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The actin and microtubule cytoskeletons form active networks in the cell that can
contract and remodel, resulting in vital cellular processes such as cell division and
motility. Motor proteins play an important role in generating the forces required for
these processes, but more recently the concept of passive cross-linkers being able to
generate forces has emerged. So far, these passive cross-linkers have been studied in the
context of separate actin and microtubule systems. Here, we show that cross-linkers
also allow actin and microtubules to exert forces on each other. More specifically, we
study single actin filaments that are cross-linked to growing microtubule ends, using
in vitro reconstitution, computer simulations, and a minimal theoretical model. We
show that microtubules can transport actin filaments over large (micrometer-range)
distances and find that this transport results from two antagonistic forces arising
from the binding of cross-linkers to the overlap between the actin and microtubule
filaments. The cross-linkers attempt to maximize the overlap between the actin and
the tip of the growing microtubules, creating an affinity-driven forward condensation
force, and simultaneously create a competing friction force along the microtubule lattice.
We predict and verify experimentally how the average transport time depends on the
actin filament length and the microtubule growth velocity, confirming the competition
between a forward condensation force and a backward friction force. In addition, we
theoretically predict and experimentally verify that the condensation force is of the order
of 0.1 pN. Thus, our results reveal an active mechanism for local actin remodeling by
growing microtubules that relies on passive cross-linkers.

cytoskeleton | crosstalk | self-organization | cell biophysics | kinetic Monte Carlo simulations

Vital cellular processes such as cell division and motility are driven by contraction and
remodeling of active networks within the cell: the actin and microtubule cytoskeletons.
These contraction and remodeling processes require the generation of forces and relative
movement of filaments. It is well known that motor proteins can cross-link filaments and
organize the network by driving the relative movements of the filaments (1). Besides the
well-appreciated role of motor proteins, also polymerization dynamics have been shown
to generate forces required for self-organization and remodeling (2—4). In addition, the
importance of passive (nonmotor) cross-linkers has recently been increasingly recognized.
It is now clear that passive cross-linkers can generate driving forces too, as has been
shown for anillin in the contractile ring (5) and Asel in the spindle (6). These forces are
generated via the entropy associated with the cross-linker’s diffusion within the overlap
region (6) or via the condensation (or preferential binding) of cross-linkers to the overlap
between filaments (5, 6), therefore named “condensation force.” In addition, passive cross-
linkers create frictional forces (6, 7), which not only affect the speed at which cytoskeletal
structures are remodeled, but can even be essential for their stability by opposing the motor
proteins (8, 9).

Prior studies on force generation by passive cross-linkers have focused on individual
cytoskeletal systems. However, passive cross-linkers could also be a way for two systems
to exert forces on each other. In particular, there is a growing body of work showing
the importance of microtubule/actin crosstalk in vital cellular functions (10). Besides
crosstalk via signaling pathways, it has been shown that crosstalk via motor proteins
such as myosin-X (Myo10) is among the drivers of remodeling the microtubule spindle
network during cell division (11, 12). In addition, various passive cross-linking proteins
have been identified to enable crosstalk, such as the family of spectraplakins, which are
proteins that can bind both actin and microtubules. The most prominent and best-studied
member is ACF7 (MACF1) and its Drosophila homolog Short stop (Shot), which contain
both microtubule lattice- and end-binding activities. These ubiquitous and conserved
cross-linkers (traced back to lower metazoans; ref. 13) play a crucial role in a number of
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cellular processes, such as cell migration, cell-cell connections,
vesicular transport, cell polarity, and cell division (10, 14). For
example in the context of cell migration, ACF7 is shown to
anchor microtubules at the cell’s leading edge (15) and to guide
microtubules along actin bundles toward focal adhesions, where
ACEF7 depletion resulted in a phenotype with lost coalignment
and failure of microtubules to target focal adhesions (16). In
addition to ACF7, also other passive cross-linking proteins such
as tau and Gas2Likel have been shown to result in coalignment
and stabilization of the actin and microtubule networks (16-19).
Another example of a microtubule end-binding cross-linker that
links actin to microtubule ends via EB3-mediated interactions is
drebrin, which is required for sprouting neurites from a neuronal
cell (20).

