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Abstract:

End-binding proteins (EBs), referred to as the core components of the microtubule plus-end
tracking protein network, interact with the C-terminus of the Adenomatous Polyposis Coli
(APC) tumour suppressor. This interaction is disrupted in colon cancers expressing truncated
APC. APC and EBs act in synergy to regulate microtubule dynamics during spindle
formation, chromosome segregation and cell migration. Since EBs autonomously end-track
microtubules and partially co-localize with APC at microtubule tips in cells, EBs have been
proposed to direct APC to microtubule ends. However, the interdependency of EB and APC
localization on microtubules remains elusive. Here, using in vitro reconstitution and single-
molecule imaging, we have investigated the interplay between EBs and the C-terminal
domain of APC (APC-C) on dynamic microtubules. Our results show that APC-C binds along
the microtubule wall but does not accumulate at microtubule tips, even when EB proteins are
present. APC-C was also found to enhance EB binding at the extremity of growing
microtubules and on the microtubule lattice: APC-C promotes EB end-tracking properties by
increasing the time EBs spend at microtubule growing ends, whereas a pool of EBs with a fast
turnover accumulates along the microtubule surface. Overall, our results suggest that APC is a
promoter of EB interaction with microtubules, providing molecular determinants to reassess

the relationship between APC and EBs.



Introduction

APC is a large tumor suppressor present in all mammalian cells. Mutations of the APC gene
lead to the loss of its C-terminal domain (APC-C) and have been correlated with neurological
disorders and cancer development [1-3]. In cancer cells, a truncated form of APC generates
severe cytoskeletal defects, causing disorganized mitotic spindles and abnormal chromosome
segregation [4—6]. The APC-C region is an unstructured region that contains the major
binding sites for microtubules, actin and End-Binding proteins (EBs) [7-9]. EBs are plus-end
tracking proteins (+TIPs) that concentrate at microtubule growing (+) ends to control
microtubule dynamics and organization. EBs are master integrators of plus-end-tracking
complexes since they autonomously track microtubule ends, to which they recruit multiple
other +TIPs and proteins [10-12]. The three mammalian EBs (EB1, EB2 and EB3) are
dimers. Each EB monomer is composed of a globular N-terminal domain (so-called calponin
homology domain or CH domain) that includes a microtubule-binding domain, and a C-
terminal domain responsible for the dimerisation and constituted by a coiled-coil motif, the
EB homology domain (EBH) and a short disordered residue tail [13]. A cavity on the surface
of the EBH domain accommodates the SxIP motifs common to several +TIPS such as APC,
MCAK or CLASP2 [7]. The key role of EBs in the formation of +TIP complexes at
microtubule ends requires a tight regulation of the microtubule-binding properties of EBs. To
date, only few inhibitors of EB binding at microtubule ends have been identified [14—16].
Numerous studies have shown that APC and EBs act in synergy to regulate microtubule
organization in cellular processes such as spindle formation, chromosome segregation and cell
migration [17-19]. APC and EBs contribute to common regulatory pathways of microtubule-
end capture and microtubule dynamics. Moreover, APC and EBs co-localize at microtubule
ends in cells, which has led to the hypothesis that EBs target APC to microtubule ends [20].
APC and EBs can also independently associate with microtubule ends [21], suggesting
alternative mechanisms for their recruitment onto microtubules [21-23]. Although studies

into the relationship between APC and EBs have been ongoing for nearly 20 years, the
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molecular interplay between EBs, APC and microtubules remains elusive. Key issues need to
be addressed to understand how the cytoskeleton is regulated by the APC/EB duo, in
particular how interaction of APC and EBs influences the properties and localization of each
protein with respect to microtubules and its impact on microtubule dynamics.

Here, using TIRF microscopy and single-molecule imaging, we reconstituted the functional
interplay between the C-terminal domain of APC (APC-C) and EBs on dynamic microtubules
in vitro. In our experimental conditions, EBs do not recruit APC-C to microtubule ends, but
rather, APC-C promotes EB binding both at the end and to the lattice of growing
microtubules. This positive regulation depends on direct interaction between APC-C and the
C-terminal domain of EBs. This interplay between APC-C and EBs produces highly dynamic
microtubules. By identifying APC-C as a promoter of EB-microtubule binding properties, our
work provides novel molecular bases from which to reconsider APC/EB interaction in cells,
in particular the synergy between APC and EBs in mitosis and how any disruption of this

interaction influences cancer emergence or progression.



