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Actin-microtubule coordination at growing
microtubule ends
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To power dynamic processes in cells, the actin and microtubule cytoskeletons organize into
complex structures. Although it is known that cytoskeletal coordination is vital for cell
function, the mechanisms by which cross-linking proteins coordinate actin and microtubule
activities remain poorly understood. In particular, it is unknown how the distinct mechanical
properties of different actin architectures modulate the outcome of actin-microtubule
interactions. To address this question, we engineered the protein TipAct, which links growing
microtubule ends via end-binding proteins to actin filaments. We show that growing
microtubules can be captured and guided by stiff actin bundles, leading to global
actin-microtubule alignment. Conversely, growing microtubule ends can transport, stretch
and bundle individual actin filaments, thereby globally defining actin filament organization.
Our results provide a physical basis to understand actin-microtubule cross-talk, and reveal
that a simple cross-linker can enable a mechanical feedback between actin and microtubule
organization that is relevant to diverse biological contexts.
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ukaryotic cellular life critically relies on cell division, growth

and migration, all highly dynamic processes that are

organized and powered by the microtubule and actin
cytoskeletons. Although it is now clear that these two cytoskeletal
systems must be coordinated’, it remains unclear how the activity
of actin-microtubule cross-linkers enables their functional co-
organization in different cellular contexts. In particular, it is
unknown how cross-linker-mediated cytoskeletal cross-talk is
influenced by the diversity of filamentous actin (F-actin)
architectures found in cells (that is, free, cross-linked and
bundled), whose distinct mechanical properties are likely to
impact the outcome of their encounters with growing
microtubules.

An important instance of actin-microtubule coordination in
cells consists in guidance of microtubule growth by bundles of
F-actin!. This occurs in migratory cells, where growing
microtubule ends are targeted towards focal adhesions at the
ends of stress fibres to regulate their turnover’* and ensure
motility?, and in extending axons, where microtubules that
polymerize inside filopodia at the front of the growth cone
consolidate the direction of growth®~’. Essential players in these
processes are the spectraplakins®, such as the microtubule-actin
cross-linking factor (MACF)*10, multivalent proteins caépable of
both physically cross-linking F-actin and microtubules>®~12, and
transiently concentrating at growing microtubule ends by
associating with end-binding (EB) proteins®!2, };utting them in
the class of plus-end tracking proteins (+TIPs!%). Other actin-
microtubule cross-linking systems involving +TIP activity include
the closely related GAS2-like family of proteins'~1¢ and the Kar9-
Bim1-Myo2 system of Saccharomyces cerevisiae'”'8,

Here, with the use of a minimal model system reconstituted
from purified proteins, we elucidate how linking growing
microtubule ends to F-actin structures can help direct cytoskeletal
organization. To establish actin-microtubule interactions in vitro,
we engineered a model actin-binding, microtubule plus-end
tracking protein that we call TipAct. This simple cross-linking
system recapitulates the in vivo ability of stiff actin bundles to
capture and guide microtubule growth?=>, which turns out to be
highly dependent on their encounter angle and the concentration
of cross-linking protein both at the microtubule tip and the
lattice. In a different context, however, the same cross-linking
system enables growing microtubules to pull, stretch and bundle
single actin filaments, and thereby globally dictate their spatial
organization. We conclude that, independently of biochemical
regulation, a variety of cytoskeletal organizations can arise from
the interplay between a simple cross-linker and the relative
mechanical properties of F-actin and microtubule structures.

Results

TipAct links microtubule growing ends to actin filaments. We
generated a minimal version of the F-actin binding + TIP MACF
(also known as ACF7 in mammals® and short-stop/shot in
Drosophilall). Our green fluorescent protein (GFP)-TipAct
construct (Fig. 1la; Supplementary Fig. 1la) contains an
N-terminal GFP-tag followed by an F-actin-binding domain
consisting of tandem calponin-homology (CH) domains®!!, and
an C-terminal region containing an SxIP motif to bind EB
proteins®!21%, and thus act as a microtubule tip localization signal
(MLLS)". We replaced the g)lakin domain and spectrin-repeat rod
that separate these regions® (and may mediate dimerization®) in
MACEF with the coiled-coil linker of cortexillin I, which induces
parallel dimerization??, Despite its much simpler domain
architecture, when transiently expressed in living cells, GFP-
TipAct localized to the growing ends of microtubules and to
F-actin structures in the periphery of the cell, in a similar fashion
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as full-length MACF/Shot do in vivo®”*101221.22 (Supplementary
Fig. 1b,c; Supplementary Information).

To test the + TIP activity of TipAct in vitro, we polymerized
microtubules from GMPCPP-stabilized microtubule seeds immo-
bilized on a microscope coverslip, in the presence of GFP-TipAct
and mCherry-EB3 (EB protein family member 3), and imaged
the proteins by total internal reflection fluorescence microscopy.
GFP-TipAct localized to growing microtubule ends only when
EB3 was present (Fig. 1b; Supplementary Fig. 2a; Supplementary
Movie 1). We did not observe lagging of TipAct’s plus-end
intensity behind that of EB3 (Fig. 1b, bottom), in contrast to
MACEF/Shot’s behaviour in vivo®!?, suggesting that other protein
domains or interactions with F-actin may be required for this
effect. Fluorescence recovery after photobleaching (FRAP)
experiments revealed that both EB3 and TipAct exchange
quickly at microtubule tips, kog~2-3s~ ! (Supplementary
Fig. 3b,c; Supplementary Information). Finally, TipAct did not
alter the parameters of microtubule dynamic instability relative to
the addition of EB3 alone (Supplementary Table 1). We thus
conclude that on freely growing microtubules, TipAct behaves as
an EB-dependent plus-end tracker with no added effect on
microtubule dynamics.

We then tested the interaction of TipAct with F-actin, and
found that in the conditions of our in vitro assays (that is, [GFP-
TipAct] ~25-50 nM), GFP-TipAct did not detectably bind actin
filaments on its own (Fig. 1c, bottom). This can be explained by
its low affinity for F-actin (K4~ 5pM, Supplementary Fig. 4a),
which we measured via co-sedimentation assays, and is consistent
with the dissociation constants of tandem CH actin-binding
domains (ABDs) (K4q~5-25uM) typically reported in the
literature?®. Note, however, that this observation is at odds with
previously reported values of MACF/Shot’s affinity for
F-actin!®2, in which Ky's in the order of 22-350nM were
estimated. Although we did not rule out that low affinity of GFP-
TipAct for F-actin stems from steric hindrance by the enhanced
GFP (eGFP) tag, we were careful to place spacers between all its
functional domains (Supplementary Fig. 1a). A medium-to-low
affinity for F-actin would be, however, more consistent with
MACF/Shot’s predominant localization at microtubule tiPS and
specific actin structures at the periphery of cells®”%10:12:21.22)
which we found well mimicked by our GFP-TipAct construct
(Supplementary Fig. 1b,c).

Despite the low affinity of TipAct for actin filaments, its locally
enhanced concentration at the growing ends of microtubules
could clearly lead to the binding of actin filaments, which was
evidenced by a cessation in actin filament fluctuations at the point
of capture by a growing microtubule (Fig. 1d; Supplementary
Movie 2). This suggests that collective effects can enable an
otherwise weak actin-binder to link the microtubule tip to
F-actin. Such an effect could be essential for the in vivo activity of
actin-microtubule cross-linking + TIPs, such as MACF/Shot or
the GAS2-like family of proteins, allowing cells to control where
microtubule cross-talk with single actin filaments takes place, that
is, at growing microtubule ends, while avoiding cross-linking
elsewhere.

TipAct guides microtubule growth along actin bundles. In stark
contrast to the microtubule-dependent interactions with single
actin filaments, we observed that GFP-TipAct stably and inde-
pendently associated with actin bundles (Fig. 1f bottom,
Supplementary Fig. 2b). A binding preference for bundles over
single actin filaments has also been reported for Dystrophin?, a
closely related protein to MACF/Shot with a homologous tandem
CH ABD?3. This property could help explain why MACEF/Shot
decorate specific pools of F-actin in cells®7:%10:12:21,22,
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Figure 1 | GFP-TipAct localizes to growing microtubule ends via EB3 where it interacts with actin filaments, and also guides microtubule growth along
actin bundles. (a) Domain structures of full-length MACF and GFP-TipAct. (b) Kymograph of microtubule growth with mCherry-EB3 and GFP-TipAct (top,
Supplementary Movie 1). Fluorescence intensity along the dashed line on the kymograph (bottom). Experimental setups where growing microtubules
interact with actin filaments (¢) (top), or actin bundles (f) (top), via EB3 and TipAct. Montages showing the representative localization of GFP-TipAct in
these experiments (c,f) (bottom). (d) Time series of an experiment as in ¢ (top). Arrowheads show a microtubule growing plus-end that interacts with an
actin filament (Supplementary Movie 2). (e) (top), kymograph of the microtubule in d. (e) (bottom), fluorescence intensity along the dashed line on the
kymograph. (g) Time series of an experiment as in f (top). (h) (top), kymograph of the microtubule growing along an actin bundle, indicated by arrowheads
in g (Supplementary Movie 3). (h) (bottom), fluorescence intensity along the dashed line on the kymograph. In b, e and h, the location of the microtubule
seed is indicated above the merge pane. The GFP-TipAct and mCherry-EB3 intensities were normalized by their mean values at the microtubule lattice, and
the actin intensity by its mean value (when applicable). Composition in b, ¢ and d: 16 pM tubulin, 100 nM EB3 and 50 nM GFP-TipAct for n=5
experiments; in f and g: 27 M tubulin, 100 nM EB3, 50 nM GFP-TipAct and 500 nM fascin, for =8 experiments. Scale bars, 5um; time, min:s. ABD,

actin-binding domain; MT, microtubule; MtLS, microtubule tip localization signal; MTBD, microtubule-binding domain; CC, coiled-coil.