Recent experiments suggest that the driving condensation
forces and friction forces associated with passive cross-linkers can
also couple to the growth dynamics of filaments and thereby
allow passive cross-linkers to play a central role not only in
contraction but also in transport. It was shown that an engineered
passive cross-linker called TipAct can mediate transport of actin
filaments by binding to the tips of growing microtubules (17).
The microtubule tip region is chemically different from the
microtubule lattice region, due to delayed hydrolysis of guanosine
triphosphate (GTP) that is associated with tubulin subunits that
incorporate into growing microtubules. This region is recognized
by microtubule end-binding (EB) proteins (21-23) as well as EB
partners such as TipAct. However, the processivity of the actin
transport mechanism and its dependency on relevant parameters
such as actin filament length and microtubule growth velocity,
as well as the magnitude of the generated forces, are currently
unresolved.

Here, we investigate the conditions necessary for microtubule-
mediated actin transport and elucidate the cross-linker—
dependent mechanism. We combine biochemical reconstitution
experiments with coarse-grained computer simulations and a
minimal theoretical model and show that in the presence of
passive cross-linkers, microtubules can transport actin filaments
over large (micrometer-range) distances during periods that last
up to several minutes. We propose and test a mechanism to
explain this movement, in which actin transport is the result of
a competition between a forward force that tends to maximize
the overlap of the actin filament with the plus end of a growing
microtubule and a backward force caused by the friction between
the actin and microtubule lattice. These two antagonistic forces
are both caused by the binding of cross-linkers. The preferential
binding of cross-linkers at the interface between two objects (such
as filaments) creates a driving force that tends to maximize the
overlap region. This type of force, which, following earlier work
(6, 7), we call condensation force, can drive the movement of
intracellular cargos (2, 24-26) and the contraction of filament
bundles (5, 6, 27, 28) in various biological contexts. However,
the combination of a processive transport of cargo by a cross-
linker—based condensation force toward a chemically distinct
region that is simultaneously hindered by a friction force caused
by the same cross-linkers is specific to filament transport and has
to our knowledge not been studied before. The active transport
of filaments by growing microtubule plus ends thus provides
a minimal mechanism by which two cytoskeletal systems can
interact, which is distinct from cytoskeletal crosstalk that is driven
by motor proteins (11, 29-32). We expect this mechanism to be
especially relevant in migrating cells, where growing microtubules
nucleate actin filaments and encounter membrane-bound actin
arrays.
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Results

Growing Microtubule Plus Ends Can Transport Actin Filaments.
To study actin filament transport by growing microtubule plus
ends, we use the engineered cross-linking protein TipAct that
contains both a domain that specifically binds actin filaments and
a domain that recognizes EB proteins to target it to the growing
ends of microtubules (Fig. 14 and SI Appendix, Fig. S1 A and B)
(17). Dynamic microtubules are grown from surface-immobilized
seeds stabilized with the nucleotide analog guanylyl-(c, [)-
methylene-diphosphonate (GMPCPP) and incubated with
fluorescently labeled tubulin. The microtubules grow in the
presence of TipAct, EB3, and freely diffusible stabilized actin
filaments and are imaged by total internal reflection fluorescence
(TIRF) microscopy (Fig. 1B). We observe a 54 x 54-pum-—sized
region of interest, which typically contains on the order of 30
microtubules (Fig. 1C), and we look for instances where growing
microtubules interact with actin filaments (see Materials and
Methods for criteria). Fig. 1C shows a typical example of an
encounter of a growing microtubule with an actin filament.
Once the microtubule starts growing, an EB3-TipAct complex
localizes at its growing end (yellow arrowhead in Fig. 1D). After
several seconds, an actin filament binds and colocalizes to this tip-
tracking complex (blue arrowheads in Fig. 1D) and is transported
over a distance of several micrometers, before finally unbinding
while the microtubule continues growing (white arrowheads in
Fig. 1D).