Results

APC-C stimulates EB recruitment on microtubules. To characterize the cytoskeletal-based
functions affected by APC truncation, we investigated how APC-C and EBs together affected
dynamic microtubules. To do so, we produced APC-C corresponding to the C-terminal
domain (2131-2843) of human APC (Fig. 1). This construct contains the microtubule-binding
domain (that overlaps the so-called ANSI region [8]), a potential dimerisation domain
(ANS?2) [8] and two SxIP signatures recognized by EBs (SRLP and SQIP) [7,24]. We used a
TIRF-based functional assay to examine combined APC-C and EB3 activity on dynamic
microtubules. APC-C strongly enhanced GFP-EB3 comets in the presence of 100 mM KClI,
although at this salt concentration GFP-EB3 alone only bound very weakly to microtubule
ends (Fig. 2 and movie S1). In line with this result, microtubules assembled in the presence of
both proteins grew faster and with nearly two-fold more catastrophes than microtubules
assembled with tubulin alone, due to the polymerisation-promoting and catastrophe-
promoting activities of APC-C and GFP-EB3, respectively (Table 1). In addition to affecting
the microtubule end-tracking properties of EB3, APC-C also increased EB3 binding along the
microtubule lattice (Fig. 2). Three hypotheses could explain EB3 accumulation at microtubule
ends in the presence of APC-C. Firstly, the large EB3 comets could result from the rapid
growth of microtubules, since EB3 comet size is linked to microtubule polymerisation rate
[25,26]. According to [26], an increase in the microtubule growth rate about 1.5 times is
associated with a two-fold increase in EB1 comet intensity. In our conditions, a similar
increase of the microtubule growth rate (Table 1, EB3/APC-C compared to EB3) is associated
with a ten-fold increase in EB3 comet intensity (Fig. 2b). Thus, the increase in microtubule
growth rate is insufficient to explain the increase in EB3 comet intensity in the presence of
APC-C.

Secondly, the recruitment of EB3 by APC-C along the lattice could enhance EB3 binding at
microtubule ends. Indeed, EB3-GFP fluorescence intensity on the lattice was five-fold higher

in the presence of APC-C, although comet intensity in the same conditions was a full order of
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magnitude greater (Fig. 2b). Thus, EB3 decoration on the lattice only partially accounts for
the strong stimulation of EB3 binding at microtubule (+) ends. Thirdly, EB3 might
accumulate at microtubule ends because APC-C preferentially binds this microtubule region.
To test this last hypothesis, we determined the distribution of APC-C on microtubules by
expressing APC-C fused to a SNAP-tag labelled with the SNAP-Surface-549 fluorophore. On
its own, SNAP549-APC-C bound homogeneously throughout the length of growing
microtubules (Fig. 3a). Similarly to APC-C (Fig. 2), SNAP549-APC-C promotes GFP-EB3
comets (Fig. 3b-d). No SNAP549-APC-C comet-like accumulation matches GFP-EB3 comets
at the microtubule (+) ends, independently of salt concentration or GFP-EB3/SNAP549-APC-
C molar ratio (Fig. 3¢ and Fig S1).

Altogether, these results suggest that APC-C stimulates the recruitment of EB3to

microtubules, while exerting a specific effect on EB3 binding at microtubule (+) ends.

Direct APC-C/EB interaction is required for EB recruitment to microtubules by APC-C.
To test whether the enhanced recruitment of EB3 on microtubules involves direct APC-
C/EB3 interaction, we used a truncated APC-C form (named APC-ANSI1, Fig. 1), which
possesses only the APC microtubule-binding domain, and a chimeric EB3-like protein called
EB3-NL-LZ (Fig. 1), which exhibits strong end-tracking properties but lacks the native EB C-
terminal domain [27]. APC-ANSI1 fails to enhance GFP-EB3 recruitment either to the lattice
or to the end of elongating microtubules (Fig. 4a-b, Movie S1). The end-tracking pattern for
GFP-EB3-NL-LZ on growing microtubules showed a similar pattern alone or when combined
with a 50-fold excess of APC-C or APC-ANSI1 (Fig. 4c-d). These results demonstrate that
APC-C-dependent regulation of EB3 binding on microtubules requires direct interaction
between the C-terminal domains of APC-C and EB3. We next mutated the two SxIP
sequences of APC-C [7,13,24] and used a sedimentation assay to test their interaction with

EB1. In this experiment, we also used a mutant of EB1 (named EB I mut) which cannot bind to



microtubules [28]. This combination allowed us to specifically measure APC-dependent
recruitment of EBs to microtubules.