TipAct’s stable association with actin bundles was sufficient to
force microtubule growth to proceed in tight association with
such bundles (an effect we call ‘zippering’; Fig. 1g; Supplementary
Movie 3). This was the result of TipAct-mediated localization of
EB3 at actin bundles (Supplementary Fig. 2b top), which was
further enhanced in regions of microtubule-actin overlap
(Fig. 1h; Supplementary Fig. 2b bottom). Similar effects on EB1
localization and actin-microtubule co-alignment have been
recently reported for members of the GAS2-like family of
proteins in vivo!®, and could help explain the observed
enhancement of MACF/Shot and EB1 localization along
microtubules in actin-rich regions in cells!®!2. It is plausible
that in vivo such a mechanism acts in synergy with the
establishment of actin-microtubule linkages mediated by
MACF/Shot’s microtubule lattice-binding domain®® (Fig. 1a),
which is the most heavily regulated portion of these
molecules?>>26, Note that we never observed guidance of
microtubule growth by actin bundles, nor enhanced mCherry-
EB3 localization at actin bundles when we replaced TipAct for a
similar protein construct lacking the ABD altogether
(Supplementary Fig. 2¢; Supplementary Movie 4).

To test whether the establishment of an actin-microtubule
connection would affect EB3 and TipAct’s turnover rates, we
performed FRAP experiments on free and actin-bound

microtubule tips, as well as on free and microtubule-bound actin
bundles, and tracked the fluorescence recovery of mCherry-EB3
and GFP-TipAct for all cases (Supplementary Fig. 3;
Supplementary Information). Consistent with previously reported
values?’, mCherry-EB3 and GPF-TipAct both exchanged quickly
at free microtubule growing ends (kog~2-3s~ !; Supplementary
Fig. 3b,c). In the case of actin-bound microtubule tips, however,
we found that a fraction of these proteins exchanged
approximately three to five times slower (Supplementary
Fig. 3b,c). In addition, the transition rate from a tip-like to a
lattice-like binding profile was reduced twofold (resulting in
longer plus-end intensity profiles, given that microtubule growth
rates remained the same; Supplementary Fig. 3¢c), and the steady-
state microtubule lattice-intensity of both mCherry-EB3 and
GFP-TipAct increased (Supplementary Fig. 3b). On the other
hand, we found that GFP-TipAct stably associated with actin
bundles (both free and microtubule bound) showing no recovery
on the timescale of observation (~ 14's). However, mCherry-EB3
was mobile in both cases (Supplementary Fig. 3f), although we
found that a fraction of the protein recovered approximately three
times slower in the presence of actin—microtubule overlaps
(Supplementary Fig. 3g). These experiments reveal two important
things: first, that EB3 and TipAct do not form a stable complex in
solution, but rather dissociate on a timescale (~ 3 s) that is slower
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than their dwell-time at microtubule growing ends (~0.3-0.5s), Supplementary Movie 5). This effect was dominant at shallow
but faster than the dwell-times of TipAct at actin bundles angles (<5°), was rare above 25° (Fig. 2c) and its probability
(>14s5), and of EB3 at the microtubule lattice in regions of actin-  weakly increased with microtubule length (Fig. 2f, top).
microtubule overlap (~10s). Second, that actin-microtubule Catastrophes were observed at all angles, but more often for
linkages can be stabilized by the steady localization of TipAct at  short microtubules (Fig. 2f, top).
actin bundles, which leads to a reduced off-rate of EB3 in regions With TipAct, capture of microtubule ends occurred over a
of actin-microtubule overlap, effectively resulting in enhanced similar range of angles (Fig. 2e), but was, however, followed by
steady-state microtubule tip and lattice intensities of both zippered growth along the actin bundles. This could result in
proteins. Supplementary Fig. 3d,h show schematics of the sharp bends of the microtubule lattice near the point of first
interpretation of the FRAP experiments, and the different contact (Fig. 2h; Supplementary Movie 6), reminiscent of recent
reactions with which we associate the rates (Supplementary observations of microtubule guidance by actin stress fibres in
Fig. 3c,g) obtained from fits to the recovery curves patterned cells, in which microtubules were observed to sustain
(Supplementary Information). sharp deformations?®. Capture of microtubule ends by TipAct
reduced the probability of microtubule catastrophe-induced by
collisions® at small encounter angles (Fig. 2e), and made capture
Actin bundles can capture and redirect microtubule growth. insensitive to microtubule length (Fig. 2f, bottom). Similar
Given that TipAct allows actin bundles to guide microtubule observations of microtubule capture and guidance have been
growth, we wondered whether this interaction could lead to the recently reported using EB1-kinesin complexes in vitro3132,
efficient capture and redirection of growing microtubule ends. To test the contributions of microtubule tip and lattice to the
For this purpose, we characterized encounters between growing capture and guidance mechanism of TipAct, we performed
microtubules and actin bundles, and classified their outcome into  further experiments with decreasing amounts of TipAct while
four categories”®: catastrophe, cross-over, deflection and keeping EB3 constant. We found that while the angle dependency
zippering (Fig. 2a), whose probability we analysed as a function for microtubule capture remained approximately the same;
of microtubule length L and intersection angle 0 between the reducing the concentration of GFP-TipAct resulted in an
microtubule and the actin bundle at the point of first contact. increasing fraction of zippering microtubules that eventually
Without TipAct, microtubule ends could be deflected by snapped off their actin tracks (Fig. 2d). This was true for both
collisions with the actin bundles, leading to smooth bending of steep (Supplementary Fig. 5a; Supplementary Movie 7) and
the microtubules as they continued to grow (Fig. 2b; shallow (Supplementary Fig. 5b) encounter angles. Furthermore,
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Figure 2 | GFP-TipAct captures and redirects microtubule growth along actin bundles. (a) Classification of the interaction outcome between growing
microtubule plus-ends and actin bundles, and how the intersection angle 6 and microtubule length L were defined. (b) Time series of a microtubule grown
without GFP-TipAct whose plus-end is mechanically deflected by an actin bundle (Supplementary Movie 5). Analysis of the probability of each interaction
outcome as defined in a, as a function of 6, both without (¢) and with increasing concentrations of GFP-TipAct (d,e). (f) Analysis of the probability of each
interaction outcome as a function of L with (bottom) or without (top) 50 nM GFP-TipAct. (g) Comparison of the compound probability of each outcome for
all the concentrations of GFP-TipAct used. For each of the following conditions: O, 6.25, 12.5, 25 and 50 nM GFP-TipAct, n=708, 459, 421, 443 and 914
interactions were analysed, respectively. (h) Time series of a microtubule grown with GFP-TipAct that zippers onto an actin bundle as it grows
(Supplementary Movie 6). Composition: 25 uM tubulin, 100 nM EB3 and 500 nM fascin for n=6 experiments with (h) and n=9 experiments without
(b) 50 nM GFP-TipAct. In b and h, white arrowheads indicate the growing plus-ends of the microtubules. Scale bars, 10 um; time, min:s.

4 NATURE COMMUNICATIONS | 5:4778 | DOI: 10.1038/ncomms5778 | www.nature.com/naturecommunications
© 2014 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

at the lowest concentration of GFP-TipAct used, we found that a
large fraction of microtubules interacted with the actin bundles
solely via their growing tips (Supplementary Fig. 5¢), resulting in
a guidance mechanism that closely resembled that of deflection
(Fig. 2b) when TipAct was fully absent.

These observations indicate that the bending energy involved
in redirecting a microtubule can only be overcome by physically
linking its lattice to the actin bundle, effectively leading to
increased capture and alignment efficiency (Fig. 2g). Although the
microtubule tip plays a key role in the initial capture event (we
never observed a microtubule aligning with an actin bundle that it
had initially crossed-over), decreasing the amount of TipAct
revealed that when the density of cross-linkers at the actin—
microtubule overlap is not high enough, and given that EB3 does
exchange (Supplementary Fig. 3), microtubules will be more
likely to detach from their actin tracks.