To analyze the effect of actin transport on microtubule growth
dynamics, we construct a kymograph, i.e., a space—time plot along
the length of the microtubule (Fig. 1E). From the microtubule
tip position as a function of time, we can extract the microtubule
growth velocity. In the example kymographs in Fig. 1E, actin
transport does not affect the growth velocity. This finding is
confirmed by an analysis of 265 transport events (Fig. 1F).

To further analyze transport parameters such as the transport
rate and duration, we again turn to kymographs. Fig. 24 shows an
example kymograph corresponding to the transport event shown
in Fig. 1D. It clearly visualizes the recruitment of the actin filament
shortly after the microtubule starts growing and its unbinding
before the microtubule undergoes a catastrophe. For each event,
we measure the transport time from the moment when the actin
filament begins to move along with the growing microtubule tip
region until this directed motion stops. Since EB3/TipAct can
also track the growing minus end of a microtubule (as visible in
SI Appendix, Fig. S3A), actin transport also occurs at these minus
ends. However, due to the greater physiological relevance, we
focus on the microtubule plus ends.

We observe long-range actin filament transport (Fig. 2F) for
actin filaments with a wide range of lengths from around 0.5 to
8pm (Fig. 2G). In the example in Fig. 24, the actin filament is
only 0.6 pm long, which is not much longer than the length of
the microtubule tip region where EB3 preferentially binds. Actin
filaments that are longer than the tip length sometimes land largely
behind the microtubule tip and immediately start following it
(Fig. 2B), while others land with part of the filament in front of
the tip (Fig. 2C). In the latter situation, we observe that actin
transport starts only once the microtubule tip has caught up with
the front of the actin filament. Upon analyzing 265 actin transport
events, we observe a broad distribution of transport times with a
median transport time of 48 s and a long tail that extends up to
several minutes (Fig. 2 7, Top, in gray).

The kymographs in Fig. 2 A~EF demonstrate several mech-
anisms by which actin transport can end: The actin filament
unbinds (21% of events); the microtubule undergoes a catastrophe
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Actin transport by growing microtubule plus ends. (A) Schematic depiction of protein domains of ACF7 (Left) and TipAct (Right). CH, calponin homology;

GAR, GAS2 related; CC, coiled coil. (B) Schematic of the experimental assay for observing microtubule-mediated actin transport, showing a stabilized actin
filament (cyan), the engineered cytolinker TipAct (green-yellow), and the microtubule end-binding protein EB3 (orange) moving freely in solution, while the

growing microtubule (red) is anchored to the surface of a functionalized and

passivated glass slide. (C) Experimental field of view, showing a typical cropped

region that was used for analysis, including microtubules/tubulin (red), EB3 (yellow), TipAct (yellow), and stabilized actin filaments (cyan). (D) Time series of the
growing plus end of a microtubule that recruits and transports an actin filament via EB3/TipAct complexes. Arrowheads show the localization of the EB3/TipAct
complex (yellow), the binding of a short actin filament (cyan), and the unbinding of this actin filament while the microtubule continues to grow (white). (E)

Kymographs (space-time plots) of actin filament transport by the growing plus

end of a microtubule, showing the microtubule (red), EB3 and TipAct (yellow), and

an actin filament (cyan). From these kymographs, we measure parameters of the microtubule dynamics, such as the growth velocity. (F) Normalized distribution
of microtubule growth velocities for growth events where the microtubules do not interact with actin filaments (red) and for microtubules that transport an
actin filament (blue). The average growth velocities are 3.5 + 0.6 ym/min and 3.7 £ 0.7 ym/min for noninteracting and interacting events, respectively. Separate
channels are shown in S/ Appendix, Fig. S1 C-F. Both EB3 and TipAct are GFP labeled. (Scale bars: 10 umin ¢, 5 pmin D, and 5 pm [horizontal] and 60 s [vertical]

inE)

