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Chapter 3

TipAct – An engineered actin-binding
microtubule +TIP

In this chapter we outline the design, purification and characterization of TipAct, an
engineered actin-microtubule cross-linking protein. We demonstrate that both in cells
and in vitro, TipAct can bind to actin filaments, and localize at growing microtubule
ends in an EB-dependent manner. We further demonstrate that even though TipAct
has a low affinity for F-actin, when locally concentrated at microtubule tips it can link
microtubules to actin filaments. During these interactions, the TipAct intensity at the
microtubule tip increases, suggesting a reduced off-rate of TipAct (and possibly of EB)
in regions of actin-microtubule overlap. Finally, we show that TipAct’s actin-binding
domain is insensitive to actin filament polarity.

3.1 Introduction

In recent years, a variety of proteins and protein complexes that mediate physical
linkages between filamentous actin (F-actin), microtubules (MTs) and intermediate
filaments (IFs) have been identified [260, 308, 309]. Among these, the spectraplakins
(structural hybrids of spectrins and plakins [444]), stand out in that they often contain,
in a single molecule, binding sites for all three cytoskeletal polymers [308, 309] (Fig.
3.1). Mammals encode two spectraplakin genes: microtubule-actin cross-linking factor
(MACF, also known as ACF7) [122, 123, 279], and Dystonin (also known as BPAG1)
[445]. Non-mammals typically encode only one spectraplakin gene: Short-Stop/Shot in
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Drosophila melanogaster [124, 446], vab-10 in Caenorhabditis elegans [447, 448], and
Magellan in Danio rerio [449, 450].

Figure 3.1: Domain organization of plakins and spectraplakins. Plakins and
spectraplakins have a similar N-terminal architecture containing tandem calponin-homology
(CH) actin-binding domain, a plakin domain, and a plakin repeat domain (PRD). Not all the
spectraplakins have the coiled-coil dimerization domain. In addition, spectraplakins have a C-
terminal spectrin-repeat rod, a pair of EF-hands, a GAR domain and a serine-rich sequence
of positively-charged aminoacids (GSR), often encompassing a microtubule tip localization

signal (MtLS). Figure taken from [308].

Spectraplakins are large (> 500 kDa) and long (∼ 400 nm) multivalent cytoskeletal cross-
linking proteins that are evolutionarily conserved among metazoans. The spectraplakin
gene can encode a number of splice variants which mainly result in proteins with
divergent N-terminal sequences [309, 444]. The longest spectraplakin isoforms will
normally contain (Fig. 3.1):

• N-terminal actin-binding domain (ABD) consisting of tandem calponin homology
(CH) domains. This type of ABD is present in other actin-binding protein families
as well, such as filamin, dystrophin, utrophin, fimbrin, and α-actinin [451].

• Plakin domain, which targets plakins and some spectraplakins, such as BPAG1,
to junctional complexes [308, 452, 453].

• Plakin repeat domain (PRD), which is largely used by plakins to bind intermediate
filaments [307–309]. Plakins and some spectraplakin isoforms use the PRD and
the plakin domain to link intermediate filaments to cell junctions. For instance,
BPAG1 links keratin to β4-integrin and hemidesmosomes [452, 453]. It remains
hitherto unknown whether all the members of the spectraplakin family can bind
intermediate filaments.

• Sequence of spectrin repeats, which are usually involved in conferring mechanical
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stability against pulling forces [454]. For instance, removing a few repeats of the
spectrin repeat rod of dystrophin can result in severe muscular dystrophy [455]. In
the case of the spectraplakins, the length of the rod may also be important to serve
as a spacer between the microtubule- and actin-binding domains. Finally, it is
unknown whether, as in the case of α-actinin, the spectrin repeats in spectraplakins
also mediate dimerization, be it parallel or antiparallel [122, 456].

• A pair of EF hands, which in spectrins often transition from a closed to an
open conformation upon Ca2+ binding [457]. In BPAG1n4, for instance, calcium-
binding by the EF-hands was demonstrated to switch its localization from the tips
of microtubules to the microtubule lattice by exposing the otherwise concealed
microtubule-binding domain [458]. However, not all of the spectraplakins’ EF-
hands appear to be sensitive to calcium [309, 444].

• GAS2-related (GAR) domain, which was for a long time thought to bind and
stabilize microtubules on its own [122, 124, 353], but which has been recently
demonstrated to require the whole C-terminal portion (including the GSR repeats,
Fig. 3.1) of the spectraplakin protein for this function [354, 459, 460].

• C-terminal tail containing one or multiple copies of the microtubule tip localization
signal (MtLS [107]): a serine-rich sequence of basic and positively charged amino-
acids containing the short motif SXIP, which allows them to bind end-binding
(EB) proteins and localize to growing microtubule ends. Thus, spectraplakins also
belong to the +TIP family of proteins [125, 354].