Arrays of actin bundles globally organize microtubule growth.
Given that both mechanical effects and physical cross-linking by
TipAct can redirect microtubule growth, albeit with different
efficiency, we wondered to what extent they would allow a well-
defined F-actin architecture to globally organize microtubule
growth. To this end, we generated sparse arrays of actin bundles
interspersed with randomly oriented microtubule seeds from
which microtubules were polymerized in quasi two-dimensional
confinement®3, Growth was allowed to proceed for ~ 1h, with
(Fig. 3a) and without (Fig. 3b) GFP-TipAct, in conditions where

the average microtubule length continuously increased
(Supplementary Fig. 6; Supplementary Information). In both
cases, histograms of microtubule orientation angle fy,r gradually
developed a peak centred about the mean F-actin angle
{Oscriny (Fig. 3c), although with TipAct the final peak
appeared narrower, and the microtubules better co-aligned with
the actin bundles (Fig. 3a,b).

To better quantify this difference in organization efficiency, we
calculated the degree of microtubule alignment (Supplementary
Information) for several such experiments as a function of the
average microtubule length ({Lyr)), which we estimated from
the fraction of the field of view covered by microtubules
(Supplementary Fig. 7; Supplementary Information). For short
microtubules ({ Ly <19um), alignment increased linearly
with {(Lyr ), both with and without TipAct (Fig. 3d). However,
for long microtubules ({Lyrr) >19 um) these trends diverged:
with TipAct microtubules became increasingly aligned, whereas
without TipAct there was no discernible trend in alignment with
increasing length. As expected, in the presence of TipAct,
increased microtubule alignment coincided with increased over-
lap with the actin bundles as a result of zippering (Fig. 3e). Thus,
although purely mechanical effects can under certain conditions
organize microtubule growth (Fig. 2b,c), lack of (sufficient)
anchoring to the actin bundles eventually makes microtubules
susceptible to lose their tracks (Fig. 2d; Supplementary Fig. 5),
which is especially true if the actin bundles are sparse®’. We
anticipate that in a three-dimensional cellular situation, such
‘escapes’ would be even more common.
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Figure 3 | GFP-TipAct allows linear arrays of actin bundles to stably and efficiently template microtubule organization. Early (t=0) and late (t~40-
50 min) time points of microtubule growth within linear arrays of actin bundles with (a), and without (b) GFP-TipAct. (¢) Evolution of the distributions of
microtubule orientation angle Oy, for the experiments in a and b, respectively. Colour gradients indicate the time evolution of the distribution. Each curve is
shifted 0.17 a.u. relative to the previous one. Black curves show the time-averaged distribution of actin-bundle orientation angle Oactn. Evolution of
microtubule alignment (d), and microtubule-actin overlap (e), as functions of {Lyt ). Error bars are s.d. The gray-dashed line at (L) =19umind
indicates where the trends diverge. Normalized histograms of the difference between microtubule and mean F-actin orientation angle {factin >, for short
(), and long (g), microtubules as defined in d. Data are the average of n=6/9 experiments, comprising 17/9 histograms for long microtubules, and 18/11
histograms for short microtubules, with/without GFP-TipAct, respectively. Error bars are s.d. Dark green and purple lines and insets show fits to
equation (1) (see Methods). Data and fits without GFP-TipAct are shifted up 0.8 a.u. Composition of the experiments: 27 pM tubulin, 100 nM EB3 and
500 nM fascin; with (a) and without (b) 50 nM GFP-TipAct. Scale bars, 10 um; time, h:min:s. MT, microtubule.
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On average, microtubule zippering via EB3 and TipAct resulted
in sharper microtubule orientation distributions better centred
about the average actin bundle orientation {f,ctn), both for
short ({Lyr) <19um, Fig. 3f), and long (<{Lyr) >19um,
Fig. 3g) microtubules. Such efficiency in actin-microtubule co-
alignment may account for the in vivo observation that the
activity of cross-linkers such as MACF/Shot is necessary to
establish well-ordered arrays of parallel microtubules oriented
towards the cell edge>!°. Given that growth proceeds tightly
along the actin bundle, potentially protecting the microtubule tip
from the many obstacles ubiquitous to the crowded interior of the
cell, we speculate that physically linking the elongating
microtubule lattice to the actin bundles is likely to be one of
the most efficient ways to target microtubule growth to particular
sites in the cell, such as focal adhesions at the end of actin stress-
fibres>™, or to the ends of filopodia®~”.

Growing microtubules can dictate actin filament organization.
Having shown how arrays of actin bundles can impose their
organization on growing microtubules, we wondered whether
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microtubules could, conversely, impose their organization on
actin filaments. Indeed, transient interactions between micro-
tubule growing ends and actin filaments through EB3 and TipAct
(Fig. 1d,e) were sufficient to allow microtubules to capture and
transport freely diffusible actin filaments (Fig. 4a; Supplementary
Movie 8), and to pull and stretch actin filaments that were par-
tially attached to the coverslip (Fig. 4b; Supplementary Movie 9),
independent of actin filament polarity (Supplementary Fig. 8a;
Supplementary Movie 10). Given the low affinity of GFP-TipAct
for actin filaments (Supplementary Fig. 4a), these force-generat-
ing interactions presumably stem from collective binding events
taking place at the microtubule tip, in our eyes analogous to the
way kinetochore components track depolymerizing micro-
tubules®®. A similar force-generation mechanism is at play in
recent reports of microtubule growing ends pulling membrane
tubes via -+ TIPs anchored at the endoplasmic reticulum?’.
When microtubules interacted simultaneously with many actin
filaments, we observed that they could incorporate them into
bundles that subsequently recruited GFP-TipAct and could thus
act as guides for repeated rounds of microtubule growth (Fig. 4c;
Supplementary Movie 11). Similar observations of composite

C
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Figure 4 | GFP-TipAct allows growing microtubules to transport, pull and bundle actin filaments, globally dictating F-actin organization. (a) Time
series of a growing microtubule end that transports a short actin filament (Supplementary Movie 8). Schematic of this effect (bottom). (b) Time series of a
growing microtubule that aligns and then pulls on an actin filament (Supplementary Movie 9). The dashed yellow line in the actin pane shows the contour
changes of the actin filament. Arrowheads in the merge pane show the microtubule plus-end. Schematic of this effect (bottom). (¢) Time series of a
growing microtubule that captures actin filaments and forms a bundle, which then guides the growth of another microtubule (Supplementary Movie 11).
The dashed yellow line in the actin pane shows the formation of the bundle. White arrowheads and arrows in the merge pane show the growing plus-ends
of these two microtubules. Schematic of this effect (bottom). Steady-state F-actin organization in the vicinity of a radial array of dynamic microtubules, with
(e), and without (d) GFP-TipAct. Composition in a and b: 16 pM tubulin, 100 nM EB3 and 50 nM GFP-TipAct for n= 8 and 9 experiments, respectively; in c:
20 puM tubulin, 100 nM EB3 and 25 nM GFP-TipAct for n =10 experiments; in d and e: 20 uM tubulin, 100 nM EB3, with (e) and without (d) 200 nM GFP-
TipAct for n=20 and 5 experiments, respectively. Scale bars, 5um (a-c); 10 um (d,e); time, min:s. MT, microtubule.
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actin-microtubule bundle formation have been reported for
members of the closely related GAS2-like family of proteins in
overexpression conditions'>!®, Strikingly, in cases when the actin
bundle was mobile, and its compliance comparable to that of the
microtubule, we observed that both could deform as the
microtubule polymerized (Supplementary Fig. 8; Supplementary
Movie 12). This observation is reminiscent of reports of
microtubule-dependent reorganization of filopodia in cells®,
and further supports the notion that mechanical effects strongly
modulate the ability of physical cross-linkers to dictate actin—
microtubule co-organization. Finally, to test whether these effects
on single actin filaments (Fig. 4a—c) would allow microtubules to
globally impose their organization on F-actin, we monitored the
radial growth of microtubules nucleated by centrosomes
immersed in an isotropic solution of actin filaments. Indeed,
with GFP-TipAct, actin filaments in the vicinity of the
microtubule array progressively adopted the radial organization
(Fig. 4e; Supplementary Fig. 9; Supplementary Information),
while without it they largely ignored the microtubule array and
remained free and randomly organized (Fig. 4d).

Conclusion

Overall, our results reveal that the activity of a simple actin-
microtubule cross-linking +TIP can establish a complex
mechanical feedback between actin and microtubule organiza-
tion. The affinity of TipAct is high for the ends of growing
microtubules and actin bundles but low for actin filaments, which
makes it possible to control the outcome of its cross-linking
activity by defining the F-actin architecture and its rigidity
relative to that of a microtubule. Our findings, although in the
context of a highly simplified in vitro system, mirror observations
reported in living cells, and highlight the physical component of
the regulatory control that cells can exert on actin-microtubule
co-organization in different contexts.