Our results indicated that APC-C draws a larger fraction of EB1mut with polymerized tubulin
into the pellet than APC-C mutated for either a single SxIP or both SxIP sequences (Fig. 5a-b
and Fig. S2). We selected the double APC-C mutant (APC-SXIPmut) to test its effect on the
GFP-EB3 comets by TIRF microscopy. Mutation of both SxIP motifs strongly reduced APC-

C-dependent recruitment of GFP-EB3 to microtubule ends (Fig. 5c-d).

EB’s microtubule-binding properties are required for the increase in EB comets but not
for EB microtubule lattice decoration by APC-C. The results presented above indicate that
direct APC-C/EB interaction is required to enhance EB recruitment to microtubules in the
presence of APC-C (Fig. 4 and 5). To determine to what extent the intrinsic microtubule-
binding properties of EBs are involved in this process, we next examined the effects of APC-
C on EB1mut by TIRF microscopy. These experiments were performed at 50 mM KCI since
APC-C-dependent alterations of EB1mut-GFP fluorescence on microtubules were barely
detectable at 100 mM KCI. As expected, in these conditions, EB1mut-GFP did not bind
microtubules (Fig. 6a). APC-C recruited EB Imut-GFP to the microtubule lattice and there was
no EB1mut-GFP comet-like accumulation at microtubule ends (Fig. 6¢-d); in contrast, EB1-
GFP efficiently end-tracked microtubules in the presence of APC-C and clearly
distinguishable comets were observed (Fig. 6b-d). Thus, APC-C stimulates EB binding to the
microtubule lattice without any requirement for direct interaction between EBs and
microtubules. However, the increase in EB signal at microtubule ends clearly depends on both
EB microtubule-binding properties and APC-C/EB interaction. These results suggest that in
those experimental conditions, APC-C recruits EBs to the microtubule lattice and not the
other way around. In addition, the mechanisms by which APC-C recruits EBs to the lattice or

to the ends of microtubules appear to be distinct.



APC-C has different effects on EB turnover at microtubule ends and on the microtubule
lattice. To gain further insight into how APC-C affects the dynamic behaviour of EBs on
microtubules, we performed single-molecule TIRF imaging and determined the GFP-
EB3 residence time and binding frequency on the microtubule lattice versus microtubule (+)
end in the absence and presence of APC-C. In line with results from a previous study on
EB3 [29], the residence time and binding frequency of GFP-EB3 alone were significantly
higher at microtubule ends than on the microtubule lattice, reflecting the greater affinity of
EBs for microtubule tips. In the presence of APC-C, the residence time for GFP-
EB3 increased about three-fold at microtubule (+) ends (Fig. 7a-b, Table 2), whereas it was
not affected on the microtubule lattice (Fig. 7c-d, Table 2).

In contrast, although the binding frequency of GFP-EB3 was only slightly increased by APC-
C at microtubule (+) ends (from 0.046 to 0.077 s”\.um™'.nM"! for GFP-EB3 alone and in the
presence of 10 nM APC-C, respectively (Table 2)), it was significantly increased on the
lattice (from 0.00007 to 0.853 s'.um™'.nM! for GFP-EB3 alone and in the presence of 35 nM
APC-C, respectively (Table 2)).

From these data, we can conclude that APC-C affects different steps of EB microtubule-
binding events depending on where the EBs are bound to the microtubules. APC-C grabs
EB3 to the lattice by increasing its binding frequency, but it extends the duration of each EB-

binding event at microtubule tips (Fig. 7).



Discussion

APC was described as a tumour suppressor because of its involvement in the [(-catenin
sequestration complex and in controlling chromosome segregation during mitosis [4,5,9].
APC is a large scaffold protein and mutations of its gene have been linked to neurological
disorders and tumorigenesis [1-3]. Loss of APC function is a major determinant in the
development of colorectal cancer [30,31] and for instance, in the intestinal epithelium, APC
mutant cells exhibit reduced directed migration and increased genetic instability [32,33]. In
these diseases, stop codons resulting from sporadic or inherited mutations prevent expression
of the 3’-terminal region of the APC gene, resulting in a truncated APC protein [34]. The
deleted C-terminal domain (APC-C) encompasses the major sites known to be involved in
cytoskeleton regulation [9,35], in particular binding sites for EBs - master integrators of a
complex signalling network at microtubule (+) ends [10-12]. To investigate the EB-related
functions of APC that may be lost or affected by truncation of the APC-C domain, we focused
this study on interactions between APC-C and EBs, both of which are found at microtubule
elongating ends in cells [20,36,37].