In short, spectraplakins contain all the functional domains necessary to cross-link F-actin
and microtubules, as well as the ability to localize at growing microtubule ends. There
is increasing evidence that their cross-linking activity is essential for vital cellular events
[309]. For instance, in migrating cells MACF mediates the guidance of microtubule
growth along actin stress fibers towards focal adhesions (FAs) [279]. This is required for
the kinesin-powered delivery of FA disassembly and extra-cellular matrix degradation
factors, in order to allow the cell to detach from the substrate and move [342, 364, 461].
Similarly, Shot has been shown to guide microtubule growth along F-actin bundles
inside filopodia at the growth cone periphery, a requirement for the establishment and
maintenance of the direction of axonal extension [291]. Neurons lacking Shot fail to
extend and stop short, hence the protein name.

MACF and Shot are undoubtedly the best characterized spectraplakins in vivo [309];
however, a mechanistic understanding of their actin-microtubule cross-linking activity
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is missing. For instance, it is not clear under what conditions they utilize their different
modes of microtubule association (i.e. directly, by the microtubule-binding domain,
or via EB). Furthermore, it is unknown whether their localization is dominated by
their actin-binding or microtubule-binding domains, and whether they preferentially
localize on certain F-actin architectures. Finally, an understanding of the mechanical
and geometrical constraints under which spectraplakins can link and guide growing
microtubules along F-actin bundles is also missing. The same can be said of other
actin-microtubule cross-linking systems that also display +TIP activity, such as the
GAS2-like family of proteins [459, 460], or the bim1-kar9-myo2 system of budding yeast
[272, 280, 362, 374].

In order to better understand the ways by which linking growing microtubules to F-
actin structures helps direct cytoskeletal coordination, as well as how the activity of
cross-linkers is modulated by the mechanical properties of F-actin and microtubules, we
designed a model actin-microtubule cross-linker based on the mammalian spectraplakin
MACF. We decided to call it TipAct, in playful analogy to the commonly used F-
actin marker LifeAct [462], but also to emphasize that it is a model system to study
actin-microtubule interactions rather than a direct analog to MACF. Our GFP-TipAct
construct (Figs. 3.2 b and 3.12) was designed to contain an N-terminal eGFP-tag
followed by an ABD consisting of tandem calponin-homology (CH) domains [122, 124]
and a C-terminal region containing an SXIP motif to bind EB proteins [107, 125, 354],
and thus localize at growing microtubule ends [107]. To make the molecule amenable for
expression in bacteria, we replaced the plakin domain and the long stretch of spectrin-
repeats of MACF (Fig. 3.2) [309], with the short (∼ 20 nm-long [463]) coiled-coil linker of
cortexillin I. The coiled-coil of cortexillin served as a spacer between the actin-binding
and EB-binding domains, but also induced parallel dimerization [464]. We chose to
dimerize the molecule based on previous observations that multiple SXIP-motifs, be it
in series or in parallel, can greatly enhance plus-end localization [107].

3.2 TipAct localization in mammalian cultured cells

To test whether TipAct’s domains were functional, and also to study where it would
localize, we transiently expressed it in HeLa cells. Despite its much simpler domain
architecture compared to MACF (Fig. 3.2), we found that GFP-TipAct localized to the
growing ends of microtubules (both at the cell interior and periphery, Fig. 3.3 a), and to
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Figure 3.2: MACF and GFP-TipAct domain architecture. (a) MACF domain
organization. (b) TipAct contains an N-terminal eGFP-tag, followed by the actin-binding
domain (ABD), and microtubule tip localization signal (MtLS) of human MACF1. In TipAct,
the ABD and MtLS are separated by the coiled-coil linker of cortexillin-I, which induces

parallel dimerization.

F-actin structures near the cell edge (Fig. 3.3 b), in a remarkably similar fashion to what
has been reported of full-length MACF and Shot [122, 123, 125, 352, 354, 369, 465].

In order to better visualize TipAct’s actin binding ability, we depolymerized the micro-
tubule cytoskeleton with nocodazole, which results in an increase in stress fiber number
and size [366]. Figure 3.4 shows that under these conditions GFP-TipAct localized in a
punctate fashion along actin stress fibers, with most intense localization at actin-rich
regions near stress fiber ends, in what appeared to be focal adhesion sites.

These live-cell imaging experiments revealed that GFP-TipAct’s actin-binding and EB-
binding domains are functional in living cells. Moreover, that TipAct’s microtubule plus-
end tracking ability dominates its localization on F-actin, suggesting a higher affinity
for EB than for actin filaments. Finally, the actin-binding and EB-binding domains of
TipAct were sufficient for it to mimic the in vivo localization of full-length MACF and
Shot [122, 123, 125, 352, 354, 369, 465]. Full-length MACF and Shot, however, also
contain a MTBD with strong-affinity for the microtubule lattice [353], the fact that they
do not localize at the microtubule lattice in cells [125] could suggest that its activity is
regulated.

3.3 In vitro characterization of TipAct

Once the localization of GFP-TipAct was characterized in living cells, we proceeded
to express and purify it using bacterial vectors. Once purified, the first step was to
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Figure 3.3: TipAct localization in cultured HeLa cells. (a) Live-cell fluorescence
micrograph of a HeLa cell expressing EB3-mRFP and GFP-TipAct. TipAct localizes at
growing microtubule ends both at the cell center (c, c’) and at the cell edge (e, e’). (b) Live-
cell fluorescence micrograph of a HeLa-R cell expressing mCherry-Actin and GFP-TipAct.