Methods

All reagents were obtained from Sigma unless otherwise noted.

Plasmid construction. GFP-TipAct was designed to contain an N-terminal eGFP
tag followed by the ABD and EB-binding domain (MtLS) of full-length human
MACF1 (NCBI reference sequence: NP_036222.3), separated by the coiled-coiled
linker of Cortexillin 1?° (Supplementary Fig. 1a). 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 complementary DNA 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-T in pET-15b%" and IMAGE clone
7476004. Each fragment was amplified using the primers indicated in
Supplementary Table 2. For protein purification, the amplified fragments were
ligated into the bacterial expression vector: pET-28a (Novagen, Merck Millipore,
Billerica, MA, USA), between Ndel and BamHI sites. This procedure resulted in a
vector expressing the construct eGFP-ABD-CC linker-EB-BD with an N-terminal
thrombin-cleavable 6xHis tag for purification. For live-cell imaging experiments,
the amplified fragments were ligated into the pEGFP-C2 vector (Clontech, Palo
Alto, CA, USA) between the Nhel and BamHI sites.

Protein isolation. The E. coli strain T7-express (New England Biolabs, Ipswich,
MA, USA) was used for expression of GFP-TipAct. Bacteria were grown at 37 °C
in LB containing 50 pgml ~ ! kanamycin. Protein expression was induced when
cultures reached Agyo = 0.8 by adding isopropyl B-p-1-thiogalactopyranoside to a
final concentration of 0.4 mM, followed by further incubation at 20 °C overnight.
The N-terminal 6xHis-tagged fusion proteins were affinity purified by immobilized
metal-affinity chromatography on Ni-NTA agarose (Qiagen Benelux B.V., Venlo,
Netherlands) at 4 °C using the gravity-flow method. Before cleavage of the 6xHis
tag, proteins were diluted to a concentration of 5mgml ~! in gel filtration buffer
(50 mM Na-phosphate pH 7, 400 mM NaCl, 2 mM MgCl,, 10% (v/v) glycerol and
5mM

B-mercaptoethanol) supplemented with 1 mM EDTA. Proteolytic cleavage was
carried out overnight at room temperature (RT) using human thrombin at a

concentration of 2.5Umg ™! of protein. Uncleaved proteins were removed by
running the cleavage reaction through the Ni-NTA agarose again. Cleaved proteins
were concentrated with a 30-kDa MWCO centrifugal filter unit (Merck Millipore)
and gel-filtered with an Akta chromatography system (GE Healthcare Bio-Sciences
AB, Uppsala, Sweden) through a Superdex-200 column (GE Healthcare) equili-
brated in gel filtration buffer. The peak fractions were pooled and concentrated as
above to a final concentration of 5mgml !, accompanied by a buffer exchange to
MRB80-KGf (MRB80: 80 mM Pipes, pH 6.8 set with KOH, 4 mM MgCl, and

1 mM EDTA, supplemented with 250 mM KCl, 10% (v/v) glycerol and 5mM -
mercaptoethanol). Finally, the proteins were aliquoted, snap-frozen in liquid N,
and stored at — 80 °C. The homogeneity of the recombinant proteins was assessed
by SDS-polyacrylamide gel electrophoresis (PAGE), and their concentration esti-
mated from the optical absorbance in MRB80-KGP buffer at a wavelength of
280 nm with an extinction coefficient of 59,820 M ~ Lcm ~ ! (estimated from the
amino-acid sequence). To obtain uncleaved 6xHis-GFP-TipAct, the purification
protocol was stopped after elution from the first Ni-NTA step, the protein was
concentrated as above to a final concentration of 5mgml ~!, accompanied by a
buffer exchange to MRB80-KGp bulffer, before snap-freezing and storage at
—80°C.

Lyophilized porcine brain tubulins were obtained from Cytoskeleton (Denver,
CO, USA), resuspended at 50-100 uM in MRB80, snap-frozen and stored at
—80°C until use?3. G-Actin was purified from rabbit skeletal muscle acetone
powder®”38 and kept at 4°C for daily use, or at — 80°C for long-term storage>.
Alexa Fluor 647 and 594 succinimidyl ester dyes (Molecular Probes, Life
Technologies, Carlsbad, CA, USA) were used to produce labelled G-actin®’.
Glutathione S-transferase-tagged recombinant human fascin (generous gift from
Dyche Mullins, UCSF, San Francisco, CA, USA) was expressed and purified via
affinity chromatography on a glutathione-containing matrix, and the glutathione
S-transferase-tag removed via the PreScission protease sytem according to the
manufacturer’s protocols (GE Healthcare)3>37. 6xHis-tagged recombinant human
EB3, GFP-EB3, mCherry-EB3 and GFP-Tip (elsewhere called GFP-MACF43
(vef. 19)) were expressed and purified with similar protocols as GFP-TipAct!®3%40,
Centrosomes were purified with the generous help of Claude Celati (Institut Curie,
Section Recherche, UMR144-CNRS, 75005 Paris, France), from human
lymphoblastic KE37 cell lines. The homogeneity of all recombinant proteins used
in this study was confirmed by SDS-PAGE (Supplementary Fig. 4b).

Stabilized microtubule seeds and F-actin. Stabilized microtubule seeds were
prepared using the slowly hydrolysable GTP analogue guanylgl-(cx,B)-methylene-
diphosphonate (GMPCPP, Jena Biosciences, Jena, Germany)3 . For the
experiments with actin bundles or single filaments, phalloidin-stabilized F-actin
was polymerized at a 1.0-1.5 pM final G-actin concentration, and for the
experiments with centrosomes at 30 uM G-actin®3.

Co-sedimentation assays with GFP-TipAct and actin filaments. G-actin

(80 uM) was polymerized into F-actin for 1h at RT in MRB80 containing 50 mM
KCl and an equimolar amount of phalloidin. Samples of increasing F-actin con-
centration (0-50 uM) were incubated with 1 pM GFP-TipAct at RT for 1h.
Thereafter, bound and free fractions were separated by high-speed centrifugation at
149,000 g for 30 min at RT. Pellet and supernatant samples were brought to the
same final volume and prepared for SDS-PAGE. The bound and free fractions of
GFP-TipAct were estimated with the Gel Analyzer tool in FIJI4L. The dissociation
constant (Kg) of GFP-TipAct for F-actin was estimated by fitting the data in
Supplementary Fig. 4b to the equation: Xyouna = [A]/([A] + K4). Where Xpouna is
the fraction of GFP-TipAct bound, and [A] the corresponding actin concentration.

Preparation of flow cells for in vitro assays. Glass coverslips (Menzel-Glésser,
Braunschweig, Germany) were cleaned in base-piranha. Glass slides (Menzel-
Glésser) were cleaned by sequential sonication in: 0.1% (v/v) Hellmanex, 100%
acetone and 70% ethanol solutions in Milli-Q water, with 5-min rinses in Milli-Q
water in between. Both 3glass. coverslips and slides were stored at RT in a 0.1-M
KOH solution until use®. Flow cells channels (~7-10 ul) were assembled by
cutting ~2-mm-wide channels in a piece of Parafilm, which was sandwiched
between clean glass slides and coverslips>>. For the experiments with centrosomes,
flow cells were assembled using silicon grease to both make 5-6 pil channels and to
join glass the slide and coverslip together.

Surface preparation for in vitro assays. Biotinylated glass surfaces were obtained
by sequentially incubating the flow cell channels with the following solutions:
0.2 mgml_l PLL-PEG-Biotin (PLL(20)-g[3.5]-PEG(2)/PEG(3.4)-Biotin, Susos
AG, Diibendorf, Switzerland) for 30-45 min, 50-100 pgml ~ ! streptavidin or
neutravidin (Thermo Scientific Pierce Protein Biology Products, Rockford, IL,
USA) for 10 min, 0.5 mgml ~ ! k-casein for 10 min and 1% (w/v) Pluronic F-127
for 10 min, all diluted in MRB80, with 50-100 pl rinses with MRB80 in between
steps.

Dynamic microtubules were nucleated from GMPCPP-stabilized microtubule
seeds bound to biotinylated glass surfaces. ‘Landing’ of the seeds was aided by
diluting them in MRB80 containing 0.1% (v/v) methyl cellulose. And any non-
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attached seeds were always rinsed with MRB80 before the actin filaments and/or
the microtubule polymerization mix was added.