whereby actin unbinds (48%); the actin filament falls behind
the growing microtubule tip region, leaving the filament bound
to the microtubule lattice region behind the tip (19%); or the
microtubule undergoes a catastrophe while the actin filament
remains attached and is pulled along with the shrinking micro-
tubule (11%). We speculate that this backward pulling of actin
could be due to either the presence of residual EB/TipAct on the
microtubule and/or actin filaments or the peeling protofilaments
of the depolymerizing microtubule, where the latter mechanism
does not depend on cross-linker binding. Cryogenic electron
microscopy of microtubules with end-bound actin might provide
more insight into these specific actin transport events, as it allows
one to study details of the plus-end structure of microtubules
(33). In addition, a small fraction of events (1.5%) correspond to
events truncated by the end of the timelapse movie and one event
was ended by a pausing microtubule (shown in Fig. 2E). This
pausing event was distinct from regular catastrophe-rescue events,
since the location of the microtubule end remained unchanged
for a significant amount of time (about 25 s). A summary of the
distribution of ending events is shown in Fig. 2H. Irrespective of
whether we include all transport events in the distributions or only
subsets, the distributions of microtubule growth velocities and of
the actin transport times remain similar (Fig. 27). Specifically,

PNAS 2022 Vol. 119 No.11 e2112799119

the distribution of transport times excluding those events that
end by microtubule catastrophe is indistinguishable from the
distribution including all events, in line with the assumption
that the three main mechanisms of ending the actin transport,
i.e., actin unbinding, microtubule catastrophe, and actin falling
behind, are independent Markovian processes (S Appendix).

Simulations Reproduce Microtubule-Mediated Actin Trans-
port. We hypothesize that actin transport can be explained by a
competition between two cross-linker—induced forces: 1) a driving
condensation force that originates from the binding free energy of
the cross-linking TipAct proteins that should act to maximize the
overlap between the actin filament and the microtubule tip region
and 2) a friction force due to the presence (at lower affinity)
of cross-linkers at the interface between the actin filament and
the microtubule lattice that hinders actin transport. To test this
hypothesis, we perform kinetic Monte Carlo simulations of the
simple model presented in Fig. 34.

We model the microtubule and the actin filament as one-
dimensional lattices of binding sites, where the microtubule is
immobile while the actin filament can move along its long axis.
For simplicity, we assume the same lattice spacing d between
the binding sites on both filaments (87 Appendix). Microtubule
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Fig. 2. Mechanisms limiting the actin transport time. (A) Kymograph of the actin transport event depicted in Fig. 1D, showing that the event ends by the
unbinding of the actin filament while the microtubule continues growing for a while (Movie S1). (B) Kymograph of a typical transport event that ends upon
a microtubule catastrophe (Movie S2). (€) Kymograph of a typical transport event that ends by loss of contact of the actin filament with the tip, resulting
in the actin filament falling behind and lingering on the microtubule (MT) lattice (Movie S3). (D) Kymograph of a typical transport event that ends upon a
microtubule catastrophe, but where the shrinking microtubule pulls an actin filament backward (Movie S4). (E) Kymograph of the transport event that ends by
the disappearance of the comet at a pausing microtubule. This is the only example of transport ended by microtubule pausing. (F) Distribution of transport
distances for actin filaments transported by growing microtubule plus end. Shown are median distance of 2.1 ym (and mean of 2.5 ym) and range of 0.2
to 12.2 ym. (G) Transport distance as a function of actin filament length. Actin filaments that were transported by the growing microtubule plus end have a
median length of 1.4 pm (and mean of 1.6 pm) and a length range of 0.5 to 7.9 pm. The maximal length is limited by the tendency of longer filaments to form
bundles, which are excluded from further analysis. (H) Categories of termination events together with their observed frequency (n = 265). Typical examples
of the categories are shown in A-E. (/) Distributions for the transport times (Top) and microtubule growth velocities (Bottom) are indistinguishable when we
consider the complete dataset (n = 265) or the subset of transport events that end by the actin filament unbinding from the microtubule end (i.e., both the
“actin unbinds” and “actin falls behind” events, n = 103). Hence, actin unbinding and actin falling behind the tip are statistically independent of microtubule
catastrophes (S/ Appendix). Separate channels of the kymographs are shown in S/ Appendix, Fig. S2. Both TipAct and EB3 are GFP labeled. (Scale bars: 5 um
[horizontal] and 60 s [vertical].)

