin (Gudi et al., 2011; Lin et al., 2013a; Lin et al., 2013b). It will be of prime
interest to assess on a mechanistic level how these proteins cooperate to impact on CPAP
function or otherwise contribute to regulate organelle size.
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EXPERIMENTAL PROCEDURES

Protein/peptide preparation and isothermal titration calorimetry (ITC)

Standard protein production in bacteria and peptide synthesis is described in the Supple-
mental Information. ITC experiments were performed at 25 °C using an ITC200 system
(Microcal). Proteins were buffer-exchanged to BRB80 (80 mM PIPES-KOH, pH 6.8, sup-
plemented with 1 mM MgCI2, 1 mM EGTA) supplemented with 0.5 mM TCEP. 0.1-0.4
mM PN2-3 variants in the syringe were injected step-wise into 10-20 uM tubulin solu-
tions in the cell. The resulting heats were integrated and fitted in Origin (OriginLab) using
the standard ‘one set of sites’ model provided by the software package.

Structure determination

Structure solution by X-ray crystallography is described in full in the Supplementary In-
formation. In brief, equimolar amounts of D1, PN2-3 and subtilisin-treated tubulin were
mixed and the PN2-3- tubulin-D1 complex was concentrated to ~20 mg/ml. PN2-3-tubu-
lin-D1 samples were complemented with 0.2 mM GDP, 1 mM Colchicine and 5 mM DTT
before setting up sitting drop vapor diffusion crystallization trials. Crystals were obtained
in a condition containing 20% PEG 550 mono methyl ether (MME) and 0.1 M MES, pH
6.5. X-ray diffraction data were collected at 100K at beamline X06DA at the Swiss Light
Source (Paul Scherrer Institut, Villigen, Switzerland). The PN2-3-tubulin-D1 structure
was solved by molecular replacement using the ap-tubulin-D1 complex structure as a
search model (PDB ID 4DRX). Data collection and refinement statistics are given in Table
S2.

In vitro reconstitution assays

Protein purification for in vitro reconstitution assays is described in full in the Supplemen-
tary Information. Reconstitution of microtubule growth dynamics in vitro was performed
as described previously (Montenegro Gouveia et al., 2010). In brief, flow chambers were
functionalized by sequential incubation with 0.2 mg/ml PLL-PEG-biotin (Susos
AG, Switzerland) and 1 mg/ml NeutrAvidin (Invitrogen) in MRB80 buffer (80 mM
piperazine-N,N[prime]-bis(2-ethanesulfonic acid), pH 6.8, supplemented with 4 mM
MgCl2, and 1 mM EGTA). GMPCPP-microtubule seeds were attached to coverslips
through biotin-NeutrAvidin interactions. The reaction mix with or without CPAPmini
proteins (MRB80 buffer supplemented with 15 uM tubulin, 0.5 uM rhodamine-tubu-
lin, 50 mM KCI, 1 mM guanosine triphosphate, 0.2 mg/ml k-casein, 0.1% methylcellulose,
and oxygen scavenger mix [50 mM glucose, 400 pg/ ml glucose oxidase, 200 pg/ml cata-
lase, and 4 mM DTT]) was added to the flow chamber. Flow chambers were sealed and dy-
namic microtubules were imaged immediately at 30 °C using Total Internal Reflection
Fluorescence (TIRF) microscopy. Intensity analysis for CPAP . along microtubules,
single-molecule fluorescence intensity analysis of CPAP_. , CPAP _molecule counting at
microtubule tips, analysis of microtubule plus end dynamics and statistical analysis
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procedures are all described in full in the Supplementary Information.

Immunofluorescence, antibodies and microscopy

Cells were grown on glass coverslips and fixed in -20 °C Methanol for 7 minutes. Cold
treatment was carried out by incubating cells in ice-cold PBS, on ice, for 1 hour before
fixation. Cells were permeabilized using 0.2% Triton X-100, washed in PBS 0.01% Triton
X-100, and blocked for 1 hour in PBS, 1% BSA, 2% FCS. All antibodies were diluted in
the blocking solution and incubated for either 1 hour at room temperature or ~12 hours
at 4 °C. Primary antibodies were mouse anti-a-tubulin (DM1a, Sigma), mouse 20H5
anti-centrin-2 (a gift from Jeft Salisbury), rabbit anti-hPOC5 ((Azimzadeh et al,
2009), a gift from Michel Bornens), rabbit anti-CEP63 (Millipore 06-1292), goat anti-GFP
(abcam ab6673), and rabbit anti-GFP (a gift from Viesturs Simanis). Secondary antibodies
were goat anti-rabbit Alexa Fluor 488, goat anti-mouse Alexa Fluor 568, donkey anti-goat
Alexa Fluor 488, donkey anti-mouse Alexa Fluor 568, and donkey anti-rabit Alexa Fluor
647 (Invitrogen). All primary antibodies were diluted 1000-fold, except Centrin 2 (2000x)
and anti-a-tubulin (5000x). All secondary antibodies were diluted 1000-fold. Samples
were washed 3 times between, and after, antibody incubations and incubated with 1 pug/ml
Hoechst in PBS prior to mounting in PBS, 90% glycerol, 4% N-Propyl gallate.

Confocal imaging was carried out using a Zeiss LSM 700 microscope with a Plan-
Apochromat 63 x oil- immersion objective, NA 1.40. Z-sections were imaged at an interval
of ~0.2 um. All images shown are maximum intensity projections and were processed
using Fiji (Schindelin et al.,, 2012), maintaining relative intensities within a series.

Correlative light and electron microscopy (CLEM)

CLEM is described in full in the Supplementary Information. In brief, endogenous CPAP
was depleted by RNAI for 72 hours, simultaneous with induction of the transgene. For dual
marker experiments, cells were transfected with a tagRFP-Centrin 1 expression vector 16
hours prior to fixation. Cells were fixed, then washed thoroughly with cacodylate buffer
(0.1 M, pH 7.4), and imaged by light microscopy. Immediately afterwards, samples
were post-fixed for 40 minutes in 1.0 % osmium tetroxide, then 30 minutes in 1.0% uranyl
acetate in water, before being dehydrated through increasing concentrations of alcohol and
then embedded in Durcupan ACM resin (Fluka, Switzerland). The coverslips were then
placed face down on a glass slide coated with mold releasing agent (Glorex, Switzerland),
with approximately 1 mm of resin separating the two. These regions were mounted on
blank resin blocks with acrylic glue and trimmed with glass knives to form a block ready
for serial sectioning. Series of between 150 and 300 thin sections (50 nm thickness) were
cut with a diamond knife mounted on an ultramicrotome (Leica UC7). These sections
were contrasted with lead citrate and uranyl acetate and images taken using an FEI Spirit
transmission EM equipped with an Eagle CCD camera.
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Figure S1, related to Figure 2. Effect of nucleotide state of tubulin on the interaction with PN2-3s.
(A-C) ITC analysis of the interaction between PN2-3s and tubulin. Experiments were performed by step
wise titration of 200 WM PN2-3s in the syringe into 10 uM tubulin in the cell. Upper panels display raw data;
lower panels show the integrated heat changes and associated curve fits. The derived Kd values are as follows:
75 = 12 nM for GDP-tubulin (A), 99 £ 13 nM for GTP-tubulin (B), and 97 + 20 nM for GMPCPP-tubulin
©
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Suppl. Figure 2
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Figure S2, related to Figure 3. Characterization of the effect of CPAP . on microtubule dynamics in
vitro.

(A) Coomassie blue stained gel with CPAP, , CPAP . and its mutants purified from HEK293T cells.

(B) Localization of CPAP, . (green) on rhodamine-labelled GMPCPP stabilized microtubules (red)
in the presence of 5 uM tubulin. Although no microtubule growth is observed in these conditions, CPAP .
preferentially binds to one microtubule end, indicating that its plus-end localization does not depend on
microtubule polymerization.

(C) Schematic of the CPAP,  _construct.

(D) Kymograph of microtubule growth at the plus (+) end from a rhodamine-GMPCPP seed with 100 nM
CPAP, . Scale bars, 2 um (horizontal) and 60 s (vertical).

(E-G) Microtubule plus-end growth rates, catastrophe and rescue frequencies in the presence of rhodamine-
tubulin alone or together with CPAP__ -GFP or CPAP, -GFP.

(H) Representative dual-color kymographs showing microtubule plus end dynamics for microtubules grown
in the presence of rhodamine-tubulin together with the indicated CPAP,  variants.
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Suppl. Figure 3
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Figure S3, related to Figure 4. Characterization of CPAPmini single molecule behavior at the tip and on
the lattice of dynamic microtubules.

(A-B) Exponential fits of the distributions of dwell times on the microtubule lattice (A) and at the tip (B) for
single molecules of CPAPmini-GFP.