Our results show that APC-C greatly enhances the accumulation of EBs on the lattice and at
the (+) ends of microtubules (Fig. 2 and 3), suggesting that the regulation of the plus-end
tracking proteins network controlled by EBs might be disrupted in diseases linked to APC
truncation. We further demonstrated that the increased EB accumulation on microtubules
requires molecular interaction between APC-C and EBs, and that removal of the C-terminal
residues of APC-C (to produce the APC-ANSI1 fragment used in this study) inhibited the
formation of GFP-EB3 comets (Fig. 4). These results provide a molecular explanation for
those of previous studies with colon cancer cells (SW480 cell line) transfected with APC
fragments equivalent to APC-C and APC-ANSI1, where shorter EB1 comets were observed
when the APC/EB interaction was disrupted [20].

Early studies focused on the regulation and function of APC/EB interaction. Notably, cellular

studies proposed that this interaction was essential to target APC to microtubule (+) ends
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[20,36,38]. However, this conclusion is not straightforward as APC can form clusters at
microtubule ends in the absence of EB1 and conversely, EB1 can locate at microtubule tips
without co-localizing with APC [21]. APC can also be found in the cell periphery following
kinesin-dependent transport along microtubules [22,23] which does not require EBI1, thus,
different molecular mechanisms contribute to the distribution of EBs and APC at microtubule
ends. In this context, our results suggest that APC, without accumulating at microtubule ends,
can positively influence the distribution of EBs on microtubules, in particular by enhancing
EB end-tracking properties. Interestingly, APC-C strongly promotes EB3 recruitment to the
microtubule surface by drastically increasing the frequency of EB3 binding to the lattice but
without altering its residence time (Fig. 7, Table 2). In agreement with this data, we observed
that APC-C can cause a microtubule-binding-incompetent mutant of EBI1 to bind
microtubules along the lattice, suggesting that EB/microtubule interaction is not essential for
lattice decoration (Fig. 6). In contrast, at microtubule ends, the increase in EB comets requires
both direct APC/EB interaction and EB microtubule-binding properties. APC-C thus appears
to promote longer interaction between EBs and microtubule ends by modifying EB
conformation and/or altering the microtubule cap recognized by EBs (e.g. rate of GTP
hydrolysis, tubulin conformation). Interestingly, the presence of multiple SxIP motifs is used
by some +TIPS to enhance their binding to EBs [24,39]. In the case of APC-C, the two SxIP
motifs are indeed required to promote EB recruitment to microtubules (Fig. 5) but do not
allow APC-C microtubule end-tracking via EB in our experimental conditions (Fig. 3).

Thus, the APC-C-mediated increase in EB comet intensity could be the result of the
cumulative effects of 1) the inherent binding properties of EBs at microtubule end, 2) the
recruitment of EBs by APC-C along the microtubule surface up to the (+) end, and 3) the
long-lived binding of EBs to microtubule ends in the presence of APC-C (Fig. 8).

The enhancement of EB comets by APC-C also results in a higher frequency of catastrophes
when both proteins are present compared to the frequency recorded with APC-C alone (Table

1). Increasing microtubule catastrophes is a hallmark of in vitro EB activity, consequently
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APC-C/EB interaction stimulates EB function with regard to microtubule dynamics, which is
consistent with a synergistic interaction between EBs and APC regulating spindle dynamics
and chromosome alignment during mitosis [17].

Interestingly, in our assay performed at 100 mM KCI, EB3 alone formed very faint comets,
whereas bright EB3 comets were visible in the presence of APC-C (Fig. 2). In cells, EB
comets are clearly detectable despite the physiological ionic strength, which supports the
existence of regulatory mechanisms promoting robust microtubule tracking by EBs. Our
results strongly suggest that APC positively regulates EB end-tracking properties.