TipAct localizes at actin-rich regions near the cell edge (e, e’). Scale bars: 5 μm.

characterize TipAct’s actin-binding and microtubule-tip binding domains in vitro,
through a series of biochemical and fluorescence microscopy assays.

3.3.1 Biochemical characterization of TipAct’s actin-binding do-
main

To measure the affinity of TipAct’s ABD for F-actin, we performed high-speed co-
sedimentation assays with pre-polymerized actin filaments (Fig. 3.5 a). As can be
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Figure 3.4: TipAct localization in cultured HeLa cells in the absence of
microtubules. Live-cell fluorescence micrograph of a HeLa cell expressing mCherry-Actin
and GFP-TipAct. In the absence of microtubules (depolymerized by nocodazole), TipAct
localizes in a punctate fashion on stress-fibers (1,1’), and is enriched at actin-rich regions near

stress fiber ends (2,2’). Scale bars: 5 μm.

observed, with increasing F-actin concentration ([F-actin]), an increasing fraction of
TipAct co-sedimented. The best fit of the data shown in Figure 3.5 b to the Michaelis-
Menten equation (Eq. (3.1) [466]) yielded a dissociation constant Kd of 5.2± 0.5 μM.

T ipActbound
T ipActtotal

=
[F-actin]

[F-actin] +Kd

(3.1)

This low affinity for F-actin is consistent with the dissociation constants of tandem-
CH actin-binding domains (Kd ∼ 5 − 25 μM) typically reported in the literature
[451]. Furthermore, it explains the relatively weak localization of GFP-TipAct at F-
actin structures compared to microtubule growing ends that we found through live-cell
imaging (Fig. 3.3). Note, however, that a Kd of ∼ 5 μM is at odds with the only two
previously reported values of MACF and Shot’s affinity for F-actin [124, 352], in which
Kd’s of 350 nM and 22 nM were measured using N-terminal fragments of MACF and
Shot respectively. This discrepancy could stem from steric hindrance by the eGFP tag
of TipAct, although we were careful to place spacers between all its functional domains
(Fig. 3.12). Another, more likely, explanation is that in these previous studies the actin-
binding affinity of MACF and Shot was measured in buffers with drastically lower ionic
strengths (5 mM Tris + 50 mM KCl) than our own working buffer (80 mM Pipes + 75
mM KCl).
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Figure 3.5: Measurement of GFP-TipAct’s actin-binding affinity. (a) SDS-
PAGE analysis of co-sedimentation experiments. With increasing F-actin concentration an
increasing fraction of GFP-TipAct co-sedimented. The first lane of the gel shows the molecular
weight marker. (b) The best fit of the data (R2 = 0.9916), to Eq.(3.1) yielded a dissociation

constant Kd = 5.2± 0.5 μM.

3.3.2 TipAct relies on EB to track growing microtubule ends

Next, we tested whether TipAct’s localization at microtubule ends depends on EB. To
this end, we polymerized microtubules from GMPCPP-stabilized seeds immobilized
on a microscope coverslip, with GFP-TipAct, in the presence or absence of EB3. A
schematic of this assay is shown in Figure 3.6.

dynamic
MT

MT
seed

coverslip

TIRF-M

GFP-TipAct
EB3

pll-peg-biotin

streptavidin

Figure 3.6: Experimental setup to study TipAct’s plus-end tracking
behavior. Microtubules are polymerized from GMPCPP-stabilized seeds, in the presence

of EB3 and GFP-TipAct.

Kymographs of microtubule growth revealed that GFP-TipAct colocalized with mCherry-
EB3 at microtubule growing ends (both plus and minus, Fig. 3.7 a). In contrast, in
the absence of EB3 we found no detectable TipAct binding at any portion of the
microtubules (Fig. 3.7 c). Intensity line-profiles along the TipAct and EB3 plus-end
comets (dashed line in the merge panel of Fig. 3.7 a), revealed that the plus-end intensity



TipAct – An engineered actin-binding microtubule +TIP | 57

of TipAct did not lag behind that of EB3 (Fig. 3.7 b). This observation is in contrast to
what has been reported of MACF and Shot in vivo, for which the peak of their intensity
always localizes slightly behind that of EB [125, 354]. This suggests that other protein
domains, or interactions with F-actin, may be required for this effect. Note, however,
that this seems to be a common phenomenon for other microtubule +TIPs in vivo,
which remains hitherto unexplained (Anna Akhmanova, private communication).
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Figure 3.7: TipAct is an EB-dependent +TIP. (a) Kymograph of microtubule
growth with mCherry-EB3 and GFP-TipAct. The plus (+) and minus (-) ends of the
microtubule are indicated. (b) Fluorescence intensity profiles along the dashed line on the
kymograph in (a) reveal that the peak comet intensity of TipAct and mCherry-EB3 co-localize.
(c) Kymograph of microtubule growth with GFP-TipAct but no EB3. In this context, TipAct
does not bind anywhere on the microtubule. The GFP-TipAct and mCherry-EB3 intensities
were normalized by their mean values at the microtubule lattice. Scale bars, 5 μm. MT,

microtubule.