(C) Representative kymograph illustrating CPAPmini-GFP movement on a microtubule (left), corresponding
reconstructed tracking results of individual molecules (n=192) (middle), the same tracks filtered for duration
(>1.5 s) and color coded depending on the motion behavior: stationary (blue) and diffusive (green) segments
(n=29) (right).

(D) Average duration of stationary and diffusive stages of CPAPmini-GFP motion (n=134, n=139).

(E) Average mean squared displacement of the diffusive fragments of tracks shown in (C); the line represents
linear fit. Error bars represent SEM.
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Suppl. Figure 4
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Figure $4, related to Figure 5. CPAP SAC domain and MBD, but not the LID domain, are required for
centriole over-elongation

(A) Centrin 2 foci scored in mitotic cells expressing the indicated YFP-CPAP variants and depleted of
endogenous CPAP by RNAi. Same experiment as shown in Figure 51, but with all categories displayed. Error
bars show the standard deviation of at least 3 experimental replicates, n>100 cells for each sample.

(B) U20S FlpIn TREX cell lines conditionally expressing indicated YFP-CPAP variants subjected to CPAP
RNAi and transgene induction for 72 hours before FRAP analysis. Graph shows mean values, normalized
to the mean of the averaged pre-bleach frames for each sample. N = 11 (wild type CPAP and KR/EE), and
n = 13 (ALID). Time relative to bleach indicated in seconds. Error bars indicate the standard deviation for
each time point.

(C, D) U20S episomal cell lines conditionally expressing indicated GFP-CPAP variants and depleted of
endogenous CPAP using RNAi were fixed and stained with anti-GFP and anti-Centrin 2 antibodies 72 hours
after RNAi and transgene induction. Scale bar, 10 ym, and 1 um in insets. Boxes indicate enlarged regions.
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(C) Proportion of cells with overly long centrioles amongst cells that contain at least one centriole. Note that
in all conditions where cells harbored fewer centrioles (see Figure 6A), overly long centrioles were observed
less frequently. Average of 3 experimental replicates shown, n >100 cells per experiment. Error bars show
standard deviation. Students’ paired two-tailed t-test comparing each cell line to the CPAP wild type control:
** indicates p<0.01.

Suppl. Figure 5
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¥

Cell 1

Figure S5, related to Figure 7. Correlative light and electron microscopy of cells expressing YFP-CPAP
and YFP- ALID

(A-D) Differential interference microscopy (DIC) and fluorescence (YFP, RFP, or both) images of the cells
shown in Figure 7. Scale bat, 10 ym. Boxes indicate regions shown in I-P.

(E-H) Corresponding low magnification electron microscopy (EM) images of the above cells of interest. Scale
bars, 10 um.

(I-L) High magnification fluorescence images of the regions of interest indicated in (A, E, I, M). Scale bar, 1
um. Boxes indicate regions shown in Figure 7.

(M-P) High magnification EM images of the regions shown in (C, G, K, O). Scale bars, 1 ym. Boxes indicate
regions shown in Figure 7.
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Suppl. Figure 6
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Figure S6, related to Figure 7. Working model of CPAP’s mechanism of action in the context of centrioles.
(A) CPAP (green) is recruited after the assembly of the HsSAS-6-containing cartwheel (gray lines) and
the first microtubule (black rectangle). At these early stages of procentriole formation, CPAP is located in
the region of the cartwheel and extends slightly more distally. It is during these early stages that CPAP is
expected to normally exert its regulation of centriolar microtubule growth. At later stages, CPAP remains
in the proximal region of the wild type centriole. Upon overexpression of CPAP (CPAP +++), excess protein
localizes along the full length of the centriole, causing over-elongation of centriolar microtubules and the
entire distal centriole structure that contains Centrins 1 and 2, and POC5. Overexpression of CPAP-ALID
(ALID +++) results in abnormally elongated centriolar microtubules, which are longer, on average, than
the overly-long centrioles observed upon CPAP overexpression, more variable in length, and also lack distal
centriole markers such as Centrin and POC5. We refer to these structures as centriole fibers. Light green
arrow indicates the direction of view for panel B.

(B) Schematic of a cross section of the centriole looking at the cartwheel-containing region from the distal
end. A, B, and C indicate one triplet microtubules. Green indicates the expected position of CPAB and the
orange arrow the direction of view for panel C.

(C) View of the inside surface of a centriolar microtubule triplets with a schematic representation of the
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the position of CPAP dimers (green). CPAP domains are labeled. CPAP dimers located at the tip of the
microtubules have their LID domains bound at the end of the 3-tubulin subunit, therefore restricting binding
of new tubulin dimers to the growing microtubule plus end. CPAP dimers located further down the lattice
no longer have their LID domains engaged with tubulin dimers, as the binding interface is occluded, but the
SAC and MBD regions still interact with microtubules (not shown). Note that the G-box of the CPAP dimers
located on the left are facing inwards the centriole to denote its known interaction with STIL. Note also that
whether CPAP is present on all three microtubules in the triplet, and, if so, in how many copies, is not known
at present.

Supplementary Tables

Table S1, related to Figures 1, 2, 3 and 5. Constructs used in this study.

Constructs used for structural and biophysical studies

PN2-3 HsCPAP 311-422

PN2-3s HsCPAP 319-394

FF/AA PN2-3 F375A F385A

KR/EE PN2-3 K377E R378E
FEY/AAA PN2-3 F338A E399A Y341A
LIDp PN2-3 311-372

SACp PN2-3 370-386

Constructs used for in vitro reconstitution studies

CPAP i HsCPAP 311-607 GCN4-TEV-eGFP
CPAPini APN2-3 CPAP i, D311-421

CPAP, i ALID CPAP,,,i D311-369

CPAP i FF/AA CPAP i F375A F385A CPAP i
KR/EE CPAP i K377E R378E CPAP i
FEY/AAA CPAP,ii F338A E399A Y341A
CPAP,i,i AMBD CPAP,,, D423-607

CPAPyoy, HsCPAP 312-1053 eGFP

Constructs used for in cellulo studies

CPAP HsCPAP

CPAPALID CPAP D337-350

CPAP FF/AA CPAP F375A F385A CPAP
KR/EE CPAP K377E R378E CPAP
AMBD CPAP D423-607
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Table S2, related to Figure 1. X-Ray Data Collection and Refinement Statistics.

Data Collection®

Wavelength, A 1

Space group P1211
Resolution range, A° 51.2-2.2(2.28-2.2)
Unitcella, b, c (A) a, b, g (°) 61.08 85.34 98.69 90 91.77 90
No. of observed reflections 343192 (34254)
No. of unique reflections 51516 (5113)
Mean I/sigma(l) 18.11 (3.19)
R-merge 0.07782 (0.7067)
R-meas 0.09149

CCyp° 0.999 (0.87)

cc* 1(0.964)
Refinement

R-work 0.1744 (0.2656)
R-free 0.2197 (0.3144)
Number of Macromolecules 7716

Number of Ligands 90

Number of Waters 476

Number of Protein residues 990

RMS(bonds) (A) 0.021
RMS(angles) (°) 1.03
Ramachandran favored (%)° 98
Ramachandran outliers (%) 0.1

B-factors

Average B-factor 46.57
Macromolecules 46.94

Ligands 35.26

Solvent 42.77

?Highest resolution shell statistics are in parentheses.

P Resolution cutoffs were chosen based on CCy/,and Mean I/sigma(l) (Karplus and
Diederichs, 2012)

©As defined by Karplus and Diederichs (Karplus and Diederichs, 2012)

4 As defined by MolProbity (Davis et al., 2004)
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Table S3, related to Figure 4. Characteristics of CPAP;,~-GFP motion.

Parameter Mean = SEM
Average duration of stationary fragment (s) 1.58 £ 0.01
Average duration of diffusive motion (s) 3.81+0.38
Fraction of time spent in diffusive motion (%)  19.7

Diffusion coefficient (um?/s) 0.0257 + 0.0004
Total number of tracks before filtering 5130

Total number of tracks after filtering 550

Total number of kymographs analyzed 37

Supplementary Experimental Procedures

Protein and peptide preparation

The PN2-3 domain of human CPAP (residues 311-422) and its shorter variant PN2-3s (residues 319-
394) were PCR amplified form a HsCPAP clone (Kitagawa et al., 2011) and inserted into the PSTCm1
vector (Olieric et al., 2010) with a N-terminal 6xHis-tag. The DARPin D1 (Pecqueur et al., 2012) was
synthesized (GENEWIZ Inc.) and cloned in a T7 pET-based expression vector (Kammerer et al., 1998)
with a N-terminal 6xHis-tag. The various CPAP constructs and mutants used in the study are described
in Table S1. All PN2-3 mutants were obtained by PCR based mutagenesis. All clones were sequence
verified.