Finally, the results of this study suggest that APC behaves as a scaffold protein that promotes
EB recruitment on microtubules (Fig. 8). APC-C not only extends the lifetime of interactions
between EBs and microtubule (+) ends, it also provides a pool of EB molecules with a rapid
turnover along the microtubule lattice, which is an unusual substrate for EB proteins [40].
This local increase in EB concentration around the microtubule surface might facilitate rapid
accumulation of EB at microtubule tips or could tether specific signalling molecules along the
microtubule wall, as suggested previously in neurons [41]. Overall, our results provide novel

molecular bases to reconsider the APC/EB synergy in cells.
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Materials and Methods

Protein Preparation. The APC-C and APC-ANS1 nucleotide sequences were PCR-amplified
from the human full-length APC gene (Life technologies) for insertion into the pET20b vector
(Clontech) which had been opened by digestion with Ndel and HindIIl. The SxIP-motif
mutated APC-C proteins (APC-SRLP, APC-SQIP and APC-SXIPmut) were produced by site-
directed mutagenesis (Quickmutagenesis kit, Agilent). All these constructs encode proteins
labelled with a 6xHistidine motif at the C-terminal extremity. Recombinant proteins were
produced in bacteria (BL21-DE3-plysS E. coli strain, GE Healthcare) which had been
transformed with one of the gene constructs, grown at 37 °C in LB broth supplemented with
chloramphenicol and ampicillin. When cultures reached a density of ODepo=0.5, protein
expression was induced by adding 0.2 mM IPTG. After 3 hours, cells were pelleted, re-
suspended in 300 mM NaCl, 50 mM Tris-HCI pH 7.0 and lysed by several cycles of freezing
and thawing. The resulting lysate was centrifuged and the supernatant containing the over-
expressed proteins was incubated with Cobalt resin (Talon, Clontech) at 4 °C. The resin was
washed with 300 mM NaCl, 50 mM Tris-HCI pH 7.0, before eluting the proteins with
200 mM imidazole, 300 mM NaCl, 50 mM Tris-HCI pH 7.0. Sample quality and purity was
improved by performing gel filtration (Superdex-200, GE Healthcare) with 100 mM KCI in
BRB80 (80 mM Pipes pH 6.8, 1 mM MgCl,, 1 mM EGTA) as buffer. Samples were snap
frozen in liquid nitrogen and stored at -80 °C.

To produce fluorescent APC-C, the APC-C-6xHis nucleotide sequence was inserted into the
pSNAP-tag(T7) vector (New England Biolab) digested with BamHI and Xhol. Expression of
the fusion protein was induced by adding 0.2% arabinose (w/v) to an overnight bacterial
culture (BL21-Al E. coli strain, GE Healthcare) and incubating at 18 °C. The fusion protein
was purified as above, but using 50 mM Hepes pH 7.5, 200 mM KCIl, 1 mM DTT as the
buffer for the gel filtration step. Labelling with the SNAP549-surface substrate (New England

Biolab) was performed according to the manufacturer’s instructions at room temperature.
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Tubulin and EB proteins used in this study were purified as previously described [42]. The
expression vectors for EB3-NL-LZ, GFP-EB3 and EB1-GFP were a gift from Michel
Steinmetz [27]. EBImut (R17A/K100E/Q102E) was generated by site-directed mutagenesis
(Quickmutagenesis kit, Agilent).

Oligonucleotides used for mutagenesis are listed in the supplementary material (Table S1).

Co-Sedimentation Assay. To test the recruitment of EB1mut by SxIP-motif mutated APC-C
(APC-SRLP: P2536L/1.2538D; APC-SQIP: 12805N/P2806Q); APC-SXIPmut:
P2536L/1.2538D/12805N/P2806Q), the following solution was prepared: 15 uM tubulin,
2 uM APC-C (or APC-C mutants), 4 uM EB1mut, 1 mM GTP, 50 mM KCI in BRB80. 20 uL
of this solution was incubated for 30 minutes at 37 °C. The mixture was then carefully
overlaid on a 40-uL cushion of 60% (w/v) sucrose in BRB80 and 50 mM KCI, before
centrifugation at 70,000 rpm (Beckman rotor TLA-100) for 45 minutes at 35 °C. The protein-
content of the supernatant and pellet were analysed by migration on SDS-PAGE-10%
revealed by Coomassie blue staining. The band corresponding to EB1mut was quantified by

ImageJ [43].