For the experiments with linear arrays of fascin-bundled actin, we worked with
special flow cells that had entry/exit holes on the glass-slide side from which all
solutions where flowed®3. Linear arrays of actin bundles were created in a sequence
of steps: first, F-actin was flowed into the channels at the equivalent of ~1-2uM
G-actin concentration; second, a drop of 1.0% (v/v) methyl cellulose was placed at
one end of the channel, and allowed to diffuse in for 5min to induce F-actin
bundling by depletion forces, push the bundles onto the coverslip surface and force
the actin bundles to partially align®3. Third, the channel was slowly rinsed with a
500-nM fascin and 0.1% (v/v) methyl cellulose solution in MRB8O0 to stabilize the
actin bundles and remove excess methyl cellulose. To keep the bundles intact,
fascin was kept at the same concentration in the channel for the rest of the
experiment.

For the experiments with centrosomes, flow cell channels were incubated for
8 min with a centrosome solution in MRB80 (pre-warmed to 37 °C for 30 min),
which resulted in centrosomes non-specifically binding to the glass. Afterwards the
channels were sequentially blocked with a 0.2 mgml ~! PLL-PEG-Biotin solution
for 8 min, followed by 0.5 mgml ~! k-casein solution for 5-10 min, all in MRB8O.

Microtubule end-tracking assays, with and without F-actin. Once the flow cell
channel surface was prepared with microtubule seeds (or centrosomes), and either
fascin-bundled F-actin, single actin filaments or none, the microtubule poly-
merization mix was added. The core reaction mix consisted of: 0.5 mgml ~! -
casein, 0.1% (v/v) methyl cellulose, 50-75 mM KCI, 1 mM GTP and an oxygen
scavenging system (4 mM dithiothreitol, 0.2 mgml ~! catalase, 0.4 mgml ~! glu-
cose oxidase and 25-50 mM glucose) in MRB80. The tubulin concentration (always
at a ratio of 1:15 labelled to unlabelled subunits) was varied depending on the
experiment: for all the assays without actin it was kept at 16 pM, for the assays with
linear arrays of actin bundles or with weakly bound actin filaments it was kept
between 25-30 uM and for the experiments with centrosomes it was kept at 20 pM.
Typically higher tubulin concentrations were used for the co-alignment experi-
ments to obtain longer microtubules. The EB3 concentration (of either: EB3, GFP
or mCherry-labelled EB3) was always kept at 100 nM, and the GFP-TipAct con-
centration was kept at 50 nM (unless otherwise noted). For the experiments with
fascin-bundled F-actin, the microtubule polymerization reaction was supplemented
with 500 nM fascin. For experiments with the actin-binding deficient GFP-Tip, its
concentration was kept at 50 nM. For experiments with single actin filaments,
F-actin was incorporated to the microtubule polymerization mix at what would be
the equivalent of 100-200 nM G-actin concentration. For the experiments with
centrosomes, the actin filaments were also directly incorporated into the micro-
tubule polymerization mix, which consisted of the same core reaction mixture
explained above plus 20 uM final tubulin concentration (1:15 labelled to unlabelled
subunits), phalloidin-stabilized actin filaments equivalent to 0.7-1.0 uM G-actin
concentration, 100 nM unlabelled EB3 and 200 nM GFP-TipAct.

After mixing (before the addition of actin filaments for the experiments with
centrosomes), the microtubule polymerization reaction mixture was clarified at
149,000 ¢ for 5 min and immediately added to the flow cell channel, which was
finally sealed either with wax or vacuum grease to avoid solvent evaporation while
imaging.

TIRF microscopy and FRAP. Triple-colour TIRF microscopy and FRAP experi-
ments were performed on an Nikon Eclipse Ti-E inverted microscope (Nikon
Corporation, Tokyo, Japan) equipped with an Apo TIRF 100 x 1.49 N.A. oil
objective, a motorized stage, Perfect Focus System, a motorized TIRF illuminator
(Roper Scientific, Tucson, AZ, USA) and a QuantEM:512SC EMCCD camera
(Photometrics, Roper Scientific). For excitation, we used a 561 nm (50 mW) Jive
(Cobolt, Solna, Sweden) and a 488-nm (40 mW) Calypso (Cobolt) diode-pumped
solid-state laser, and a 635-nm 28-mW Melles Griot laser (CVI Laser Optics &
Melles Griot, Didam, Netherlands). For FRAP experiments, the microscope was
equipped with a MAG Biosystems FRAP-3D system (Photometrics, Roper Scien-
tific) that could either be used to do FRAP-on-the-fly (point FRAP) or region of
interest FRAP experiments with diffraction-limited spots. Most of the imaging of
dynamic microtubules was performed at 2s per frame with 100-200 ms exposure
time at 10-15% laser power, except for the experiments with centrosomes, which
were imaged at 5s per frame. FRAP experiments on mCherry-EB3 and GFP-
TipAct at growing microtubule ends and actin bundles were performed at video
rate (33 ms exposure time per frame), 10-15% laser power for imaging and 100%
laser power for photobleaching. The sample temperature was controlled with the
use of a home-built objective heater/cooler, and was varied depending on the
desired range of microtubule lengths. For the experiments without actin, or with
single actin filaments weakly bound to the coverslip, it was kept at 25 + 1 °C, for the
assays with linear arrays of actin bundles it was kept between 32 and 34 + 1 °C and
for the experiments with centrosomes the temperature was maintained at 30 = 1 °C.

Image processing and data analysis. All ima§e processing and data analysis were
performed using plugins for FIJI*! or Image]*? and custom-written programs in
MATLAB (MathWorks Inc., Natick, MA, USA).
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Analysis of microtubule dynamic instability. The parameters of microtubule
dynamic instability (Supplementary Table 1) were determined by analysing
kymographs of microtubule growth produced using the reslice tool in FIJI*L.
Growth and shrink speeds were obtained from manual fits to the growth and
shrinkage phases, and the average speeds weighted by the time the microtubules
spent growing or shrinking at a given speed®’. Catastrophe and rescue rates were
obtained by dividing the total number of events by the total time microtubules
spent growing or shrinking. The error is given by the frequency divided by the
square-root of the number of events*. The average microtubule length was
calculated as the average of all instantaneous lengths, where the error represents the
s.d. All the values in Supplementary Table 1 represent the average + s.d. for each
parameter, from three to five experiments performed under identical conditions.

Analysis of microtubule and actin-bundle interactions. In a similar fashion to
how microtubule-microtubule encounters have been classified in models of cortical
microtubule arrays in plants?®, the interactions between a growing microtubule and
an actin bundle were classified into four categories: cross-over, catastrophe,
deflection and zippering (Fig. 2a). To quantify the probability of these outcomes,
the microtubule length L (measured from the plus-end of the microtubule seed to
the tip of the microtubule), and the angle 0 between the orientation of the tip
(defined as the end-most ~ 2-pm-long section of microtubule) and the actin
bundle, were measured at the time of intersection. Thereafter one of the outcomes
defined above were assigned by monitoring the subsequent microtubule growth
until the next catastrophe. This analysis was performed for n =914 and 708
interactions between growing microtubule plus-ends and F-actin bundles in the
presence or absence of 50 nM GFP-TipAct, respectively (Fig. 2c,e), and the
probability of each outcome calculated as a function of L and 6. For the
experiments with variable amounts of GFP-TipAct (Fig. 2d,g; Supplementary
Fig. 5), the analysis was performed only for the encounter angle 0, with the
exception that a new interaction outcome was included, namely zipper—snap-off.
This analysis was performed for n =459, 421 and 443 interactions for each of the
following conditions: 6.25, 12.5 and 25 nM GFP-TipAct, respectively.

Analysis of microtubule and actin-bundle array orientation. To determine the
orientation distributions for the linear arrays of actin bundles and the corresponding
microtubule arrays, pixel-by-pixel orientation values were extracted from the fluor-
escence image files>® using the Orientation J plugin** developed for ImageJ*2. Among
other things, this plugin returns two matrices with the same size as the input image,
whose values at each pixel correspond to: (1) orientation (in radians, from—mn/2 to n/
2), and (2) coherency, which indicates the degree of co-alignment of a given pixel
relative to its neighbours within a user-defined window (set to vary from 0 for no co-
alignment, to 1 for full co-alignment). In all cases, we used the Gaussian gradient
analysis method in Orientation J** with a window size of three pixels. Histograms of
microtubule and actin bundle orientation angle, Oyt and 0y, Were constructed
using the values of the orientation matrix weighted by the coherency, all with a bin
size of m/100. This analysis was performed for every frame in fluorescence image
stacks that corresponded to 5-10 min of microtubule growth. These histograms were
averaged over 2 min of microtubule growth (60 frames), and with these average curves
the time evolution of the distribution of Oyt and the average distribution of 0xcriv
were built (Fig. 3c). Time zero was defined as the point when the first stack of
fluorescence images was recorded, which was typically ~2-3 min after the
microtubule polymerization mix was added to the flow cell channel.