3.3.3 TipAct has no effect on the polymerization dynamics of
free microtubules

To test whether TipAct had any effect on microtubule growth, we measured the main
parameters of microtubule dynamic instability [8]; namely, growth and shrinkage speeds,
and catastrophe and rescue frequencies. Table 3.1 shows the results of this analysis.
The addition of EB3 increased both the growth and shrinkage speeds, as well as the
catastrophe frequency; in agreement with previous measurements [86, 100, 104]. The
addition of GFP-TipAct had no further effect on microtubule polymerization dynamics.
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Experi-
ment

Vgrow

(μm/min)
Tgrow

(min)
Vshrink

(μm/min)
Tshrink

(min)
Fcat

(1/min) Ncat
Fres

(1/min) Nres

15 μM
Tubulin 0.71±0.12 5815.03 12.55±2.28 373.93 0.15±0.07 838 0.27±0.26 76

+ 100 nM
EB3 2.48±0.24 977.37 16.37±2.95 168.43 1.35±0.23 1361 0.21±0.13 36

+ 50 nM
TipAct 2.46±0.47 948.6 16.29±3.37 155.67 1.21±0.19 1116 0.09±0.10 24

Table 3.1: Parameters of microtubule dynamic instability. Analysis of dynamic
instability for freely growing microtubules polymerized at 25◦C in the presence of 1 mM GTP
and 50 mM KCl. Vgrow, average growth speed. Tgrow, total growth time for all experiments.
Vshrink, average shrink speed. Tshrink, total shrink time for all experiments. Fcat, average
catastrophe frequency. Ncat, total number of catastrophes for all experiments. Fres, average
rescue frequency. Nres, total number of rescues for all experiments. For n = 4, 3 and 5
experiments, from top to bottom row. Where appropriate, values are reported as average ±

standard deviation.

3.3.4 TipAct links growing microtubule ends to actin filaments

The next step was to test TipAct’s plus-end tracking behavior in the vicinity of
phalloidin-stabilized actin filaments bound to the coverslip (Fig. 3.8). Given the low
affinity of TipAct for F-actin (Kd ∼ 5 μM, Fig. 3.5), under the conditions of this assay
(i.e. [GFP-TipAct] = 25− 50 nM), TipAct did not detectably decorate the F-actin (Fig.
3.8, bottom panel).
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Figure 3.8: Experimental setup to study interactions between microtubules
and single actin filaments. Top, microtubules were polymerized from GMPCPP-
stabilized seeds, in the presence of EB3, GFP-TipAct, and surface-bound phalloidin-stabilized
actin filaments. Bottom, in these experiments TipAct’s localization was predominantly at
microtubule tips (dashed circles). The location of the microtubule seed is indicated with an

arrow in the tubulin panel. Scale bar, 5 μm.

However, microtubules with TipAct at their growing tips were still capable of transiently
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capturing actin filaments (Fig. 3.9 a). This was evidenced by a cessation of actin-
filament fluctuations at the point of capture, alignment of the filaments in the direction
of microtubule growth, and increased filament proximity to the coverslip surface (Fig.
3.9 b). These observations indicate that the locally enhanced concentration of TipAct
at microtubule tips, generated by EB3, can enhance the ability of growing microtubules
to bind F-actin.
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Figure 3.9: TipAct links microtubule tips to actin-filaments. (a) Time series
of an experiment as in Figure 3.8. Arrows show the plus-end of a microtubule that interacts
with a partially tethered actin filament as it grows. (b) Kymograph of the microtubule in
(a). As actin and microtubule interact, the filament co-aligns with the microtubule and is
brought closer to the surface, becoming visibe by TIRF microscopy. (c) Fluorescence intensity
along the dashed line on the kymograph in (a), showing that the plus-end intensity of TipAct
elongates at the actin-microtubule overlap. The GFP-TipAct intensity was normalized by its
mean value at the microtubule lattice, and the actin intensity by its maximum value. Scale

bars, 5 μm. Time: min:sec. MT, microtubule.

A close inspection of the TipAct plus-end comets suggested that their intensity increased
upon interaction with an actin filament. In order to verify this, we aligned and averaged
all the TipAct plus-end intensity profiles before and during actin-filament capture,
for the interaction event shown in Fig. 3.9. Panel a in Figure 3.10 shows the regions
that were averaged for the free and actin-bound TipAct comets, and panel b shows
the individual and average curves. Indeed, we found that the TipAct comet became
approximately 1.5 times brighter during an interaction with F-actin. Since it is unlikely
that an actin-microtubule overlap enhances the on-rate of TipAct, we rather propose
that the increase in intensity stems from a reduced TipAct (and possibly EB3) off-rate
in this region.
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Figure 3.10: TipAct’s plus-end intensity increases at actin-microtubule
overlaps. (a) Zoomed-in region of the actin-microtubule interaction shown in Fig. 3.9.
(b) Analysis of TipAct’s plus end intensity in the regions where the microtubule was free
(blue square in (a)), and actin-bound (red square in (a)). TipAct’s plus-end intensity increases
at actin-microtubule overlaps. The thick curves in (b) show the average profile ± standard
deviation. The bottom graph shows the actin intensity profiles for the actin-bound comets
(red square in (a)). The GFP-TipAct intensity was normalized by its mean value at the
microtubule lattice, and the actin intensity by its maximum value. Scale bar, 5 μm. MT,

microtubule.