Standard protein expression was carried out in the E. coli strain BL21(DE3) by induction with 1 mM
IPTG at 20°C. Cells were lysed in a lysis buffer containing 50 mM Tris-HCI, pH 7.5, supplemented with 500
mM NaCl,10% Glycerol, 10 mM imidazole, 1 mM beta-mercaptoethanol and protease inhibitor cocktail
(Roche). Proteins were purified by IMAC using HiTrap Ni-NTA columns (GE Healthcare) followed by
size exclusion chromatography on a Superdex 16/60 S75 column. SACp was prepared synthetically using
standard peptide synthesis methodology.

Crystallization and structure determination

Bovine brain tubulin was purchased from the Centro de Investigaciones Bioldgicas (Microtubule
Stabilizing Agents Group), CSIC, Madrid, Spain. The flexible C-terminal tails of tubulin were cleaved
using subtilisin as described previously (Knipling et al., 1999). Briefly, tubulin was buffer exchanged using
a PD-10 desalting column (GE Healthcare) to a buffer containing 10 mM MES pH 6.9, 0.1 mM MgCl2,
0.1 mM EGTA and 1mM of GTP. Subtilisin (Sigma Cat. no. P8038) was added in a weight ratio of 1:100
to a tubulin solution (3 mg/ml) and incubated for 45 minutes at 25 °C. Cleavage was stopped by adding 1
mM PMSE The reaction mixture was further incubated on ice for 30 minutes followed by centrifugation
for 30 minutes at 300,000 x g using an MLA-130 rotor (Beckman Coulter). The supernatant was collected
and cleavage efficiency was accessed by a Coomassie stained 7.5% SDS PAGE (Banerjee et al., 2010). The
cleaved tubulin was buffer-exchanged to BRB80 (PIPES-KOH, pH 6.8, supplemented with 80 mM, 1 mM
MgClI2, 1 mM EGTA) using a PD-10 desalting column (GE Healthcare).

Equimolar amounts of D1, PN2-3 and subtilisin-treated tubulin were mixed and the PN2-3-
tubulin-D1 complex was concentrated to ~20 mg/ml using a Centriprep device (Mw cutoff 5 kDa;
Amicon). PN2-3-tubulin-D1 samples were complemented with 0.2 mM GDP, 1 mM Colchicine and 5
mM DTT before setting up sitting drop vapor diffusion crystallization trials. Crystals were obtained in
a condition containing 20% PEG 550 mono methyl ether (MME) and 0.1 M MES, pH 6.5. Precipitant
solution supplemented with 10% glycerol was used as a cryo-protectant for freezing crystals. X-ray
diffraction data were collected at 100K at beamline X06DA at the Swiss Light Source (Paul Scherrer
Institut, Villigen, Switzerland), and were then processed and merged with XDS (Kabsch, 2010).

The PN2-3-tubulin-D1 structure was solved by molecular replacement using the ap-tubulin-D1
complex structure as a search model (PDB ID 4DRX) and the program Phaser provided in the Phenix
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software suite (McCoy et al., 2007). The models were first refined with rigid body refinement and
simulated annealing refinement in Phenix (Adams et al., 2010). In the refined structure, the difference
electron density for PN2-3 allowed us to model the specific residues of the SAC box using Coot (Emsley
and Cowtan, 2004). The resulting model was refined by iterative cycles of model building in coot and
refinement in Phenix. The quality of the structures was assessed with MolProbity (Chen et al., 2010) and
figures were prepared using PyMOL (The PyMOL Molecular Graphics System, version 1.4.1; Schrodinger,
LLC). Data collection and refinement statistics are given in Table S2. and refinement in Phenix. The
quality of the structures was assessed with MolProbity (Chen et al., 2010) and figures were prepared using
PyMOL (The PyMOL Molecular Graphics System, version 1.4.1; Schrodinger, LLC). Data collection and
refinement statistics are given in Table S2.

ITC experiments
For exchanging the nucleotide of tubulin, bovine brain tubulin was buffer exchanged to a buffer containing
80 mM PIPES-KOH, pH 6.8, supplemented with 1mM EDTA using a PD-10 desalting column (GE
Healthcare). 2 mM of GDP, GTP or GMPCPP was added to the samples that were incubated on ice for
10 minutes. Excess nucleotide was removed by another step of buffer exchange using a PD-10 desalting
column pre-equilibrated with BRB80 buffer supplemented with 0.5 mM TCEP. PN2-3 variants were
buffer exchanged to BRB80 buffer supplemented with 0.5 mM TCEP by overnight dialysis at 4°C.
Standard ITC experiments were performed at 25 °C using an ITC200 system (Microcal). 0.1-0.4
mM PN2-3 variants in the syringe were injected step-wise into a 10-20 uM tubulin solution in the cell.
Experiments with tubulin-D1 in the presence of Eribulin (Eisai Co., Ltd) and Maytansine (National
Institutes of Health, Open Chemical Repository Collection) were obtained by incubating equimolar
amounts of tubulin and ligand at 4°C for 15 minutes before setting up the ITC experiment. The resulting
heats were integrated and fitted in Origin (OriginLab) using the standard ‘one set of sites’ model provided
by the software package.

Protein purification for in vitro reconstitution assays

CPAP, -GFP and CPAP . -GFP variants used in the in vitro reconstitutions assays (Table S1) were
pur1ﬁed from HEK293T cells using the Strep(II)-streptactin affinity purification. Cells were harvested 2
days post transfection. Cells from a 25 cm dish were lysed in 500 pl of lysis buffer (50 mM HEPES, 300
mM NaCl and 0.5% Triton X-100, pH 7.4) supplemented with protease inhibitors (Roche) on ice
for 10 minutes. The supernatant obtained from the cell lysate after centrifugation at 16,000 x g for 20
minutes was incubated with 40 pl of StrepTactin Sepharose beads (GE) for 1 hour. The beads were washed
3 times in the lysis buffer without the protease inhibitors. The protein was eluted with 40 pl of elution
buffer (50 mM HEPES, 150 mM NaCl, 1 mM MgCI2, 1 mM EGTA, 1 mM dithiothreitol (DTT), 2.5 mM
d-Desthiobiotin and 0.05% Triton X-100, pH 7.4). Purified proteins were snap-frozen and stored at -80
°C. Bacterially expressed mCherry-EB3 was produced as described previously (Montenegro Gouveia et
al,, 2010) and mCherry-CAMSAP3 was produced in HEK293T cells as described previously (Jiang et al.,
2014).

In vitro reconstitution assay

Reconstitution of microtubule growth dynamics in vitro was performed as described previously
(Montenegro Gouveia et al., 2010). GMPCPP microtubule seeds (70% unlabeled tubulin, 18% biotin
tubulin and 12% rhodamine tubulin) were prepared as described before (Gell et al., 2010). Flow
chambers, assembled from plasma-cleaned glass coverslips and microscopic slides were functionalized
by sequential incubation with 0.2 mg/ml PLL-PEG-biotin (Susos AG, Switzerland) and 1 mg/ml
NeutrAvidin (Invitrogen) in MRB80 buffer (80 mM piperazine-N,N[prime]-bis(2-ethanesulfonic acid),
pH 6.8, supplemented with 4 mM MgCl2, and 1 mM EGTA. The microtubule seeds were attached to
coverslips through biotin-NeutrAvidin interactions. Flow chambers were further blocked with 1 mg/ml
k-casein. The reaction mix with or without CPAP__ = proteins (MRB80 buffer supplemented with 15
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uM porcine brain tubulin, 0.5 pM rhodamine-tubulin, 50 mM KCl, 1 mM guanosine triphosphate, 0.2
mg/ml k-casein, 0.1% methylcellulose, and oxygen scavenger mix [50 mM glucose, 400 ug/ ml glucose
oxidase, 200 pg/ml catalase, and 4 mM DTT]) was added to the flow chamber after centrifugation
in an Airfuge for 5 minutes at 119,000 x g. For experiments in the presence of EB3, concentration of
mCherry-EB3 was 20 nM and rhodamine-tubulin was excluded from the assay. Rhodamine-tubulin was
also excluded from the assay with CPAPmini-GFP and mCherry-CAMSAP3. The flow chamber was
sealed with vacuum grease, and dynamic microtubules were imaged immediately at 30 °C using Total
Internal Reflection Fluorescence (TIRF) microscopy. All tubulin products were from Cytoskeleton Inc.