The same microtubule orientation histograms were used to build the average
orientation distribution for all microtubule alignment experiments, both with and
without GFP-TipAct, for the cases where the average microtubule length was short
({Lymt) <19pm) and long ({ Ly ) >19 um), as defined in Fig. 3d. To this end,
all the orientation histograms corresponding to short and long microtubules were
collected and shifted along the x axis such that their corresponding mean actin
orientation angle ({ Oscrin » ) would fall at 0°. Thereafter, the curves were averaged
and the resulting histogram was fit with the Curve Fitting Toolbox of MATLAB
using the non-linear least squares method to a Gaussian function of the form:

2(0) = Ae=0="27) 1 g, (1)

where, A is a constant, u the mean location, ¢ the s.d. and B an offset due to noise.
The value of u represents the difference in mean orientation between the
microtubules and the actin bundle array, that is, <0xctmv) —0mr> Which can be
understood as the ‘centering efficiency’, the smaller its value, the better the actin—
microtubule co-alignment. On the other hand, the value of o can be interpreted as
the ‘focusing efficiency’, that is, the smaller its value, the more globally the
microtubule array has been aligned by the underlying actin bundle array. We
performed this for n =6 experiments with GFP-TipAct comprising n =17
histograms for long microtubules and 18 histograms for short microtubules, and
for n=9 experiments without GFP-TipAct comprising 9 histograms for long
microtubules and 11 histograms for short microtubules.
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GFP-TipAct amino acid sequence GFP-TipAct domain organisation
GSHIWLALFV ATMVSEGEEL F I

eGFP ABD Cortexillin-1 CC  MtLS
18-242 261-480 505-599 617-656

ESELEQOIEAR TRIRGGE

Supplementary Figure 1. GFP-TipAct domain architecture and localisation in cells.

a, Amino-acid sequence and domain architecture of GFP-TipAct. The colour-code corresponds
to the domains indicated in the diagram on the right. The known actin-binding regions within the
ABD are underlined. b, Fluorescence micrograph of a HeLa cell expressing EB3-mRFP and
GFP-TipAct. The white squares show select regions at the cell centre (c, ¢’) and edge (e, €’). c,
Fluorescence micrograph of a HeLa-R cell expressing mCherry-Actin and GFP-TipAct. The
white squares show select regions at the cell centre (c, ¢’) and edge (e, e’). GFP-TipAct localises
at microtubule plus-ends throughout the cell, and is also at actin-rich regions near the cell edge.
Scale bars: 5 um. CH, calponin-homology; ABD, actin-binding domain; MtLS, microtubule tip
localisation signal; CC, coiled-coil.
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Supplementary Figure 2. TipAct’s +TIP behaviour is EB-dependent and it stably associates
with actin bundles.

a, Kymograph of microtubule growth showing that without EB3, GFP-TipAct does not localise
at growing microtubule ends. b, GFP-TipAct can recruit mCherry-EB3 to actin bundles in the
absence of microtubules (top). When actin-microtubule overlaps are present, the localisation of
mCherry-EB3 at GFP-TipAct-decorated actin-bundles is enhanced (bottom). ¢, A protein
construct similar to GFP-TipAct but which lacks the tandem calponin-homology actin-binding
domain does not localise to actin bundles nor recruit mCherry-EB3 to these bundles, thus failing

to link actin to microtubules (Supplementary Movie 4).
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Supplementary Figure 3. FRAP experiments on mCherry-EB3 and GFP-TipAct at free and
actin-bound microtubule tips, and free and microtubule-bound actin bundles.

a, High temporal resolution (30fps) kymograph of microtubule growth showing the mCherry-
EB3 intensity at the plus (+) end of a growing microtubule. The white horizontal line crossing
the top of the kymograph indicates the bleaching frames (t = ~ 1.8 s), the yellow arrow indicates
the spot that was bleached, and the red-dashed line (shifted to the left of the mCherry-EB3 signal
for ease of view), indicates how the FRAP data was retrieved. b, Analysis of recovery curves for
mCherry-EB3 (top) and GFP-TipAct (bottom) both at free (red curves) and actin-bound (blue
curves) microtubule plus-ends. The solid lines show the fits to Supplementary Equations 1 and 2
(Supplementary Methods). The dark coloured lines and shaded areas show the average curves



and SEM for n = 19 (free) and n = 13 (actin-bound) recovery profiles for mCherry-EB3, and n =
7 (free) and n = 6 (actin-bound) recovery profiles for GFP-TipAct respectively. Note that the
maximum recovery of GFP-TipAct at actin-bound microtubule tips goes over one, this is due to
the variable amount of GFP-TipAct that localises to actin bundles independently of microtubules
(Supplementary Fig. 2b, top). ¢, Table showing the parameters obtained from fits to
Supplementary Equations 1 and 2. d, Diagram showing to which populations of mCherry-EB3
and GFP-TipAct the values in ¢ were assigned. e, High temporal resolution (30fps) kymograph
of GFP-TipAct recovery on an actin bundle. The yellow arrow indicates the area bleached. f,
Analysis of FRAP behaviour for mCherry-EB3 (top) and GFP-TipAct (bottom) on free actin
bundles (red curves), and actin-microtubule overlaps (blue curves). The solid lines in f (top)
show the fits to Supplementary Equations 3 and 4 (Supplementary Methods). The dark coloured
lines and shaded areas show the average curves and SEM for n =12 (free) and n = 17 (actin-MT
overlaps) recovery profiles for mCherry-EB3, and n = 19 (free) and n = 19 (actin-MT overlaps)
recovery profiles for GFP-TipAct. g, Table showing the parameters obtained from fits to
Supplementary Equations 3 and 4. h, Diagram showing to which populations of mCherry-EB3
and GFP-TipAct the values in g were assigned. Scale bars: 3 um. MT, microtubule.
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Supplementary Figure 4. Estimation of GFP-TipAct’s actin-binding affinity and SDS-
PAGE analysis of all recombinant proteins used in this study.

a, Co-sedimentation assay of GFP-TipAct with actin filaments showing the increased fraction of
GFP-TipAct found in the pellet with increasing concentrations of F-actin (top). Bottom,
estimation of the Kq of GFP-TipAct for F-actin and the parameters of the fit. b, SDS-PAGE
analysis of all the recombinant proteins used in this study. The corresponding molecular weights

are: fascin ~ 55 kDa, GFP+TIP ~ 30 kDa, mCherry-EB3 ~ 65 kDa, EB3 ~ 35 kDa, 6His-GFP-
TipAct ~ 76 kDa and GFP-TipAct ~ 74 kDa.
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Supplementary Figure 5. Decreasing efficiency of microtubule capture and guidance with
decreasing concentrations of GFP-TipAct.

a, Time series showing a growing microtubule in the presence of 12.5 nM GFP-TipAct which
encounters an actin bundle at a high angle (~ 62°), begins to zipper and eventually snaps off
(Supplementary Movie 7). b, Time series showing a growing microtubule in the presence of 12.5
nM GFP-TipAct which encounters an actin bundle at a shallow angle (~ 17°), begins to zipper
and eventually snaps off. ¢, Time series showing a growing microtubule in the presence of 6.25
nM GFP-TipAct which remains attached to an actin bundle only at its growing tip. Scale bars, 10
um; Time, min:sec.
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Supplementary Figure 6. Time evolution of average microtubule length.

a, Time-evolution of microtubule length distribution for a 45 min-long dynamic microtubule
experiment with the same growth conditions as the experiments with arrays of actin bundles
(Fig. 3). The colour code indicates time as displayed in the legend (min:sec). b, Increase in
average microtubule length <Lyr> with time. Data points show the average of the distributions
obtained by fitting an Exponential (for t < 20 min) or a Gaussian (for t > 20 min) distribution to
the histograms in a. Error bars indicate STD.
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Supplementary Figure 7. Comparison of colocalisation and overlap analysis between actin
bundles and microtubules, and relationship between average microtubule length and
fraction of the field of view covered by microtubules.

a, Example of colocalisation analysis for an array of actin bundles and the corresponding
microtubule organisation that developed after ~1 hr of growth in the presence of GFP-TipAct.
The two left-most panels show the original actin and tubulin fluorescence intensity images and
the third panel the merged image. The right-most panel shows the colocalised intensity pixels
(Supplementary Information), which represent 47% of the microtubule intensity. b, Example of
area coverage and overlap analysis (Supplementary Information) for the same images as in a.
The two left-most panels show binary masks generated from the intensity data. The third panel
shows the merged image of the binary masks, with the same colour-code as in a. The right-most
panel shows the pixels that are common to both masks, i.e. the overlap between actin and
microtubules (48% of the pixels). c, Linear relationship between average microtubule length
<Lwm7> and the fraction of the image area (i.e. 512 x 512 pixels) covered by microtubules, for the
same experiment as in Supplementary Fig. 6. The black line is a fit to these data points, and the
inset shows the parameters of the fit. Error bars indicate STD. Scale bar: 10 pm.
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Supplementary Figure 8. Actin-microtubule interactions mediated by TipAct are
independent of actin filament polarity, and can result in both microtubule and actin bundle
deformation.