3.3.5 TipAct’s ABD is insensitive to actin-filament polarity

A final test in our characterization of TipAct’s behavior in vitro was to verify whether
its actin-binding domain is sensitive to actin-filament polarity. To this end, we looked
for events in which two microtubules interacted with the same actin filament from
opposite ends. As can be observed in the montage shown in Figure 3.11, microtubules
could interact with actin filaments coming from both ends. This reveals that the actin-
binding domain of TipAct (and hence that of MACF) is insensitive to actin filament
polarity.

3.4 Discussion

In this chapter we described the design and characterization of TipAct, a model actin-
microtubule cross-linker based on the spectraplakin MACF. Biochemical character-
ization of its actin-binding activity revealed that it has a low affinity for F-actin
(Kd ∼ 5 μM). This was confirmed through live-cell imaging experiments in which TipAct
localized primarily at microtubule tips and only to a subset of F-actin structures near
the cell edge. Intriguingly, similar localization patterns have been described of MACF
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Figure 3.11: TipAct’s actin-binding domain is insensitive to F-actin
polarity. Time series showing two pairs of microtubules that interact with the same actin
filament from opposite ends. Yellow arrowheads indicate the growing end of a microtubule
that binds the actin filament from the left, and yellow arrows indicate the growing ends of
two microtubules that sequentially interact with the actin filament from the right. Note the
sharp deformation of the actin filament in the middle pane at t = 0 s, indicated by a dashed
yellow line, and how it relaxes when the microtubule on the right shrinks (t = 16 s). Scale

bar, 5 μm. Time: min:sec. MT, microtubule.

and Shot, even though they supposedly have actin-binding affinities in the nanomolar
range, and also contain high-affinity microtubule-lattice binding domains [124, 352].

In vitro assays with dynamic microtubules confirmed that TipAct’s plus-end localization
depends on EB, and revealed that TipAct has no effect on microtubule dynamics.
To our surprise, even when we added TipAct at concentrations 100-fold smaller than
its Kd for F-actin, we found that its locally enhanced concentration at microtubule
tips enabled microtubules to capture actin filaments. This observation suggests that
collective effects help overcome the low actin-binding affinity of individual TipAct
molecules. Furthermore, we found that the intensity of TipAct at actin-microtubule
overlaps was higher than at free microtubule ends, indicating that the establishment
of an actin-microtubule overlap locally modulates the exchange dynamics of TipAct,
and possibly also of EB3. We speculate that locally concentrating a low-affinity F-
actin binder at microtubule tips could be crucial for the in vivo activity of actin-
microtubule cross-linking +TIPs, such as the spectraplakins [309], or the GAS2-like
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family of proteins [459, 460]. This property could provide cells with a mechanism to
control where microtubule cross-talk with single actin filaments takes place, i.e. at
growing microtubule ends, while avoiding cross-linking elsewhere.

Finally, we confirmed that TipAct’s actin-binding domain (and hence that of MACF) is
insensitive to the polarity of actin filaments. Put together, these observations indicate
that TipAct behaves as an F-actin-binding microtubule +TIP, both in vitro and in
cultured cells.

3.5 Materials and methods

3.5.1 TipAct Cloning

GFP-TipAct was designed to contain an N-terminal enhanced-GFP (eGFP) tag followed
by the actin-binding (ABD) and EB-binding domains (microtubule tip localization
signal, MtLS) of full length human MACF1 (NCBI Reference Sequence: NP_036222.3),
separated by the coiled-coiled linker of Cortexillin I from Dictyostelium discoideum [464]
(Fig. 3.12). Using PCR-based strategies we obtained the five necessary fragments: eGFP,
ABD (first and second CH domains, corresponding to residues Asp74 - Gly306 of full-
length MACF1), Cortexillin I coiled-coiled linker (CC linker), and MtLS (corresponding
to residues Glu5391 - Arg5430 of full-length MACF1), from the following cDNA clones:
pEGFP-C2 (Clontech, Takara Bio Europe, Saint-Germain-en-Laye, France), IMAGE
clone 30414356, LIFESEQ5427393 (Open Biosystems, Thermo Fischer, Huntsville, AL,
USA), full-length Cortexillin-I in pET-15b20 (kind gift of Michel Steinmetz, Paul
Scherrer Institut, Switzerland) and IMAGE clone 7476004. Each fragment was amplified
using the primers indicated in Table 3.2. For protein purification, the amplified fragments
were ligated into the bacterial expression vector: pET-28a (Novagen, Merck Millipore,
Billerica, MA, USA), between NdeI and BamHI sites. This procedure resulted in a
vector expressing the construct: eGFP - ABD - CC linker - EB-BD, with an N-terminal
thrombin-cleavable 6×His tag for purification. For live-cell imaging experiments, the
amplified fragments were instead ligated into the pEGFP-C2 vector (Clontech, Palo
Alto, CA) between NheI and BamHI sites.
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a
GFP-TipAct amino acid sequence