In vitro microtubule dynamics and microtubule end-tracking assays. To decipher the
influence of APC-C and APC-C/GFP-EB3 on microtubule dynamics by TIRF microscopy,
flow chambers were prepared and perfused with stable fluorescent (ATTO-565) GMPCPP-
microtubule seeds as described previously [42]. Microtubule nucleation was then induced
from seeds by adding the following elements: 15 uM bovine tubulin containing 15%
fluorescent ATTO-565-tubulin mixed with either 25 nM GFP-EB3 alone or in presence of
50 nM APC-C in BRB80, 100 mM KCl, 3% (v/v) glycerol, 1 mM GTP, 1% (w/v) BSA, 0.1%
(w/v) methyl-cellulose 4000 cp, 4 mM DTT, 1mg/mL glucose, 70 mg/mL catalase,
580 mg/mL glucose oxidase. Experiments with EB3-NL-LZ were performed using 1 nM

EB3-NL-LZ and 50 nM APC-C (or 50 nM APC-ANSI). Samples were observed for
13



30 minutes at 32 °C on an inverted microscope (Nikon) equipped with an ilas*> TIRF system
(Roper Scientific), a cooled charged-coupled EMCCD camera (Photometrics), a warm stage
controller (Linkam) and controlled by MetaMorph software. Experiments with EB1-GFP and
EB1mut-GFP were performed in 50 mM KCl using 50 nM EB1-GFP (or 50 nM EB I mut-GFP)
and 50 nM APC-C. Samples were observed by TIRF microscopy for 30 minutes at 32 °C as
described above. Fluorescence intensity and microtubule dynamic parameters were measured
on kymographs using ImagelJ software [43] and an in-house KymoTool [14,42].

The fluorescence intensity of EB comets was calculated from the average intensity of a 5-
pixel-thick line traced along microtubule growing (+) ends. The same region was used to
estimate the background contribution, which was then subtracted from the initial signal. A
similar procedure was used to estimate the fluorescence intensity of GFP-EB3 on the

microtubule lattice.

Single-molecule assay. For single-molecule TIRF experiments, GFP-EB3 was used at a final
concentration of 1 nM in BRB80, 100 mM KCl, 3% (v/v) glycerol, 1 mM GTP, 1% (w/v)
BSA, 0.1% (w/v) methyl-cellulose 4000 cp, 4 mM DTT, 1 mg/mL glucose, 70 mg/mL
catalase, 580 mg/mL glucose oxidase with or without APC-C. To increase the number of
observable events, we used 50 nM GFP-EB3 to estimate the residence time and the binding
frequency of GFP-EB3 alone on the lattice. Data were recorded using a 100x objective and
50-ms exposure time (with streaming acquisition) for two minutes. Microtubule assembly and
GFP-EB3 signal were monitored simultaneously using a dual-view system (Roper Scientific).
The duration of GFP-EB3 binding events on microtubules (EB3 residence time) were
measured on kymographs, both at microtubule (+) ends and on the microtubule lattice. The
cumulative distribution of the residence times was fitted by a one-phase exponential decay,
applying constraints on YO value (YO = 0) (Prism7, GraphPad Software). Binding frequencies
were determined by dividing the number of binding events by the duration of the recording

(in seconds) and by the nanomolar GFP-EB3 concentration over 5 pixels for the (+) end
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(equivalent to 0.795 um). For the lattice, the number of binding events per second was
considered over the longest dimension of the microtubule, excluding the seed and comet
areas. Binding events shorter than our exposure time (50 ms) can be missing, therefore
leading to inaccurate residence times for the lattice binding of EB3. Thus, we estimated the
accuracy of the residence times (T) by using the mathematical model described in [44] that
allows fitting simulated exponentially distributions with cut-off. For each residence time (EB3
alone, EB3 + APC-C), we generated 500 simulated samples using the following values: cut-
off time = 0.05 s (our experimental detection limit), observation time tobs = 5 s, bin size dt =
0.05 s, residence time T= 0.069 s and T= 0.074 s for EB3 alone and EB3 + APC-C,
respectively (Table 2) and a total number of events Ns varying from 50 to 2000. From these
data, we drew theoretical graphs of computed mean residence time T and corresponding 95%
confidence interval as a function of the number of observed events. Using these graphs, we
determined that the residence times have an accuracy of 3 ms for EB3-alone (240

experimental points) and 2 ms for EB3 + APC-C (750 experimental points).

Miscellaneous: Kymographs, intensity estimations and microtubule dynamic parameters were
determined using ImageJ software [43]. Contrast of the colored kymographs illustrating the
TIRF experiments was adjusted using the Image] software according to the following
procedure: For each figure panel, the kymographs with the same color channel (A = 491 nm
and A = 561 nm) were stacked together and the local contrast of the stacked images was
enhanced by the “enhance contrast function” implemented in Image] using the stack
histogram and 0.3% saturated pixels. Statistical analyses were performed using Prism7
(GraphPad Software). The statistical significance was determined using a Kruskal-Wallis test.
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Figure captions

Figure 1. Schematic view of the proteins used in this study. APC: Bright green: ANS1 and

ANS2, two domains involved in actin nucleation [8]. ANS1 overlaps with the microtubule-
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binding domain [8]. Dark green: SRLP and SQIP represent the two SxIP EB-binding motifs
of APC. EB3 and EBI1: The different structural domain of EBs are represented: CH:
Calponin domain; CC: coiled coil domain; EBH: End Binding Homology domain; Tail: acidic
tail; GCN4: homodimerisation domain of the yeast transcriptional activator GCN4 (according

to [27]).