growth is modeled through the addition of new binding sites
with a fixed rate 5. We assume that the microtubule contains a
chemically different microtubule tip region of I; = 200 nm long.
To maintain a constant size of the tip region, we transform the
oldest site in the tip region to a lattice site upon each addition of
a new tip site, as indicated in Fig. 34. We treat TipAct and EB3
proteins as a single complex that can bind to and unbind from
the microtubule, justified by fluorescent recovery after photo-
bleaching (FRAP) measurements (S/ Appendix, Fig. S7 B and C).
Based on the EB3 fluorescence intensity at the microtubule tip

(SI Appendix, Fig. S3), we assume that the affinity of the cross-

40f 12 https://doi.org/10.1073/pnas.2112799119

linking complex is 10-fold higher for the tip compared to the
lattice region. Since we observe in experiments that TipAct
strongly localizes to microtubules, but barely to isolated actin
filaments (Fig. 1C), we assume that the cross-linkers always
bind to the microtubule first and can then bind to the actin
filament. This assumption is further strengthened by the lack of
colocalization of EB3/TipAct signal to an actin filament after
a transport event and the high off rate of TipAct from actin
filaments (SI Appendix, Fig. S7TA). We include the microscopic
reverse reactions for all binding reactions, such that microtubule
growth is the only process that breaks detailed balance. Free
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Fig. 3. Computer simulations and analytical theory of a mechanism for actin transport by growing MTs. (A) The model used for simulating the interaction
between an actin filament (blue, Top) cross-linked to a growing MT (red, Bottom). Both filaments are modeled as one-dimensional inflexible chains of binding
sites with lattice constant 6. The MT grows with rate rg. Cross-linkers are modeled as springs with spring constant k that can be in the solution (state 0), bound
to the microtubule only (state 1), or fully connected to both filaments (state 2). These cross-linkers represent a complex of TipAct and EB3, which has a higher
affinity for the tip region of the MT (dark red, right) compared to the lattice region (light red, left). The distance between the filaments remains fixed, so the
actin filament can only move forward and backward. Viscous interactions with the solution result in a diffusion constant D, for the actin filament, while the
longitudinal components of the pulling forces from the cross-linkers provide additional movement of the actin filament (Movie S5). The cross-linker binding rates
from solution to the microtubule lattice and tip regions are rév/f, respectively, while the binding rate from a microtubule-bound cross-linker to a fully connected
cross-linker is rqy ;. Each transition is microscopically reversible. (B) A typical time trace of the MT and the actin filament. Compare to Fig. 1D. The actin filament
is transported when it interacts with the MT tip region (dark red, front of MT), and can recover from quick detachments from this tip region through diffusion
(black arrowhead). However, after a stochastic transport time T, the actin filament falls behind the tip region and then performs random diffusion on the MT
lattice. (C) Parameter definitions for an analytical theory in a comoving frame. We define x as the position of the front end of the actin filament compared
to the back end of the MT tip region. Since the tip region advances upon MT growth, this constitutes a comoving frame of reference. The theory describes
the dynamics of x using the cross-linker-induced effective diffusion constant of the actin filament D (x), the MT growth velocity vg, and the effective forward
condensation force F;. The actin filament has a length /5, the microtubule tip region has a length /;, and the microtubule lattice region is assumed to extend
leftward. The overlap lengths between the actin filament and the microtubule tip and lattice regions are denoted y; and y,, respectively, and Bottom schematics
show the relations between these overlap lengths and the other parameters in three regimes. (D) The effective actin diffusion constant Deg(x) decreases with
the overlap between the actin filament and MT lattice region (blue) and the MT tip region (green). Simulations give the proportionality constants of the actin
friction coefficients ¢ and ¢, by fitting Eq. 1 (lines) to the simulation results (points). () Using an analytical expression for the condensation force and the fits
from D, the theory predicts a free-energy well (blue line), where a comoving actin position x > 0 within the well represents metastable transport, whereas a
barrier crossing at x = 0 and the subsequent slide toward x < 0 represent the actin falling behind the MT tip; the free energy is at a minimum at x = 0.2 pm
where the front of the actin filament is at the front end of the MT tip. Direct sampling of the positional distribution of x in simulations (blue points) confirms the
validity of the theoretical prediction. The distance between the two filament ends (top axis) equals x — /.