GSHIWLALPV ATMVSKGEEL FTGVVPILVE LDGDVNGHKF SVSGEGEGDA TYGKLTLKFI 60  

CTTGKLPVPW PTLVTTLTYG VQCFSRYPDH MKQHDFFKSA MPEGYVQERT IFFKDDGNYK  120 

TRAEVKFEGD TLVNRIELKG IDFKEDGNIL GHKLEYNYNS HNVYIMADKQ KNGIKVNFKI  180 

RHNIEDGSVQ LADHYQQNTP IGDGPVLLPD NHYLSTQSAL SKDPNEKRDH MVLLEFVTAA  240 

GITLGMDELY KSGLMDERDR VQKKTFTKWV NKHLMKVRKH INDLYEDLRD GHNLISLLEV  300 

LSGIKLPREK GRMRFHRLQN VQIALDFLKQ RQVKLVNIRN DDITDGNPKL TLGLIWTIIL  360 

HFQISDIYIS GESGDMSAKE KLLLWTQKVT AGYTGIKCTN FSSCWSDGKM FNALIHRYRP 420

DLVDMERVQI QSNRENLEQA FEVAERLGVT RLLDAEDVDV PSPDEKSVIT YVSSIYDAFP  480 

KVPEGGEGAY RAKEEKARLE SSKNEMANRL AGLENSLESE KVSREQLIKQ KDQLNSLLAS  540 

LESEGAEREK RLRELEAKLD ETLKNLELEK LARMELEARL AKTEKDRAIL ELKLAEAIDE  600 

KSKLEQQIEA TRIRGGESSA AGGQGNSRRG LNKPSKIPTM SKKTTTASPR TPGPKR  656 

CH CH

ABD
261-480

MtLS
617-656

Cortexillin-I CC
505-599

eGFP
18-242

~19 nm

GFP-TipAct domain organisation
b

Figure 3.12: TipAct’s amino-acid sequence and domain organization. (a)
Amino-acid sequence of GFP-TipAct. The color-code corresponds to the domains indicated
on the diagram in (b). The regions with known F-actin-binding activity are underlined. The
SXIP-motif required for EB-binding is highlighted in bold red letters. The spacers between
domains are indicated in black letters. (b) GFP-TipAct domain organization indicating the
amino-acid numbers from the sequence in (a). ABD, actin-binding domain; CC, coiled-coil;

MtLS, microtubule tip localization signal.

Regions Primers

eGFP CATATGGGGCTAGCGCTACCGGTCGCCACCATGGTGAG

eGFP:CH1 GGACGAGCTGTACAAGTCCGGACTCATGGATGAACGGG
ACCGGGTTCAGAAG

CH1:CH2 CTGGACCATTATTTTGCATTTCCAGATCTCTGACATCTA
CATTAGTGGAG

CH2:coiled-coil CCTAAAGTTCCTGAGGGTGGAGAAGGGGCCTATAGAGC
CAAGGAAGAGAAAGC

coiled-coil:MtLS CAAATCGAAGCCACCAGAATCAGAGGGGGGGAAAGCAG
CGCTGCAGGGGGCCAA

MtLS GGACTCCAGGTCCCAAGCGATAAGGATCCATG

Table 3.2: DNA Primers used for GFP-TipAct construction. CH, calponin
homology; MtLS, microtubule tip localization signal.
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3.5.2 Cell culture, transfection and live-cell imaging

HeLa cells were maintained as previously described [87]. FuGENE (Roche Applied
Science, Indianapolis, IN, USA) was used for EB3-mRFP2, mCherry-Actin3 and GFP-
TipAct plasmid transfection according to manufacturer’s protocols. To depolymerize
the microtubule cytoskeleton, HeLa cells were incubated with 10 μM nocodazole for 2
hrs at 37◦C before imaging. We verified that microtubules were fully depolymerized as
TipAct no longer showed plus-end tracking behavior.

Live-cell imaging was performed on a Nikon Eclipse Ti-E inverted microscope (Nikon
Corporation, Tokyo, Japan) equipped with Perfect Focus System (PFS), a CFI Apo
TIRF 100x 1.49 N.A. oil objective (Nikon), a TI-TIRF-E motorized TIRF illuminator
(Nikon), and a QuantEM 512SC EMCCD camera (Photometrics, Roper Scientific,
Tucson, AZ, USA). The system was controlled with MetaMorph 7.5 software (Molecular
Devices, Sunnyvale, CA, USA). For excitation we used 491 nm 50 mW Calypso (Cobolt,
Solna, Sweden) and 561 nm 50 mW Jive (Cobolt) lasers. For simultaneous imaging of
mRFP/mCherry and GFP emission we used the ET-mCherry/GFP filter set (59022,
Chroma, Bellows Falls, VT, USA) together with a DV2 beam splitter (MAG Biosystems,
Roper Scientific) equipped with a dichroic filter 565dcxr (Chroma) and HQ530/30m
emission filter (Chroma). To maintain the cells at 37◦C we used a INUG2E-ZILCS stage
top incubator (Tokai Hit, Fujinomiya, Japan). 16-bit images were projected onto the
CCD chip at a magnification of 0.065 μm per pixel with intermediate magnification
2.5X (C mount adapter 2.5X, Nikon). Live-cell imaging of doubly transfected cells (i.e.
mCherry-EB3 and GFP-TipAct or mCherry-Actin and GFP-TipAct), was performed
at an exposure time of 100 ms per frame with 10− 15% laser power.