Figure 2. The C-terminal domain of APC dramatically increases GFP-EB3 recruitment
to microtubules. Microtubule nucleation was induced from ATTO-565-tubulin seeds by
mixing 15 uM bovine tubulin containing 15% fluorescent ATTO-565-tubulin with either
25 nM GFP-EB3 alone or in presence of 50 nM APC-C. (a) Representative kymographs
showing GFP-EB3 fluorescence on microtubules in absence and presence of APC-C. (b)
Quantification of GFP-EB3 fluorescence at microtubule (+) ends and on the microtubule

lattice (number of comets analysed: n= 42 (GFP-EB3); n= 50 (GFP-EB3 + APC-C)).

Figure 3. The C-terminal domain of APC does not accumulate at the microtubule (+)
ends. Microtubule nucleation was induced from ATTO-565-tubulin seeds by mixing 15 uM
bovine tubulin with (a) 50 nM SNAP549-APC-C alone, (b) 25 nM GFP-EB3 alone or (c¢)
combining the two proteins. Representative kymographs illustrating the distribution of GFP-
EB3 and SNAP549-APC-C on microtubules. (d) Quantification of GFP-EB3 fluorescence at
microtubule (+) ends (number of comets analysed: n= 70 (GFP-EB3); n= 95 (GFP-EB3 +

SNAP549-APC-C)).

Figure 4. APC/EB interaction is required for APC-dependent recruitment of EBs to
microtubules. Microtubule nucleation was induced from ATTO-565-tubulin seeds by mixing
15 uM bovine tubulin containing 15% fluorescent ATTO-565-tubulin with either 25 nM
GFP-EB3 alone or in presence of 50 nM APC-C (or 50 nM APC-ANSI1). (a) Representative

kymographs showing GFP-EB3 binding to microtubules alone, or in presence of APC-C or
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ACP-ANSI1. (b) Quantification of GFP-EB3 comet fluorescence in these conditions (number
of comets analysed: n= 39 (GFP-EB3); n= 73 (GFP-EB3 + APC-C); n= 99 (GFP-EB3 +
APC-ANS1)). Microtubule nucleation was induced from ATTO-565-tubulin seeds by mixing
15 uM bovine tubulin containing 15% fluorescent ATTO-565-tubulin with either 1 nM GFP-
EB3-NL-LZ alone or in presence of 50nM APC-C (or 50 nM APC-ANSI1). (c)
Representative kymographs showing GFP-EB3-NL-LZ fluorescence on microtubules alone or
in presence of APC-C or APC-ANSI1. (d) Quantification of GFP-EB3-NL-LZ comet
fluorescence in these conditions (number of comets analysed: n= 92 (GFP-EB3-NL-LZ); n=

64 (GFP-EB3-NL-LZ + APC-C); n= 69 (GFP-EB3-NL-LZ + APC-ANS1)).

Figure 5. The SXIP signatures of APC are required for APC-dependent recruitment of
EBs to microtubules. (a) Sedimentation assays with dynamic microtubules polymerized in
the presence of EBImut and either APC-C or SxIP-mutated APC-C forms (APC-SRLP, APC-
SQIP, APC-SXIPmut). P: pellet; Sn: supernatant. (b) Quantification of the EBlmut band
intensities normalized by tubulin in pellet (from three independent experiments). Error bars
represent standard deviation. (c) Microtubule nucleation was induced from ATTO-565-
tubulin seeds by mixing 15 uM bovine tubulin containing 15% fluorescent ATTO-565-tubulin
with either 25 nM GFP-EB3 alone or in presence of 50 nM APC-C (or 50 nM APC-SXIPmut).
Representative kymographs showing GFP-EB3 recruitment to microtubules by APC-C and
APC-SXIPmut. (d) Quantification of GFP-EB3 comet fluorescence alone or in the presence of
APC-C or APC-SxIPmut (number of comets analysed: n= 39 (GFP-EB3); n= 73 (GFP-

EB3+APC-C); n= 58 (GFP-EB3 + APC-SXIPmut)).