a, Time series showing two pairs of microtubules that interact with the same actin filament from
opposite ends (Supplementary Movie 9). Arrowheads indicate the growing end of a microtubule
that binds the actin filament from the left, and white 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, indicated by a dashed yellow line,
and how it relaxes when both microtubules shrink back (t = 56 sec). b, Time series showing a
microtubule that interacts with a mobile actin bundle. As the microtubule grows, both
microtubule and actin bundle deform. The arrowheads indicate the growing microtubule plus-
end. The yellow dashed line in the actin panels shows the deformation of the actin bundle as the
microtubule grows along it (Supplementary Movie 12). Scale bars: 5 um. Time: min:sec.
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Supplementary Figure 9. Actin-filament network radial order parameter.

a, Time evolution of actin filament organisation in the vicinity of a radial array of microtubules,
in the presence of GFP-TipAct. The dashed red circles show the window used to calculate the
radial order parameter over time. b, Plot of the radial order parameter (Supplementary
Information) for the actin filament network shown in a as a function of distance r from the
centrosome, at two different time points. The light-blue window shows the window of values of r
used to calculate the average radial order parameter (d). ¢, Montage of pixel-by-pixel intensity,
orientation and coherency data, also showing how r and 6, were determined. d, Evolution of the
average radial order parameter over time for the actin filament network shown in a, and for one
similar experiment without GFP-TipAct. Scale bars: 10 um. Time: min:sec.
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. V, T, Vshrink | Tshrink . .
grow grow shrin shrin -1 -1y I'N N
Experiment (um/min) | (min) (um/min) | (min) Feat (Min') | Neat | Fres (min™') res | Length (um) | Nexp
Tubulin | 0.71+0.12 | 5815.03 | 12.55+2.28 | 373.93 0.15+0.07 838 0.27 £0.26 76 6.86+343 4
Tubulin +EB3 | 248+024 | 977.37 | 16371295 | 16843 1.35+0.23 1361 0.21+0.13 36 1.67 £0.37 3
Tubulin + EB3 + GFP-TipAct | 2.46 +047 948.6 16.29+3.37 | 155.67 1.21£0.19 | 1116 0.09 +0.10 24 1.56 + 0.60 5

Supplementary Table 1. On freely-growing microtubules GFP-TipAct does not affect

microtubule dynamics.
Analysis of dynamic instability parameters for freely growing microtubules polymerised at 25°C
from 16 uM tubulin,1 mM GTP, and 50 mM KClI, with or without 100 nM EB3 and 50 nM GFP-
TipAct. Vgrow, average growth speed. Tyrow, total growth time for all experiments. Venrink, average
shrink speed. Tqhrink, total shrink time for all experiments. Fcy;, average catastrophe frequency.

Ncat, total number of catastrophes for all experiments. Fes, average rescue frequency. Ny, total

number of rescues for all experiments. Length, average microtubule length. Ney,, number of

separate experiments for each condition. Where appropriate, values are reported as average +

standard deviation.
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Region Primer

eGFP CAT ATG GGG CTA GCG CTA CCG GTC GCC ACC ATG GTG AG
eGFP / CH1 GGA CGA GCT GTA CAA GTC CGG ACT CAT GGA TGA ACG GGA CCG GGTTCA GAA G
CH1/CH2 CTG GAC CATTATTTT GCATTT CCA GAT CTC TGA CAT CTA CAT TAGTGG AG

CH2 /Cortexilin |CC | CCT AAA GTT CCT GAG GGT GGA GAA GGG GCC TAT AGA GCC AAG GAA GAG AAA GC
Cortexilin | CC/MtLS | CAA ATC GAA GCC ACC AGA ATC AGA GGG GGG GAA AGC AGC GCT GCA GGG GGC CAA
MtLS GGA CTC CAG GTC CCA AGC GAT AAG GAT CCATG

Supplementary Table 2. Primers used for GFP-TipAct construction.
CH, Calponin Homology; CC, coiled-coil, MtLS, microtubule tip localisation signal.



Supplementary Methods

Cell culture, transfection and live-cell imaging

HeLa cells were maintained as previously described. FUGENE (Roche Applied Science,
Indianapolis, IN, USA) was used for EB3-mRFP?, mCherry-Actin® and GFP-TipAct plasmid
transfection according to manufacturer’s protocols.

Live-cell imaging was performed on a Nikon Eclipse Ti-E inverted microscope (Nikon
Corporation, Tokyo, Japan ) equipped with Perfect Focus System (PFS), a CFl Apo TIRF 100x
1.49 N.A. oil objective (Nikon), a TI-TIRF-E motorised 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 pum 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.

Analysis of FRAP experiments

14



FRAP data for mCherry-EB3 and GFP-TipAct at growing microtubule plus-ends was retrieved
from intensity profiles along the time-axis on kymographs of microtubule growth where either
mCherry-EB3 or GFP-TipAct was bleached (Supplementary Fig. 3a). Plus-ends were selected by
comparing their intensity and growth speeds to the corresponding minus-ends, and recovery was
only analysed on plus-ends that continued to grow with constant speeds after bleaching. The
actual recovery data was retrieved by plotting the fluorescence intensity along a three-pixel-wide
line traced vertically down the time axis on the kymograph, centred at the most intense region of
the pre-FRAP plus-end intensity, to make sure that fluorescence recovery was analysed at the

same region on the microtubule lattice.

In the case of free microtubule tips (i.e. not bound to an actin bundle), and assuming that
the soluble pools of mCherry-EB3 and GFP-TipAct quickly equilibrate, a reaction-limited
recovery curve* multiplied by a decaying single-rate exponential envelope function was
sufficient to describe the recovery, while accounting for the progressive loss of affinity for EB3
at the same site on the microtubule lattice as a result of GTP hydrolysis®. To this curve we added
a slowly rising exponential curve to account for the transition from tip-like to lattice-like binding

sites on the microtubule. The equation thus used was the following:

1(6) = [A=B xexp(—t * kosr—sree)] * exp(—H(t — to) * (¢ — to) * kaecay—free) + D[1 —
exp(—H(t —to) * (t — to) * Kgecay—free)ls 1)
where A, B and D are constants, Kos.rree the off- rate of mcherry-EB3 (or GFP-TipAct) at
microtubule tips, Kyecay-free the transition rate from a tip-like to a lattice-like binding profile, and

H(t-tp) the Heaviside function to account for the fact that this transition seems to occur only after

atimet=t,.

15



In the case of actin-bound microtubule tips, a modified version of Supplementary
Equation 1 was used in which two species of recovering molecules were introduced, in order to
account for the fraction of mCherry-EB3 (and GFP-TipAct) molecules that were only interacting
with the microtubule tip, and those linked to microtubule tip and actin bundle. The equation used

was the following:

I(t) = [A — B % exp(—t * koff_free) —C * exp(—t * koff_bound)] * exp(—H(t — ty) *

(t = to) * Kaecay-bouna) + D[1 — exp(—H(t — to) * (t — to) * Kgecay—-bouna)l, (2)
where A, B, C and D are constants, Kos-free the off- rate of mcherry-EB3 (or GFP-TipAct) bound
only to microtubule tips, Koft-nound the off- rate of mcherry-EB3 (or GFP-TipAct) bound to the
microtubule tip and actin bundle, Kgecay-bound the transition rate from a tip-like to a lattice-like
binding profile, and H(t-to) the Heaviside function to account for the fact that this transition
seems to occur only after a time t = to. To perform the fitting, the values of K.ree and to were
fixed to the values that were obtained for free microtubule tips using Supplementary Equation 1.
Fitting was performed on the average recovery curves (weighted by the inverse of the SEM) for
n =19 and n =7 mCherry-EB3 and GFP-TipAct recovery profiles at free microtubule tips, and
for n =13 and n = 6 mCherry-EB3 and GFP-TipAct recovery profiles at actin-bound microtubule
tips (Supplementary Fig. 3b).

FRAP data for GFP-TipAct and mCherry-EB3 on F-actin bundles and actin-microtubule
lattice overlaps was obtained from intensity profiles along the time-axis on kymographs traced
along the bleached actin bundles. Recovery data was retrieved by plotting the average
fluorescence intensity along a five to ten pixel-wide line traced vertically down the time axis of
the kymograph. In the case of GFP-TipAct no fitting was performed since no significant

fluorescence recovery was observed (Supplementary Fig. 3f, bottom), at least within the same
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time-span that GFP-TipAct (and mCherry-EB3) recovered at microtubule plus-ends
(Supplementary Fig. 3b).

On the contrary, mCherry-EB3 did exchange at both on free and microtubule-bound actin
bundles (Supplementary Fig. 3f, top). In the case of free actin bundles (i.e. not linked to a
microtubule), and assuming that the soluble pool of mCherry-EB3 quickly equilibrates, a simple

reaction-limited curve® was used to describe the recovery:

1(6) = [A—B xexp(—t * kopr—sreer)]. (3)
where A and B are constants, Kos.iree1 the off- rate of mcherry-EB3 bound to the actin bundles via

GFP-TipAct.