actin filaments diffuse at a rate D, that depends on the viscosity
of the solution. When the actin filament gets cross-linked to
the microtubule, its diffusive movement is limited mainly by
the transient cross-linker binding events, strongly reducing its
effective diffusion constant.

We model the diffusive movement of the actin filament using
Brownian dynamics with a fixed timestep. To allow for movement

PNAS 2022 Vol. 119 No.11 e2112799119

of the actin filament, the cross-linkers can stretch as Hookean
springs with spring constant 4. Because the cross-linkers are a
complex of EB3 and TipAct, and because the spring constant
also accounts for the mechanical degrees of freedom of actin
filaments, the effective spring constant is lower than observed for
other cytoskeletal cross-linking proteins (7, 34—36). We model

the (un)binding of cross-linkers and the addition of new subunits
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to the microtubule tip as continuous-time Markov processes,
which are described by the reaction rates shown in Fig. 34. We
simulate these reactions using a kinetic Monte Carlo algorithm,
as described in ref. 7. We omit microtubule catastrophes from the
computational model, since these occur at a constant Markovian
rate, as shown in 87 Appendix, Fig. S1G.

We use experimental observations to estimate all parameters
shown in Fig. 34 (for details see S/ Appendix). In particular,
we measure the actin diffusion coefficient on the microtubule
lattice, which depends on the spring constant and binding rates
of the cross-linkers. We constrain the spring constant based on
the observed actin diffusion constants, and we perform FRAP
experiments on fluorescently labeled TipAct proteins to measure
the cross-linker off rate from microtubules (S7 Appendix, Fig. S7).
In addition, we fit the actin transport time simulated for one
specific combination of actin length (4 pm) and growth velocity (3
pmXxmin~1!) to the order of magnitude of the experimental value
of this transport time.

Simulations using this parameter set systematically show that
the actin filament follows the growing microtubule tip region,
as shown in Fig. 3B. In this example, the actin filament initially
overlaps with its front end with the microtubule tip and is
transported. At some point it transiently falls behind the tip,
but then catches up again (black arrowhead). We observe the
same transient diffusion events in our experiments, as shown
in ST Appendix, Fig. S4. Eventually the filament completely loses
its interaction with the tip and performs random diffusion on
the microtubule lattice. Hence, the transition from transport to
diffusion occurs when the actin filament loses its interaction with
the microtubule tip and does not rebind to the microtubule tip
before the microtubule grows away.

Theory For Cross-Linker-Driven Transport and Force Genera-
tion. To complement our simulations and identify the require-
ments for actin transport by growing microtubules, we develop a
general coarse-grained theory based on the model schematically
shown in Fig. 3C. On timescales longer than the cross-linker
(un)binding time, the stochastic motion of the actin filament
can be characterized as a biased diffusion process. In this coarse-
grained description, the microscopic interactions of the cross-
linkers with the filaments give rise to a condensation force that
tends to maximize the overlap between the actin filament and
the tip of the growing microtubule and a stochastic force that
not only modulates the effective diffusion constant of the actin
filament but also generates a friction force that opposes the
driving condensation force. We describe this diffusion process via
a Fokker—Planck equation, where the actin position x is defined in
a reference frame that is comoving with the growing microtubule,
as indicated in Fig. 3C. An actin filament moving with the growing
microtubule tip thus remains at a constant position x.