Figure 6. APC-C can cause a microtubule-binding-incompetent mutant of EB1 to bind
microtubules along the lattice. Microtubule nucleation was induced from ATTO-565-
tubulin seeds by mixing 12 uM bovine tubulin containing 15% fluorescent ATTO-565-tubulin

with 50 nM EBI1mut-GFP. (a) Representative kymograph illustrating the absence of
23



microtubule binding of EB1mut-GFP. A= 561 nm (MT: microtubule) and A= 488 nm (EB 1 mut-
GFP) fluorescence channels are shown separately. Microtubule nucleation was induced from
ATTO-565-tubulin seeds by mixing 12 uM bovine tubulin containing 15% fluorescent
ATTO-565-tubulin with 50 nM APC-C and 50 nM EBI1-GFP or 50 nM EBI1mut-GFP.
Representative kymographs illustrating the effect of APC-C on the recruitment of (b) EB1-
GFP or (¢) EB1mut-GFP to microtubules. (d) Quantification of EB1-GFP and EB1mut-GFP
fluorescence on the lattice and at the (+) end of microtubules in the presence of APC-C

(number of comets analysed: n= 35 (EB1-GFP); n=9 (EB1mut-GFP)).

Figure 7. APC-C promotes differently the recruitment of EBs to microtubule ends and
to the microtubule lattice. (a) Representative kymographs showing GFP-EB3 (1 nM)
fluorescence at the ends of growing microtubules in the absence or presence of 10 nM APC-
C. A= 561 nm (MT: microtubule) and A= 488 nm (GFP-EB3) fluorescence channels are
shown separately. (b) Cumulative frequency of the residence times measured with 1 nM
GFP-EB3 +/- 10 nM APC-C. Solid lines and dotted lines represent experimental data and
fitting curves, respectively. (c) Representative kymographs showing GFP-EB3 fluorescence
on the microtubule lattice in the absence or presence of APC-C. These experiments were
performed with either 50 nM GFP-EB3 alone, or 1 nM GFP-EB3 and 35 nM APC-C. (d)
Cumulative residence times measured with 50 nM GFP-EB3 alone, or 1 nM GFP-EB3 and
35 nM APC-C. Solid lines and dotted lines represent experimental data and fitting curves

respectively.

Figure 8. Schematic representation of EB recruitment by APC-C. In the absence of APC-
C, EBs barely bind to the microtubule lattice, and turnover is faster (1= 0.069 s, represented
by pale green arrows) than at microtubule (+) ends (T= 0.339 s, represented by medium green

arrow). This effect results in preferential accumulation of EBs at microtubule (+) ends.
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Although APC-C binds homogeneously along the microtubule, it promotes the recruitment of
EBs to the lattice and to microtubule ends differently. On the lattice, APC-C tethers EBs
without changing its turnover (T= 0.074 s, represented by pale green arrows). At microtubule
(+) ends, the increased EB comet signal is the result of slower turnover of EBs interacting

with both APC-C and the microtubule (1= 1.126 s, represented by dark green arrows).
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Table 1. Effects of APC-C and EB3 on microtubule dynamic parameters.

Growth rate

Shrinking rate

(SD) N Time (SD) N Time Frequency of N
um/min (min) Lum/min (min) catastrophes
Tubulin (%gg) 116 678 %725 77 223 0.15 101
EB3 (})-;21) 100 600 %98.;;? 55 15.9 0.15 90
APC-C ({)-gg) 122 1076 (213-69) 77 475 0.08 88
APC-C+ EB3 éﬁ;‘) 145 601 28:;0 120 49.2 0.24 144
APC-ANSI &)-jg) 126 1133 (213-88) 66 42.1 0.07 85
APC-ANSI + EB3 &)-.‘2‘;) 223 1995 (13278) 125 56.5 0.09 181

Footnotes: N= number of events. SD= Standard Deviation



Table 2. Residence times and binding frequencies on microtubules for GFP-EB3 alone and in presence of APC-C.

(+) End Residence time Binding frequency
(s) (s'.um!.nM™)
EB3 1 nM 0.339 N =959 0.046 N =64
EB3 1 nM + 10 nM APC-C 1.126 N =982 0.077 N=104
Lattice Residence time Binding frequency
(s) (st.um!.nM™)
EB3 50 nM 0.069 N =240 0.00007 N=62
EB3 1 nM + 35 nM APC-C 0.074 N =750 0.853 N =56
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