3.5.3 TipAct purification

The E. coli strain T7-express (New England Biolabs, Ipswich MA) was used for expres-
sion of GFP-TipAct. Bacteria were grown at 37◦C with continuous agitation, in LB
(lysogeny broth [467]) containing 50 μg Kanamycin. Protein expression was induced
when cultures reached an optical density of OD600 = 0.8 (for a 1 cm path length), by
adding isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.4 mM,
followed by further agitation at 20◦C overnight. Cells were harvested by centrifugation at
5,000 RCF for 30 min at 4◦C. Thereafter, they were resuspended in a sodium phosphate
(NaPi) based working buffer (50 mM NaPi, pH 7.0, 20 mM Imidazole, 400 mM NaCl,
2mM MgCl2, 5 mM β-Mercaptoethanol and 10% glycerol), supplemented with 0.1%
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(w/v) Triton-X, 1 mg/ml Lysozyme (Roche Applied Science, Indianapolis, IN, USA)
and 1X Complete Protease Inhibitors (EDTA-free, Roche). Cell lysis was achieved with
two cycles of freeze-thawing in liquid N2, followed by shearing of genomic DNA with a
14 gauge blunt-end needle. The cell lysate was centrifuged at 30,000 RCF for 30 min
at 4◦C, and the supernatant collected. Next, the supernatant was incubated at 4◦C
for ∼ 1 hr on a rotating wheel with Ni-NTA agarose (Qiagen Benelux B.V., Venlo,
Netherlands) previously equilibrated in working-buffer. Before elution, the resin-bound
proteins were washed twice in working buffer supplemented with 600 mM NaCl, followed
by a wash in normal working buffer. Finally, the 6×His-tagged GFP-TipAct proteins
were eluted using the gravity-flow method with working buffer supplemented with 280
mM Imidazole.

Cleavage of the 6×His-tag from GFP-TipAct was performed overnight at RT with 2.5 U
of thrombin per mg of protein in NaPi500 buffer (50 mM NaPi pH 7, 1 mM EDTA, 2 mM
MgCl2, 5 mM β-Mercaptoethanol and 10% glycerol, supplemented with 500 mM NaCl).
Note that the cleavage reaction had to be optimized, the details of which are given in
the following section. Uncleaved proteins were removed by running the cleavage reaction
through the Ni-NTA agarose again and collecting the flow-through (cleaved proteins).
The cleaved proteins were concentrated with a 30 kDa MWCO centrifugal filter unit
(Merck Millipore, Billerica, MA, USA) and gel-filtered with an Äkta chromatography
system (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) through a Superdex-200
column (GE Healthcare) equilibrated in working buffer, at a flow rate of 0.5 ml/min.
The peak fractions were pooled and concentrated as before to a final concentration of 5
mg/ml, accompanied by a final buffer exchange to MRB80-KGβ (80 mM Pipes, pH 6.8
set with KOH, 4 mM MgCl2 and 1 mM EDTA, supplemented with 250 mM KCl, 10%
(v/v) glycerol and 5 mM β-mercaptoethanol). Thereafter, the proteins were aliquoted,
snap-frozen in liquid N2 and stored at −80◦C until use. We confirmed that TipAct was
stable when stored in this way, as assays performed over the course of two years were
reproducible.

The homogeneity of the recombinant proteins was assessed by SDS-PAGE (Fig. 2.4),
and their concentration estimated from the optical absorbance in MRB80-KGβ buffer
at a wavelength of 280 nm with an extinction coefficient of 59,820 M-1cm-1 (estimated
from the amino acid sequence [468]).
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3.5.4 6×His tag cleavage optimization

As mentioned above, cleavage of the 6×His tag by thrombin had to be optimized. To
this purpose, proteins were incubated with thrombin, at RT and 4◦C, in three different
buffer conditions:

• Thrombin-cleavage buffer (TCB): 20 mM Tris-HCl pH 8.4, 150 mM NaCl, 25 mM
CaCl2.

• NaPi-cleavage buffer + 500 mM NaCl (NaPi500): 50 mM NaPi pH 7, 1 mM EDTA,
2 mM MgCl2, 5 mM β-Mercaptoethanol and 10% glycerol, supplemented with
500 mM NaCl.

• NaPi-cleavage buffer + 250 mM NaCl (NaPi250).