For the case of microtubule-bound actin bundles, a modified version of Supplementary
Equation 3 was used in which again two species of exchanging molecules were introduced, to
account for the fraction of mCherry-EB3 molecules that were only interacting with the
microtubule lattice, and those interacting with both microtubule lattice and actin bundle. The

equation used was the following:

1(t) = [A— B exp(—t * kopr—freea) — C * exp(—t * Kofr—pouna) | (4)
where A, B and C are constants, Ko-free2 the off- rate of mcherry-EB3 bound only to the
microtubule lattice and Kosr-poung the off- rate of mcherry-EB3 bound both to the microtubule
lattice and the GFP-TipAct decorated actin bundle. Fitting was performed on the average
recovery curve (weighted by the inverse of the SEM) for n = 12 curves at free actin bundles, and

for n = 17 curves at microtubule-bound actin bundles (Supplementary Fig. 3b top).

All fitting was performed with the Curve Fitting Toolbox of MATLAB using the non-

linear least squares method.

17



Analysis of average microtubule length

Microtubule lengths were manually measured by tracing lines along the microtubules using the
Segmented Line function in FIJI®. This was performed approximately every 6-10 min for a 45
min dynamic microtubule experiment in conditions where the average microtubule length
continuously increased, as was the case for the experiments with linear arrays of actin bundles
(Fig. 3). With these values, histograms of microtubule length were constructed with a bin size of
5 um (Supplementary Fig. 6a), and fitted with a simple Exponential or Gaussian function
(depending on a qualitative assessment of the shape of the histogram), to obtain a value for the
average microtubule length <Lyt>. These values were used to construct a plot of <Lyt> over

time (Supplementary Fig. 6b).

Analysis of microtubule and actin surface coverage, and actin-microtubule overlap

In order to analyse the amount of area covered by microtubules, as well as the extent of actin-
microtubule overlap, binary masks were generated for both microtubule and F-actin bundle
arrays using custom-written programs based on the Image Processing Toolbox of MATLAB
(Supplementary Fig. 7). These masks were generated through a combination of adaptive
thresholding” and morphological operations. The decision to use overlap instead of colocalisation
analysis was based on two reasons: first, because the tubulin channel was often noisy since the
levels of fluorescent tubulin were kept low; and second, because we were not interested in the
correlation between the tubulin and actin intensities, but rather, within the limits of optical
resolution, whether microtubules co-localised with the F-actin bundles or not. For this purpose, a
binary measure was sufficient. Supplementary Fig. 7a and b show a comparison between co-

localisation and overlap analysis that validates this approach. The top panels show the individual
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intensity images, followed by the merged image and the percentage of co-localised signal as
estimated using the Colocalization Threshold plugin in FIJI°, which estimated that 47% of the
tubulin signal colocalised with that of the actin. The bottom panels show the results of a custom-
written overlap analysis program for the same images; the first two panels show the binary
intensity masks generated as previously explained, the third panel the combined masks where the
white pixels are those common to both masks (i.e. the overlap), which are shown alone in the last
panel. In this case, 48% of the white pixels in the microtubule mask were also present in the actin
mask, which is in good agreement with the estimation of the percent of colocalised signal
mentioned above. Finally, as can be observed in Supplementary Fig. 7b conservative settings
were used to create the binary masks so that, if anything, the actual degree of actin-microtubule
overlap was underestimated. Masks were obtained for every tenth image in a stack (that is every
20 sec of microtubule growth) for stacks that corresponded to five to ten minutes of microtubule

growth.

The same binary masks were used to estimate the fraction of the field of view occupied
by microtubules and as F-actin bundles, as well as the degree of overlap between them. The area
coverage was defined as the ratio of the total number of white pixels in the microtubule (or F-
actin) mask divided by the total number of pixels in the image (i.e. 512 x 512), a number which
by definition ranges from zero to one. Similarly, the degree of microtubule overlap with actin
was defined as the total number of white pixels common to the actin and microtubule masks (i.e.
colocalised mask pixels, Supplementary Fig. 7b), divided by the total number of white pixels in

the microtubule mask. By definition, this value also ranges from zero to one.
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Estimating the relationship between the area covered by microtubules and the average

microtubule length <Lyr>

The fraction of the field of view covered by microtubules was used as a proxy for their average
microtubule length <Lyr>, since in the conditions of the co-alignment experiments microtubules
grew progressively longer and the surface crowded (Fig. 3a and b), making it difficult to measure
microtubule lengths individually. This approach was validated by tracking the distribution of
microtubule lengths over time for an experiment that evolved from short to long microtubules
(Supplementary Fig. 6a) and plotted the obtained values for <Lyr> against the fraction of the
area covered by the microtubules at the same time-point (as obtained from the binary masks,
Supplementary Fig. 7b), and found that they were linearly related (Supplementary Fig. 7c). The
parameters of the best linear fit through the data points in Supplementary Fig. 7c were used to
get an estimate of <Lyr> for all experiments analysed in Fig. 3. Since this approximation only
holds for fields of view with approximately equal numbers of microtubule seeds, the only

experiments used were those in which there were ~ 50 microtubule seeds in the field of view.

Determination of global actin bundle and microtubule alignment

The pixel-by-pixel orientation and coherency values used to build histograms of actin-bundle and
microtubule orientation (Fig. 3c) were also used to estimate the degree of actin bundle and
microtubule alignment. This was performed with the use of and order parameter (OP), a unit-less
quantity that conveys the degree of alignment of filamentous structures independent of filament

polarity. In two dimensions, the OP can be defined as follows:
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where 6; and w; correspond to the i™ pixel’s orientation and coherency values, and n to the
number of pixels in the image (i.e. 512 x 512). By definition the OP ranges from zero (when all

values of g; are randomly distributed) to one (in which all values of 6; are the same).

Criteria for comparing experiments with linear arrays of actin bundles

A strategy had to be devised in order to fairly compare experiments of actin-microtubule co-
alignment (Fig. 3), in order to make sure that the actin-bundle arrays were similarly ordered, and
to ensure that microtubule growth started from an isotropic collection of microtubule seed
orientations. To this end, we decided to only compare experiments in which the microtubule seed
array had an OP at or below 0.2, with ~ 50 microtubule seeds in the field of view. For the linear
arrays of actin bundles we only compared experiments where the arrays had an OP of at least
0.80. Since the number of bundles in the field of view could not be precisely counted, the
fraction of the field of view covered by the actin bundles (as explained above) was used as a
proxy for the number of bundles, and the analysis limited to actin-bundle arrays with area

coverage between 0.1-0.25.

Evolution of order parameter and actin-microtubule overlap as a function average

microtubule length <Lyr>

To build plots of microtubule alignment and actin-microtubule overlap versus <Lyr> (Fig. 3d
and e), these values were obtained for every tenth image in a stack (that is every 20 sec of
microtubule growth) and averaged over five-minutes of microtubule growth. The average +

standard deviation of these values was then plotted for all fluorescence stacks across comparable
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experiments. This was performed for n = 6 experiments with GFP-TipAct comprising n = 20
different actin bundle arrays; and for n = 26 experiments without GFP-TipAct comprising n = 26
different actin bundle arrays. This means that the points in Fig. 3d and e do not all represent
different experiments but rather, the average of five minutes of microtubule growth within

various actin bundle arrays that where collected over various experiments.

Analysis of microtubule and F-actin radial order parameter

To quantify the extent of actin-filament network remodelling mediated by GFP-TipAct at the
growing ends of microtubules nucleated from centrosomes (Fig. 4d and e), the previously
explained OP (Supplementary Equation 5) was adapted for radial organisations. In order to
account for the radial geometry of the microtubule aster, the local pixel angle 6; was replaced by
a relative angle measured between the locally measured value and the radial direction: A, = 6;_6.
For each set of data, the centrosome position was manually determined as a starting point for the
automated analysis using a custom-written MATLAB program. For every distance r measured
from the centre of the aster until the image border (with a step-size of one pixel), 2z equidistant
points along a circle of radius r were collected from the orientation and coherence maps derived
from OrientationJ® (Supplementary Fig. 9c). Since most points along the circle did not match
actual pixels, values were derived using a linear 2D interpolation (using MATLAB’s interp2
function). An arbitrary window of interest (light-blue area in Supplementary Fig. 9b) between
5um and 15um distance from the aster centre was used to get an average number for the OP for
each frame to ultimately plot the evolution of radial order parameter over time (Supplementary

Fig. 9d). We found that the qualitative results of this analysis were very robust against small
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changes in centre position, interpolation methods (e.g. linear or cubic fits), or the size of the

window used to average the OP.
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