TIRF microscopy

The in vitro reconstitutions assays were imaged on a TIRF microscope setup as described in (Mohan et
al., 2013) or on an iLas2 TIRF setup. In brief, we used an inverted research microscope Nikon Eclipse
Ti-E with the perfect focus system, equipped with Nikon CFI Apo TIRF 100x 1.49 N.A. oil objective
and controlled with MetaMorph 7.7.5 software (Molecular Devices). The microscope was equipped with
TIRF-E motorized TIRF illuminator modified by Roper Scientific France/PICT-IBiSA, Institut Curie. To
keep the in vitro samples at 30 °C, a stage top incubator model INUBG2E-ZILCS (Tokai Hit) was used.
For excitation, 491 nm 100 mW Calypso (Cobolt) and 561 nm 100 mW Jive (Cobolt) lasers were used.
We used ET-GFP 49002 filter set (Chroma) for imaging of proteins tagged with GFP or ET-mCherry
49008 filter set (Chroma) for imaging of proteins tagged with mCherry. Fluorescence was detected
using an EMCCD Evolve 512 camera (Roper Scientific) with the intermediate lens 2.5X (Nikon C mount
adapter 2.5X) or using the CoolSNAP HQ2 CCD camera (Roper Scientific) without an additional lens. In
both cases the final magnification was 0.063 um/pixel. ILas2 system (Roper Scientific, Evry, France)
is a dual laser illuminator for azimuthal spinning TIRF illumination and with a custom modification
for targeted photomanipulation. This system was installed on the Nikon Ti-E microscope with the perfect
focus system, equipped with 150 mW 488 nm laser and 100 mW 561 nm laser, 49002 and 49008 Chroma
filter sets, EMCCD Evolve mono FW DELTA 512x512 camera (Roper Scientific) with the intermediate lens
2.5X (Nikon C mount adapter 2.5X), CCD camera CoolSNAP MYO M- USB-14-AC (Roper Scientific)
and controlled with MetaMorph 7.8.8 software (Molecular Device). To keep the in vitro samples at 30°C,
a stage top incubator model INUBG2E-ZILCS (Tokai Hit) was used. The final resolution using Evolve
EMCCD camera was 0.065 um/pixel, using CoolSNAP Myo CCD camera it was 0.045 um/pixel.

Analysis of microtubule plus end dynamics in vitro

Kymographs were generated using the Image] plugin KymoResliceWide (http://fiji.sc/KymoResliceWide).
Microtubule dynamics parameters were determined from kymographs using an optimized version of the
custom made JAVA plug in for Image] as described previously (Jiang et al., 2014; Montenegro Gouveia et
al., 2010; Taylor, 1997). ~100-200 microtubule growth events were analyzed per condition.

Intensity analysis for CPAPmini along microtubules

Intensity profiles extraction and alignment of rhodamine-tubulin and CPAP_, = were performed using
a custom written Matlab routine. First, we obtained the average intensity of microtubule profile along
a 4-pixel wide line using the rhodamine-tubulin channel. The same line was used to obtain an intensity
profile in the CPAP__ . (GFP) channel. After background subtraction, each intensity profile I(x) was
normalized:

]ncrm (Y) = M . I-OOO'O [normalized = (Hﬁ) xd

— . Imax-Tmin
max nun
with respect to the maximum and minimum intensity values along the whole profile. The normalized

intensity profiles of different microtubules were aligned so that the plus end tip position was at the
origin of the coordinates (Figure 3C). The plus end position was determined by fitting the rhodamine-
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tubulin profile to a Gaussian survival function using equation:

X—Xpp

Inorm (Y) = é‘l_’bﬂei.’fc

+ 1

N 2O pp.psp

where erfc is the complimentary error function, I, . and I, are average intensities of the microtubule
and the background, x,, is the position of plus end tip and Opr+psF is the standard deviation of the
microtubule tip taper combined with the one for the microscope point spread function.

Single-molecule fluorescence intensity analysis of CPAP__

Sample preparation for the fluorescence intensity analysis was performed by immobilizing diluted GFP
or CPAP . -GFP proteins non-specifically to the plasma cleaned glass coverslips in flow chambers. After
protein addition the flow chambers were washed with MRB80 buffer, sealed with vacuum grease and
immediately imaged with a TIRF microscope. 10-20 images of previously unexposed coverslip areas
were acquired with 100 ms exposure time and low laser power. GFP and CPAP___-GFP were located in
different chambers of the same coverslip, so the same imaging conditions could be preserved. Single
molecule fluorescence spots were detected and fitted with 2D Gaussian function using custom written
ImageJ plugin DoM_Utrecht (https://github.com/ekatrukha/DoM_Utrecht). The fitted peak intensity
values were used to build fluorescence intensity histograms.

Single molecule diffusion and kinetics analysis

The study of single molecule kinetics of CPAP__ . at the tip and lattice of dynamic microtubules was
performed in the presence of 100 nM CPAP . -mCherry, 5 nM CPAP_. -GFP and rhodamine tubulin.
Kymographs were generated for each microtubule over 60 seconds with 50 millisecond intervals. The
residence times at the microtubule tip and lattice were manually obtained from kymographs. Histograms
of times for both conditions were fitted to a single exponential decay function in GraphPad Prism 6. The
reported mean residence time at the lattice and tip were obtained from these fits. The mean residence time
was corrected for photo bleaching as described (Helenius et al., 2006). The characteristic time constant of
photobleaching was estimated by fitting the total field of view intensity of CPAP .  movies over time to
a single exponential decay function. The value of averaged photobleaching time constant over 15 movies
was used for correction.

Coordinates ofindividual fluorescent spots of CPAP___-GFP diffusingalong microtubule were derived
from the detection performed using the Image] plugin DOM_Utrecht as described above. Detections
were linked to 2D tracks using nearest neighbor linking algorithm of the same plugin with a search radius
of 0.5-1 um. Coordinates of all time points of all the tracks along the same microtubule were fitted to a
straight line and subsequently projected on it resulting in 1D tracks. Only tracks longer than 1.5 seconds
were considered. Mean squared displacement (MSD) analysis was performed using msdanalyzer Matlab
routine (Tarantino et al., 2014). To separate the periods of stationary and diffusive motion for each track
MSD (t) was calculated by internal averaging for a sliding window of 30 frames. The first 7 point
(excluding zero) were used to fit MSD(1)=0.5D1+b, with D termed the 1D diffusion coefficient and b as
a localization precision error. For each fit we calculated the coefficient of determination R2 characterizing
the quality of fit. Track fragments where R2 was above the threshold of 0.7 were considered as “diffusing
state’, since the sliding window MSD fitted well with linear dependence (green tracks in Figure S3C, right
panel). The rest of the track was considered being in the “stationary state” (blue fragments in Figure
S3C, right panel). The diffusion coefficient reported in Supplementary Table S3 was calculated by
averaging all D values from all fits where R2>0.7 (n=8959).

CPAPmini molecule counting at microtubule tips
To determine the number of molecules of CPAP _ . ata microtubule tip, we immobilized single molecules
of CPAP__ onto the coverslip of one of the flow chambers and performed the in vitro reconstitution assay
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in the adjacent chamber of the same coverslip. Images of unbleached CPAP__ = single molecules were
acquired first and using the same imaging/illumination conditions, time lapse imaging was performed
on the in vitro assay with CPAP__ ., using 100 ms exposure and 2 second intervals for 5 minutes. The plus
end localized CPAP__  molecules were manually located in each frame and fitted with 2D Gaussian, the
amplitude of which was used for the intensity analysis. To build the distributions of CPAP_.  molecule
numbers at the microtubule tip, each CPAP__  intensity value at the microtubule plus end was normalized
by the average CPAP__  single molecule intensity from the adjacent chamber.

Statistical Analysis
The relative standard error for catastrophe frequency was calculated as described (Taylor, 1997). The
relative standard error of mean rescue frequency in the experiments with CPAPmini constructs was
calculated in the same way as the standard error of the mean catastrophe frequency; i.e.

- SE,
SE, = f, —=

sh
,where f,.7,, are average values and SE, ,SE, are standard errors of rescue frequency and shortening time
respectively. The number of observed rescue events for control was relatively small as compared to the
catastrophes, so we assumed that they follow a Poisson distribution. The standard deviation of the rescue
frequency was calculated as the square root of fits mean value and the standard error was calculated
according to

L
SEf, —ﬁ

where 7 and SE, are the average and the standard error of the rescue frequency and N, is the number
of rescues (Smal et al., 2009).

Generation of expression vectors for cell biology

A cDNA encoding siRNA resistant CPAP was cloned into pENTR 1A, as previously described (Kitagawa
et al,, 2011). This vector was used for site directed mutagenesis reactions to produce KR/EE and FF/AA
mutations using Quikchange Site Directed Mutagenesis kit (Agilent). Deletions ALID and AMBD were
generated using Phusion polymerase (NEB). For deletion mutants, linear PCR products were generated
with 10 bp overlapping regions and ligated using CloneEZ (GenScript). Entry vectors were then used
in LR Clonase reactions (Invitrogen) with pEBTet-EGFP-GW (Kitagawa et al., 2011) or pcDNA5FRT/
TO-YFP-GW (gift from Zuzana Hoftejsi) to produce expression vectors. All Entry clones were sequence-
verified.