Additionally, we tested whether the addition of 1 M urea (as a mild denaturant) could
aid the cleavage reaction. Thus, twelve cleavage tests were performed: three buffers
(TCB, NaPi500 and NaPi250), with or without 1M urea, at RT or at 4◦C. For cleavage,
thrombin was first diluted to a 0.1 U/μl concentration in TCB, and added to a 5 mg/ml
solution of 6×His-GFP-TipAct, to reach a final concentration of 2.5 U of thrombin
per milligram of protein. The cleavage reactions were incubated on a rotating wheel
both at RT and at 4◦C, and samples were collected after 4 and 17 hrs from the start of
the reaction. The success of the cleavage reaction was verified by Western Blot (WB)
analysis using anti-6×His antibodies (NIH NeuroMab Facility, University of California
Davis). The results of these tests are shown in Figure 3.13, only for the reactions kept
at RT, since at 4◦C we found nearly no cleavage of the 6×His-tag even after overnight
incubation.

First, we found that the addition of urea did not aid the cleavage reaction. Second, the
most efficient cleavage was obtained in TCB, since already within 4 hrs no 6×His signal
was detectable by WB analysis. In contrast, for the reactions in NaPi500 and NaPi250
(both without urea) we had to wait overnight (∼ 17 hrs) for the cleavage reaction to be
complete. Given the similarity between the buffer we used to purify TipAct, and NaPi500,
we chose NaPi500, at RT, and overnight incubation to be the optimal conditions for
cleavage of the 6×His-tag. We further found that a key factor for proper 6×His removal
was the ratio between 6×His-GFP-TipAct and thrombin concentrations. We found
that under identical conditions, but with a 6×His-GFP-TipAct concentration above 5
mg/ml, thrombin cleaved unrestrictedly, since we often observed protein precipitation
after overnight incubation (data not shown).
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Figure 3.13: Optimization of the 6×His tag cleavage by thrombin. Top, SDS-
PAGE analysis of the cleavage reactions at RT, in three different buffers (TCB, NaPi500, and
NaPi250), ± 1 M urea, and different collection times (4 or 17 hrs). Bottom, WB analysis with

anti-6×His antibody revealing residual tag after incubation with thrombin.

3.5.5 F-actin co-sedimentation assays

80 μM globular-actin (G-actin) was polymerized into F-actin for 1 hr at room tem-
perature (RT) in MRB80 (80 mM Pipes pH 6.8, 4 mM MgCl2 and 1 mM EDTA)
supplemented with 5 mM Dithiothreitol (DTT), 50 mM KCl and an equimolar amount
of phalloidin. Samples of increasing F-actin concentration (0− 50 μM) were incubated
with 1 μM GFP-TipAct at RT for 1 hr. Thereafter, free and F-actin-bound fractions
were separated by high-speed centrifugation at 149,000 RCF for 30 min at RT. Pellet
and supernatant samples were brought to the same final volume, and prepared for
SDS-PAGE. The free and bound GFP-TipAct fractions were measured with the Gel
Analyzer tool in FIJI [442]. The dissociation constant (Kd) of GFP-TipAct for F-actin
was estimated by fitting the data in Fig. 3.5 to Eq. (3.1) using the Curve Fitting Toolbox
in Matlab [469].

3.5.6 Plus-end tracking assays

In all the assays shown in this chapter, microtubules were polymerized with 16 μM
tubulin (always at a ratio of 1:15 labeled to unlabeled subunits), 100 nM EB3 (where
applicable), and 50 nM GFP-TipAct. TIRF microscopy imaging was performed at 25◦C
(Table 2.1). We refer the reader to Chapter 2 for the general details on how these assays
were built.
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3.6 Data analysis

3.6.1 Analysis of microtubule dynamic instability

The parameters of microtubule dynamic instability (Table 3.1) were determined by
producing kymographs of microtubule growth (such as in Fig. 3.7 a), obtained with
the reslice tool in FIJI [442]. These kymographs were used to manually trace the
position of the seed and the microtubule tip over time, using the segmented line tool
in FIJI. The data was analyzed with custom-built programs in Matlab to calculate the
parameters of dynamic instability; namely, growth and shrinkage speed, and catastrophe
and rescue frequency. The average growth and shrinkage speeds for a given experiment
were obtained by weighing the individual speeds by the time that microtubules spent
growing or shrinking at such speeds [104]. Catastrophe and rescue rates were obtained
by dividing the total number of each event by the total time that the microtubules
spent growing or shrinking. We only counted catastrophes when we could image the
microtubule from the point of nucleation at the seed up until a catastrophe. The error
in this case is given by the frequency divided by the square-root of the number of events
[104]. All the values in Table 3.1 represent the average ± standard deviation for each
parameter, from three to five experiments performed under identical conditions.

3.6.2 Analysis of TipAct plus-end intensity

The plots of GFP-TipAct and mCherry-EB3 plus-end intensity shown in Figures 3.7,
3.9 and 3.10 were obtained by tracing a two-pixel-wide line along the length of the
microtubule. These values were normalized by the corresponding microtubule lattice
intensity, which was obtained by averaging over a 2−5 μm region at least 1 μm away from
the peak of the comet intensity. To compare the intensity of TipAct plus-end comets
at free and actin-bound microtubule tips (Fig. 3.10), the individual traces were first
aligned so that the location of their peak value co-localized. Thereafter, these individual
curves were averaged to obtain an estimate of the mean ± standard deviation of the
TipAct intensity in both cases.
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