Cell culture, transfections, cell line generation, and siRNAs

U20S cells were cultured in high-glucose DMEM with GlutaMAX (Invitrogen) supplemented with 10%
fetal calf serum (FCS) in a humidified 5% CO2 incubator at 37 °C. To generate inducible cell lines with
the pEBTet- EGFP vector, cells were transfected with the appropriate vectors using Lipofectamine 2000
(Invitrogen) and selected using 1 pg/ml puromycin 24 hours after transfection, as previously described
(Kitagawa et al., 2011). For generating stable integrated cell lines, we used a U20S FlpIn TREX cell
line, a gift from Erich Nigg (Arquint and Nigg, 2014). U20S FlpIn TREX cells were transfected using
Lipofectamine 2000 with a 3:1 ratio of pcDNA5-FRT/TO-YFP-CPAP vectors:pOG44 (Invitrogen Flp-
In System). Cells were selected using 100 pg/ml Hygromycin B and 10 pg/ml Blasticidin (both from
InvivoGen) for 1-2 weeks, until all untransfected cells were dead. For both types of cell line, 1 pg/ml
doxycycline was used to induce transgene expression (Sigma- Aldrich). CPAP RNAi was carried out at 60
nM as previously described (Kitagawa et al., 2011) and Stealth siRNA Negative Control Lo GC was used
as a negative control, also at 60 nM. Unless otherwise indicated, RNAi was carried out for 72 hour before
fixation of the cells, with simultaneous induction of transgene expression with 1 pg/ml Doxycycline.
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Note that cells expressing KR/EE often exhibited large globular YFP aggregates, but never microtubule
decoration, perhaps explaining the absence of centrosomal fibers in this mutant compared to FF/AA (see
Figure 6A).

Correlative light and electron microscopy (CLEM)

Cells were cultured on glass coverslips coated on one side with a 3 nm thick layer of carbon, with an
additional layer of 10 nm thickness to reveal a gridded pattern with a coordinate system of letters for
locating the cell of interest by light microscopy, and also once the cells were resin embedded. Endogenous
CPAP was depleted by RNAi for 72 hours, simultaneous with induction of the transgene. For dual marker
experiments, cells were transfected with a tagRFP-Centrin 1 expression vector 16 hours prior to fixation
(Keller et al., 2014). Cells were fixed in a solution of 0.1 % glutaraldehyde and 2.0 % paraformaldehyde in
0.1 M phosphate buffer, pH 7.4, for 2 hours, then washed thoroughly with cacodylate buffer (0.1 M,
pH 7.4), and imaged by wide field light microscopy using a Zeiss Plan-Apochromat 63 x oil-immersion
objective, NA 1.40. Z-sections were imaged at an interval of ~0.3 um. Fluorescence images shown in Figure
7 are single plane images deconvolved using Huygens Core 15.10 software (Scientific Volume Imaging,
SVI) through the web interface Huygens Remote Manager. A theoretical Point Spread Function (PSF)
was used in combination with the “Classic Maximum Likelihood Estimation” algorithm, an automatic
background estimation and stopping criteria of 40 iterations and 0.1 quality change. The deconvolution
settings and signal to noise ratios were set according to SVI's recommendations. Immediately after
imaging, samples were post-fixed for 40 minutes in 1.0 % osmium tetroxide, then 30 minutes in
1.0% uranyl acetate in water, before being dehydrated through increasing concentrations of alcohol and
then embedded in Durcupan ACM resin (Fluka, Switzerland). The coverslips were then placed face down
on a glass slide coated with mold releasing agent (Glorex, Switzerland), with approximately 1 mm of resin
separating the two. The resin was initially hardened for 12 hours in a 65 °C oven and then the coverslips
detached from the resin by immersing them alternately into hot (60 °C) water followed by liquid nitrogen.
The smooth resin surface, with the cells embedded, also showed the grid pattern, which was used to
locate the region of interest imaged by light microscopy. These regions were mounted on blank resin
blocks with acrylic glue and trimmed with glass knives to form a block ready for serial sectioning. Series
of between 150 and 300 thin sections (50 nm thickness) were cut with a diamond knife mounted on
an ultramicrotome (Leica UC7), and collected onto single-slot, copper grids with a pioloform support
film. These sections were contrasted with lead citrate and uranyl acetate, and images taken using an FEI
Spirit TEM with Eagle CCD camera. Images of each cell of interest were taken on every section in which
it appeared and these images aligned using Photoshop (Adobe). The aligned series was then matched
with the light microscopy images to correlate the position of the fluorescent signal with the underlying
ultrastructure.

Fluorescence Recovery After Photo-bleaching (FRAP)

Cells were grown in glass bottomed cell culture dishes (Matek) and imaged in a humidified 5% CO2
incubator at 37 °C in DMEM high glucose medium without phenol red (GE Healthcare), supplemented
with 15% FCS, 20 mM HEPES buffer (Gibco), 1 mM sodium pyruvate (Sigma), and Penicillin/
Streptomycin (Gibco). We used a Zeiss LSM 710 with an N-Achromat 63x water immersion objective
NA 0.90, controlled with Zeiss Zen software to bleach a circular region of 25 pixel diameter (pixel size
0.14 pm) around the centrosome using 10 iterations with the 514 nm laser at 100%, and acquisition of
a 60 x 60 pixel region with a pixel dwell time of 2.77 usec and 2 x averaging. Cells were imaged every 3
seconds, for one minute pre- and 4 minutes post-bleach. Analysis was carried out using Image J, with a
plugin to automatically detect a circular region of interest of 15 pixel diameter using a Gaussian blurring
factor of 5 and the brightest pixel to center the region of interest. Before measuring fluorescence intensity,
the regions of interest were manually curated to ensure that the centrosome was contained within it. All
FRAP curves were normalized to the average of the first 20 pre-bleach intensities.
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Microtubule stability and lifetime are governed by the collective activities of multiple factors
like the sequence and structural modifications of tubulin, the cellular microenvironment
with other cytoskeletal elements, organelles and the plasma membrane providing a
confinement, and the effects of microtubule associated proteins (Akhmanova and
Steinmetz, 2015; Dogterom and Yurke, 1997; Janson et al., 2003). In vitro reconstitution
approaches to study cellular processes in a test tube provide an opportunity to address the
functions of individual proteins and thus to unravel the basic principles of organization that
are employed in the complex cellular environment. Apart from its role in supporting the
shape and the strength of a cell, microtubule cytoskeleton is critical for different dynamic
cellular processes, such as chromosome separation during cell division. Such processes
are driven by the ability of microtubules to switch between phases of polymerization and
depolymerization (Desai and Mitchison, 1997). In this thesis, we shed light on the activities
of multiple mammalian microtubule plus end binding proteins in the regulation of this
switching behaviour using in vitro reconstitutions with purified components. We find
that the mammalian microtubule plus end complexes include two modules - a growth-
stabilizing module with EB, CLASP and CLIP-170, and a polymerization-promoting
module consisting of chTOG, SLAIN2 and EB that stimulates fast growth but reduces
microtubule stability (Chapters 2-4). In the future, it will be interesting to combine these
modules in the same reconstitution to have all of the major microtubule regulators in a
single assay and to see if they lead to antagonistic or additive effects.

In addition to investigating the dynamics of cytoplasmic microtubules, which rapidly
alternate between phases of growth and shrinkage, we also addressed the mechanism
governing the elongation of centriolar microtubules. Centrioles are organelles with
ultra-stable microtubules that do not exhibit the typical switching behaviour at their
ends and attain a final length characteristic for each species (Gonczy, 2012). Building
and maintenance of a centriole involves multiple cellular factors, which are required for
different steps of assembly. Multiple microtubule and tubulin binding proteins that affect
centriole architecture have been characterised in cells. We investigated the molecular
mechanism underlying microtubule regulation by one such factor, CPAP/SAS-4 (Chapter
5).

Microtubule growth-stabilizing module

Microtubules grow at their ends by the addition of af-tubulin dimers, with the transient
GTP-cap formed by the presence of p-tubulin-bound GTP that is hydrolysed with a delay
(Mitchison and Kirschner, 1984). End binding (EB) proteins are autonomous microtubule
plus end tracking proteins (+TIPs), which sense the nucleotide state of B-tubulin (Maurer
et al., 2012; Zhang et al., 2015) and which have been proposed to be master regulators of
microtubule growth, effecting the recruitment of other microtubule associated proteins
(Akhmanova and Steinmetz, 2015; Honnappa et al., 2009; Jiang et al., 2012). It has been
shown that on their own, EBs destabilize microtubule growth by accelerating the
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maturation of their own binding sites and by inducing strain in the lattice, which leads to
direct structural destabilization of the cap (Duellberg et al., 2016; Maurer et al., 2014; Zhang
et al,, 2015). To further the understanding of EB-mediated plus end regulation through
other plus end binding proteins, we investigated the effects of CLASP on microtubule plus
end dynamics (Chapter 2) and then extended this work to study the effect of CLIP-170-
CLASP complex using purified proteins in an in vitro reconstitution assay (Chapter 3).

CLASPs (CLIP-associated proteins) are TOG domain-containing proteins that are
essential for proper spindle microtubule dynamics and important for the microtubule
poleward flux during metaphase (Logarinho et al., 2012; Maiato et al., 2003; Maiato et
al., 2005). CLASPs stimulate rescues at the leading edge of migrating cells and play a role
in mesenchymal cell migration in a three-dimensional environment, where they seem to
enable the load-bearing function of microtubules by suppressing catastrophes at the tips of
cell protrusions (Bouchet et al., 2016; Mimori-Kiyosue et al., 2005). In terms of the impact
on microtubule dynamics, it was shown that CLASPs can autonomously induce rescues
and also promote microtubule pausing when combined with other microtubule associated
proteins (Al-Bassam et al., 2010; Moriwaki and Goshima, 2016). Since the majority of
CLASP-mediated activities in mammalian cells involve the localization to the plus ends
of microtubules, we investigated the importance of CLASP at the plus end together with
the end binding protein-3 (EB3). We found that at the plus ends, CLASPs suppressed
catastrophes, and this activity was dependent on EB-mediated concentration of CLASPs
at the plus end (Chapter 2). Furthermore, we found that CLASP-mediated stabilization
of the plus end is also critical for templated microtubule nucleation, where it lowers the
kinetic threshold to promote microtubule outgrowth from GMPCPP seeds at sub-optimal
tubulin concentrations.

We determined the minimal polypeptide sequence of CLASP sufficient for catastrophe
suppression: we showed that the TOG2 domain could recapitulate the activity of the full
length CLASP in inhibiting catastrophes when fused to the CH domain (the minimal
microtubule plus end-binding moiety) of EB3. A previous structural study proposed
that TOG2 was a tubulin binding domain, but since the curvatures of TOG2 and tubulin
do not fit, significant conformational changes in either one or both of them would be
needed to allow complex formation (Leano et al., 2013). In fact, we found that none of the
TOG domains of CLASP bound to tubulin, but TOG2 and TOG3 weakly bound to taxol
stabilized microtubules. We showed that the TOG3 domain of CLASP promotes rescue
but does not suppress catastrophes. Interestingly, previous work showed that TOG2 and
TOGS3 bind preferentially to unique tubulin ring like oligomers induced by drugs (Maki
et al., 2015). This suggests that TOG2 of CLASP possibly recognizes tubulin in a specific
bent conformation present at the plus end and can also induce the transition of the peeling
protofilaments in a depolymerising microtubule to the straight ones, thus promoting a
switch to microtubule growth.

Cryo-electron microscopy (EM) analysis of microtubules assembled in vitro has
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Figure 1. Microtubule tip repair mediated by CLASP and EB.

shown that 30-40 % of the growing microtubule ends are tapered and display curved sheet-
like extensions that range from 50 to 2000 nanometers in length (Chretien et al., 1995;
Mandelkow et al., 1991). Furthermore, it has been proposed that catastrophe induction
involves the accumulation of a threshold number of defects in an ageing microtubule
(Gardner et al.,, 2011). The defects lead to destabilization of the growing microtubule
resulting in the tapered tip structure that predisposes it to catastrophe (Coombes et al.,
2013; Gardner et al., 2011). This goes in line with findings showing that microtubule
depolymerisation starts when the number of EB binding sites at the plus end is reduced
below a certain threshold (Duellberg et al., 2014; Maurer et al., 2014). Extending these
ideas to the EM studies leads to the possibility that the sheet-like extensions observed
might correspond to these ageing, catastrophe-prone tip structures. Our experiments
demonstrated that CLASP leads to stabilization of the protruding protofilaments and the
ones lagging behind, thus providing a better template for the incoming dimers resulting in
a faster growing ‘rear comet’ (Figure 1). This suggests that CLASP prevents catastrophes by
stabilizing the tapered metastable microtubule end intermediate. Our study demonstrates
that the tapering at the growing plus ends bearing a subset of protruding protofilaments is
a dynamic and reversible process, with CLASP inducing the “repair’ of the partial structure
into a complete one.

In cells, microtubule lattices are subjected to mechanical stress due to contacts with
other cytoskeletal elements, organelles or microtubules themselves. It has been shown that
when microtubules were subjected to repeated bending cycles, they softened, indicating
lattice damage; microtubules could recover their mechanical properties when incubated
with tubulin, which was incorporated into the damaged lattice (Schaedel et al., 2015).
These sites of lattice damage and repair have been shown to coincide with the presence of
GTP-bound tubulin and to act as sites of microtubule rescue. This led to the hypothesis
that self-repair properties of a microtubule result in the formation of GTP-islands at the
lattice-damage sites that can serve as rescue hotspots (Aumeier et al., 2016; de Forges et
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al., 2016). Using local laser-induced damage along the microtubule lattice, we investigated
the role of CLASP in microtubule repair. Interestingly, we found that CLASP recognized
the sites of lattice damage and stabilized the damaged structure leading to recovery of
a complete microtubule (Figure 2). The observation that the lattice bent at the damage
site undergoes straightening upon repair might reflect conformational differences
between GDP and GTP tubulin, but is more likely due to the loss and restoration of some
protofilaments.

by CLASP accumulation at the damage site

$o48 - . .
? 3 88 g  Stabilization of the bent microtubule lattice
% o8

Incorporation of new tubulin dimers
at the damage site and straightening
fod of lattice.

Hydrolysis of the freshly incorporated
GTP-tubulin

Figure 2. Schematic illustrating CLASP mediated repair of a lased-damaged microtubule lattice.

We extended our in vitro assays in the presence of CLASP to its interacting partner,
CLIP-170 (Chapter 3). Reconstitution with CLIP alone suggested that it does not alter
microtubule dynamics on its own but enhances CLASP-induced rescues. We found that
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CLIP increased the microtubule lattice localization of CLASP possibly due to the formation
of CLIP-CLASP complex with increased number of microtubule binding sites. Our
experiments showed that rescues were predominantly due to the lattice-bound CLASP.
Although preliminary in nature, these findings open the way to understanding rescues in
cells, which until now have been proposed to be induced by the recognition of the GTP-
islands by CLIP-170 (Aumeier et al., 2016; de Forges et al., 2016; Dimitrov et al., 2008).
Our experiments certainly do not exclude, and in fact support the idea that the CLIP-
CLASP complex might act at lattice damage sites; however, they do show that rescue can
also occur spontaneously along microtubule lattices where no damage is expected.

Early electron microscopy studies of microtubules have shown that a growing
microtubule has straight protofilaments which convert to inside-out coiled peeling
protofilaments as a microtubule depolymerizes (Chretien et al., 1995; Mandelkow et
al., 1991). A rescue involves the same structural transition in reverse, from the peeling
protofilaments to the straight ones. This change could be possibly mediated by tubulin
alone or by protein domains that bind to the curved peeling protofilaments and convert
them into a growth-competent microtubule structure. Although it has been proposed that
tubulin exchange by CLASP along the lattice induces rescues (Al-Bassam et al., 2010),
structural studies have shown that the curvature of the putative tubulin binding TOG
domains of CLASP is incompatible with the reported tubulin dimer curvatures (Leano et
al., 2013). Furthermore, our own experiments showed that the TOG domains of CLASP
and tubulin do not bind to each other. These data suggest that CLASP possibly mediates
rescue by binding to the curled protofilaments of a depolymerizing microtubule, where
the curvature of tubulin dimers differs from that of tubulin in solution.

Microtubule polymerization promoting module

Acceleration of microtubule growth by the XM AP215/chTOG/Stu2 family of polymerases
has been reported to be effected through their autonomous tip tracking. EBs could
contribute to this process through an allosteric effect on the microtubule tip structure,
or through direct recruitment mediated by proteins bridging the EB and the polymerase
(Brouhard et al., 2008; Kinoshita et al., 2001; Li et al., 2012; van der Vaart et al., 2011; Zanic
et al,, 2013). Although microtubule growth rates observed in cells can be reproduced in
the presence of EB and XM AP215 alone (Zanic et al., 2013), alternative pathways to ensure
robust fast polymerization may exist in the crowded environment of the microtubule plus
end. In Chapter 4, we investigated this possibility by reconstitution of the SLAIN2-chTOG
complex-mediated microtubule growth.

In accordance with previous findings (Zanic et al., 2013), we found that EB3 and
chTOG were sufficient to promote in vitro microtubule growth rates close to the ones
observed in cells. This effect depended on the concentration of chTOG and EB3, and
SLAIN?2, which acts as an adaptor between them, accelerated microtubule plus end growth
when the concentrations of chTOG and EB3 were relatively low. Furthermore, we
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observed that catastrophes were not suppressed by SLAIN2 alone or together with chTOG,
which contradicts previous work suggesting that the SLAIN2-chTOG complex acts as a
catastrophe inhibitor in cells (Bouchet et al., 2016; van der Vaart et al., 2011). SLAIN2
tracks growing plus ends by binding to EB3 and it has also been shown to bind to plus
end stabilizing factors like CLIP-170 and CLASP (van der Vaart et al., 2011). It is possible
that perturbation of SLAIN2 results in a less robust activity of CLASP, which by itself can
promote processive microtubule plus end growth (Chapter 2). Alternatively, in the absence
of chTOG, slowly growing microtubule ends can be more susceptible to catastrophes
induced by physical barriers or other cellular factors. Finally, the shortening of the GTP
cap caused by the loss of SLAIN2 and chTOG would result in reduced recruitment of EB-
binding stabilizing proteins and thus increased catastrophe frequency.

chTOG is an autonomous plus end tracking protein that recognizes the curved
conformation of tubulin at the growing plus end through its TOG domains and increases
microtubule polymerization rates by concentrating tubulin in the vicinity of the plus end
(Ayazetal., 2014; Ayaz et al., 2012). Although SLAIN2 is not essential for targeting chTOG
to the plus ends, it is tempting to speculate that it has a role in robust recruitment of chTOG
in the crowded plus end environment. In the future, it will be interesting to test if there
is competition between the TOG domains of CLASP, which possibly recognize certain
tubulin curvatures at the plus end (Chapter 2), and the TOG domains of chTOG. Fast
microtubule polymerization promoted by chTOG results in a longer GTP-cap due to rapid
GTP-tubulin subunit addition coupled to the delay in GTP hydrolysis. The maximum
GTP cap sizes reported in vitro (approximately 100-200 tubulin subunits) are several
times smaller than the ones observed in cells (approximately 750 subunits) (Seetapun et
al., 2012; Walker et al., 1991). However, the cap size estimation in vitro was done in the
presence of tubulin alone. It would be interesting to investigate the GTP cap sizes in the in
vitro growing microtubules exhibiting physiological growth rates and to test whether fast
polymerization alone is sufficient to produce the long GTP caps seen in cells.

The localization, and thereby the activity of a +TIP on microtubule dynamics is
determined by a multitude of factors like its intracellular concentration, the affinity to
its binding site, post translational or structural modifications of the binding site and the
competition with other proteins (Akhmanova and Steinmetz, 2008; Bieling et al., 2008;
Duellberg et al., 2014; Kumar et al., 2009). For example, CLIP-170, which binds to a
composite site made by the tyrosinated tails of a-tubulin and EB, is no longer recruited to
the plus ends in the presence of an excess of an SxIP peptide (Bieling et al., 2008; Duellberg
et al., 2014). This has been proposed to be due to the structuring of the disordered tail
region of EB3 upon SxIP peptide binding to the EBH domain. SLAIN2 has been proposed
to act as an adhesive +TIP due to its ability to bind multiple +TIPs; it has multiple SxIP-like
motifs to ensure its recruitment by EBs (van der Vaart et al., 2011). It would be interesting
to test if SLAIN2 can promote plus end tracking of CLASP in the presence of an excess of
SxIP peptide, in a situation when the SxIP motifs of CLASP would not be able to recruit
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it to the plus end.

Centriolar microtubule growth regulation by CPAP

Centrioles are non-compartmentalized microtubule based organelles that template the
formation of cilia, flagella and centrosomes, which are critical for fundamental cellular
processes like motility and division (Azimzadeh and Marshall, 2010; Gonczy, 2012; Jana
et al., 2014). They are characterised by radial 9-fold symmetrically arranged microtubule
triplets with a central hub. Each microtubule triplet has a complete A-microtubule
and partial B and C microtubules with 10 protofilaments each (Guichard et al., 2012;
Paintrand et al., 1992). In the past decade, several molecular players that are required for
the centriole formation have been characterised for their activity. In particular, several
tubulin interacting proteins like CEP-120, CEP-135 and CPAP have been characterised
for their influence on centriole length regulation (Gudi et al., 2011; Hsu et al., 2008; Lin
et al., 2013a; Lin et al., 2013b). The molecular mechanisms underlying the activities of
these proteins and their possible synergistic effects on centriole length still remain elusive.
Understanding these mechanisms is of great interest not only from a fundamental point of
view, but also because mutations in some centriolar proteins lead to a brain development
disorder, microcephaly (Woods et al., 2005).

One of the important questions in centriole assembly has been the extremely slow
polymerization of centriolar microtubules, which is puzzling because they are exposed
to the cytoplasmic pool of tubulin. The general view is that a network of multiple tubulin
binding proteins tightly regulates tubulin incorporation in centriolar microtubules.
We studied the molecular mechanism of action of one of the evolutionarily conserved
regulators of centriolar microtubule growth - CPAP/SAS-4 (Chapter 5). Using X-ray
crystallography and biochemical assays, we determined the atomic model of binding of
the PN2-3 domain of CPAP to a tubulin dimer. Extrapolation of this information to the
context of a microtubule led to a model proposing that the PN2-3 domain binds to the
outermost tubulin dimer exposed at the plus end: with its LID domain, PN2-3 engages the
top surface of f-tubulin, which is involved in longitudinal tubulin-tubulin interactions,
while the SAC domain of PN2-3 binds to the lateral surface of the tubulin dimer.

Our reconstitution experiments using dynamic microtubules and a purified short
version of CPAP (CPAP__ ), which contained the PN2-3 domain, the microtubule binding
domain (MBD) and a dimerization motif demonstrated that it acts as an autonomous
+TIP and dampens microtubule dynamics by slowing down microtubule growth and
suppressing catastrophes. The tandem arrangement of the LID, SAC and MBD domains
enables the specific microtubule plus end recognition. We propose that CPAP_. .
slows down microtubule growth by the capping activity of the LID domain, whereas
the dimerization of the MBDs provides stabilization of the lateral contacts between
neighbouring protofilaments and thus leads to catastrophe suppression (Figure 3). These
experiments demonstrate the impact of one of the centriolar regulators on microtubule
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assembly.

CPAP__. slowed down microtubule growth by 5-8 fold. However, centriolar
microtubules exhibit growth rates in the order of a few tens of nanometers per hour
(Chretien et al., 1997; Kuriyama and Borisy, 1981), which is still three orders of magnitude
lower than the growth rate observed in our assays. Specific tubulin isotypes may confer
slow assembly to centriolar microtubules since tubulin isotypes alone can alter microtubule
dynamics (Pamula et al., 2016; Vemu et al., 2016). Furthermore, antagonistic effects on
centriole length have been reported for CPAP and CP110, the capping protein located at
the distal end of the centriole and known to restrict its length (Kleylein-Sohn et al., 2007;
Schmidt et al., 2009). CPAP might also cooperate with other centriolar proteins such as
SPICEL1 or CEP-120, which interact with it to ensure proper centriole assembly (Comartin
et al., 2013). How the assembly of centriolar microtubules is coupled to the mechanisms
restricting their length is still an open question. Further characterization of the interactions
between centriolar proteins and the investigation the molecular mechanisms underlying
their individual and collective activities are needed to elucidate the process of centriole
assembly.

Effect on plus ends:
l Growth rate
L Catastrophe frequency

Rescue frequency

Lo ]

Figure 3. Working model of how CPAPmini ensures slow processive microtubule growth. CPAP
recognizes the microtubule plus end via tandemly arranged LID, SAC, and MBD domains (1). This stabilizes
the interaction of the terminal tubulin dimers, “caps” the corresponding protofilaments, and stabilizes the
microtubule lattice. “Opening” of LID (dashed curved arrow), spontaneously and/or induced by an incoming
tubulin dimer (2), enables processive microtubule tip elongation (3).
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Concluding remarks

The regulation of transitions between phases of microtubule growth and shrinkage by
multiple cellular factors has been studied extensively over the past decade. In this thesis,
we extended these studies to mammalian +TIPs and addressed their individual and
combined activities through increasingly complex reconstitution assays. In the final
chapter, we demonstrated that the centriolar protein CPAP is an unusual +TIP with a novel
mechanism of action. Taken together, our results pave the way to achieving a profound
understanding the self-organizing principles that underlie the ability of cells to generate

different microtubule networks with a particular size, density and dynamic properties.
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Addendum

Summary

Tipping microtubule polymerization: Insights from in vitro reconstitution
Microtubules are biopolymers composed of af3-tubulin dimers that associate in a head-to-
tail fashion into protofilaments, which interact laterally to form a tube. Tubulin dimers are
incorporated at the growing microtubule endsin a GTP-bound form. Within a polymerized
microtubule lattice, GTP is hydrolysed to GDP, but this process occurs with a time delay.
This leads to the formation of a transient GTP cap that stabilizes the growing microtubule,
whereas its loss results in a switch to shrinkage, termed catastrophe. Control of the
transitions from microtubule growth to shrinkage is critical for fundamental processes
like cell division, morphogenesis and migration. Multiple intrinsic and extrinsic factors
shape microtubule networks by regulating these transitions, as discussed in Chapter 1.

CLASP is one of the conserved regulators of microtubule dynamics important to
maintain the microtubule polymer mass in interphase and proper spindle microtubule
dynamics during mitosis. The major biochemical activity previously reported for CLASP
was microtubule rescue, the transition from shrinkage to growth. We revisited the role
of CLASP in the context of its localization at the microtubule plus end and found that it
acts as a microtubule stabilizing factor, which suppresses both spontaneous and induced
catastrophes (Chapter 2). We dissected the minimal biochemical modules of CLASP that
lead to catastrophe suppression and rescue activity. We further found that CLASP stabilizes
partial structures at the microtubule plus end and in damaged microtubule lattices, leading
to their restoration.

In Chapter 3, we extended our reconstitution to the complex of CLASP with CLIP-
170, a reported microtubule rescue factor. Characterization of the effects of CLIP-170 on
dynamic microtubules revealed that it does not alter microtubule dynamics autonomously
at the concentrations we used. However, we found that CLIP-170 increased CLASP-
mediated rescues by promoting CLASP association with the microtubule lattice.

In Chapter 4, we investigated the regulation of microtubule growth by the complex
of the mammalian microtubule polymerase chTOG with EB3 and the adaptor protein
SLAIN2. We found that microtubule growth rates observed in cells could be recapitulated
in vitro with certain concentrations of purified EB3 and chTOG. We next tested the effects
of SLAIN2 and found that, when combined with chTOG, it enhanced the effect of this
microtubule polymerase by further increasing microtubule growth rate and catastrophe
frequency. Fast microtubule polymerization by chTOG alone or the SLAIN-chTOG
complex could antagonize the ability of the microtubule-depolymerizing kinesin-13
MCAK to block microtubule growth. However, SLAIN and chTOG did not suppress the
catastrophes induced by MCAK.

In addition to investigating the regulation of cytoplasmic microtubules, we also studied
the regulation of centriolar microtubules, focussing on a conserved centriolar protein
CPAP/SAS-4 (Chapter 5). We found that the PN2-3 domain of CPAP could potentially
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interfere with the addition of new tubulins at the microtubule tip by binding to the outer
surface of the terminal tubulin dimers. We engineered a truncated version of CPAP
containing the tubulin and microtubule binding domains and showed that it autonomously
tracked the plus ends, reduced microtubule growth rate and suppressed catastrophes. We
further extended this work to look at the importance of CPAP for centriole assembly
in cells and showed that the CPAP mutants impaired in blocking microtubule plus end
growth induced over-elongation of the centriole.

To summarise, we showed that different protein assemblies regulate distinct aspects of
microtubule dynamics by virtue of their specialized domains and interactions. As discussed
in Chapter 6, our study highlights the complexity of the molecular mechanisms utilised by
microtubule associated proteins, which determine the architecture of microtubule arrays
by regulating microtubule dynamics at the plus end.
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Samenvatting

Het controleren van microtubuli polymerisatie: inzichten van in vitro
reconstituties

Microtubuli zijn biopolymeren bestaande uit af-tubuline dimeren die, door toedoen van
kop-staart interacties, associéren in protofilamenten. Deze protofilamenten ondergaan
laterale interacties waarbij buisjes wordt gevormd. Tubuline dimeren worden in een GTP
gebonden vorm geincorporeerd in de uiteinden van groeiende microtubuli. Eenmaal
in de microtubuli wordt GTP gehydroliseerd naar GDP. Dit proces vindt plaats met
een vertraging wat leidt tot de vorming van een dynamische GTP-kap die groeiende
microtubuli stabiliseert. Verlies van de GTP-kap resulteert in de atbraak van microtubuli,
ook wel bekend als een catastrofe. Controle over de transitie van microtubuli groei naar
afbraak is essentieel voor fundamentele processen als celdeling, morfogenese en migratie.
Meerdere intrinsieke en extrinsieke factoren beinvloeden microtubuli netwerken door
deze transities te reguleren zoals beschreven in Hoofdstuk 1.

CLASP is één van de geconserveerde regulatoren van microtubuli dynamica welke
belangrijk zijn voor het behoud van de microtubuli polymeer massa in interfase en
voor microtubuli dynamica in de mitotische spindel tijdens celdeling. De belangrijkste
biochemische activiteit voorheen beschreven voor CLASP was microtubuli ‘rescue;, de
transitie van afbraak naar groei. We hebben de rol van CLASP opnieuw onderzocht in de
context van de localisatie op de plus-einden van microtubuli. Daarbij hebben we ontdekt
dat CLASP fungeert als een microtubuli stabiliserende factor, welke zowel spontane als
geinduceerde catastrofes onderdrukt (Hoofdstuk 2). Wijhebben de minimale biochemische
modules van CLASP ontleed welke leiden tot de catastrofe suppressie en ‘rescue’ activiteit.
Daarnaast hebben we ontdekt dat CLASP de structuren aan de microtubuli plus-einden
en beschadigde microtubuli oppervlakken stabiliseert wat resulteert in herstel van de
microtubuli.

In Hoofdstuk 3 hebben we onze reconstitutie van het CLASP complex uitgebreid met
CLIP-170, een eiwit voorheen beschreven als microtubuli ‘rescue’ factor. Het in kaart
brengen van de effecten van CLIP-170 op microtubuli dynamica onthulde dat CLIP-170,
bij de door ons gebruikte concentraties, geen effect had op microtubuli dynamica. CLIP-
170 verhoogde daarentegen de CLASP-athankelijke ‘rescues’ door de interactie tussen
CLASP en microtubuli te verhogen.

In Hoofdstuk 4 hebben we de rol van het eiwitcomplex bestaande uit de microtubuli
polymerase chTOG, EB3 en het adapter eiwit SLAIN2 in regulatie van microtubuli groei
bestudeerd. We hebben ontdekt dat de groeisnelheden van microtubuli in cellen kunnen
worden benaderd met bepaalde concentraties van opgezuiverd EB3 en chTOG in vitro.
Vervolgens hebben we de effecten van SLAIN2 bestudeerd, wat resulteerde in de bevinding
dat, in combinatie met chTOG, SLAIN2 het effect van deze microtubuli polymerase
vergroot door zowel de groeisnelheden als catastrofe frequenties van microtubuli te
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verhogen. Snelle microtubuli polymerisatie veroorzaakt door chTOG of het SLAIN-
chTOG complex was voldoende om de inhibitie van de groei van microtubuli door de
micrutubuli-depolymeriserende kinesine-13 MCAK te neutraliseren. Echter, SLAIN en
chTOG waren niet in staat om de door MCAK geinduceerde catastrofes te onderdrukken.

Naast het onderzoeken van de regulatie van cytoplasmatische microtubuli, hebben we
ook de regulatie van centriool gebonden microtubuli onderzocht. Hierbij hebben we ons
gefocust op het geconserveerde centriool eiwit CPAP/SAS-4 (Hoofdstuk 5). We hebben
ontdekt dat het PN2-3 domein van CPAP kan interfereren met de toevoeging van nieuwe
tubulines aan de uiteinden van microtubuli door aan de buitenkant van tubuline dimeren
te binden. We hebben een verkorte versie van CPAP ontwikkeld die zowel de tubuline als
de microtubuli bindende domeinen bevat. Dit construct lokaliseert specifiek naar de plus-
einden van de microtubuli waar het zowel de microtubuli groei als catastrofes onderdrukte.
Dit werk hebben we uitgebreid door de rol van CPAP in centriool ontwikkeling van cellen
te bestuderen. Hier hebben we aangetoond dat CPAP mutanten die niet in staat waren de
plus-einden van microtubuli te blokkeren, overgroei van centriolen induceren.

Samengevat hebben we laten zien dat verschillende eiwitcomplexen, op grond van
gespecialiseerde domeinen eninteracties, verschillendeaspecten van microtubulidynamica
reguleren. Zoals bediscussieerd in Hoofdstuk 6 beschrijft onze studie de complexiteit van
de moleculaire mechanismes die de architectuur van microtubuli netwerken bepalen door
de dynamica van de microtubuli plus-einden te reguleren.
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