The actin filament performs one-dimensional (1D) diffusion
along the microtubule with an effective diffusion constant that
depends on the cross-linker binding dynamics. This effective
diffusion constant of the actin filament D.g decreases with an
increasing average number of connections between the actin
filament and the microtubule (7, 28, 37, 38). In turn, the average
number of connections depends on the length of the overlap
between the actin filament and the microtubule lattice region y,
and between the actin filament and the microtubule tip region
y¢ (Fig. 3C). Short actin filaments, or filaments that barely
overlap with the microtubule tip, can be in states where no cross-
linkers connect the actin to the microtubule. Hence, the effective
diffusion constant of the actin filament is the average over the
diffusion constants of the unbound and bound states of the actin

6 of 12 https://doi.org/10.1073/pnas.2112799119

filament. In the unbound case, the diffusion constant is set by
the viscosity of the solution to D, = 1um?s~! (87 Appendix).
In the microtubule-bound state, the actin diffusion constant is
dominated by the binding dynamics of the cross-linkers, which
we capture by an effective friction coefficient (hound (¥t ye). The
effective diffusion constant is related to this friction coefficient
through the Einstein relation, Dyound = k8 T'/Cbound (39). Put
together, the average diffusion coeflicient averaged over unbound
and bound states is given by

kg T

D(ye, ye) = po(ye, ye) Do + (1 = po(ye, ye)) Coound (Y, 2)
[1]

The probability po(y:, y¢) that the actin filament is not bound to
the microtubule is given by (see SI Appendix for details)

Po (Y, ve) — e Yt/ Mg ye/ e 2]
The length scales A; and A, depend on the binding affinities of the

cross-linkers for the tip and the overlap region, respectively, since
these determine the likelihood of cross-linker binding to these
regions. We assume that the friction coefficient scales linearly with
the actin overlap lengths,

Cbound(ytv y@) = Ct Yyt + C@y@; [3]

since the average number of cross-linkers is proportional to the
overlap lengths y; and yp, and friction scales linearly with the
number of cross-linkers when the spring constant is low enough
and exclusion effects between the cross-linkers are insignificant
(28, 37, 38). To find the proportionality constants (; and ¢z, we
perform two separate sets of simulations where we keep 3 or y; at
0 and vary the other one and then measure the diffusion constant
of the actin filament. In Fig. 3D, we fit Eq. 1 to the simulated
diffusion constants, using C; or (y as the fitting parameter for the
curve varying the actin length y; or y, respectively. For small
overlap y, the effective diffusion constant is dominated by the
probability that no cross-linkers are bound, which means that in
this regime it decreases exponentially with y (Eq. 2), while for
large y the effective diffusion constant is dominated by the linear
increase of the friction coefficient with the number of bound cross-
linkers and hence overlap length y (Eq. 3). Fig. 3D shows that Eq.
1 fits the diffusion constants in the simulations remarkably well
over the whole range of y, confirming that the motion of the actin
filament is well described by an effective diffusion process.

The diffusive motion of the actin filament is biased forward
when the actin filament happens to overlap with the microtubule
tip region, because the cross-linkers have a higher affinity for the
microtubule tip than for the microtubule lattice. The resulting
forward-pointing condensation force Fy provides a drift term to
this diffusion process. This force is present as long as the actin fila-
ment overlaps with the microtubule tip region of size [, but does
not fully cover it, 0 < 2 < l;. When the actin filament extends in
front of the microtubule tip region, £ > I;, a negative, backward
condensation force F attempts to increase the overlap between
the actin filament and the microtubule lattice region. We derive
analytical expressions for these forces in S/ Appendix, yielding
estimated force values of Fy = 0.10 pN and F}, = —4.6 fN using
the parameter set given in S/ Appendix, Table S1.

Using these forces and Eq. 1, we can describe the effective
drift of the actin filament observed in the comoving frame x. The
effective net force Fog(z) that acts on the actin filament is the
sum of the driving condensation force and the opposing friction
force:

kT

Fo(z)=F;1(0<z <l)+ Fyl(z > 1) — DG

vg. [4]
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Here, 1(c) is the indicator function returning 1 if the condi-
tion ¢ is true and 0 otherwise. The condensation force is thus
either the forward driving force Fy when the actin overlaps only
partially with the microtubule tip or the backward moving force
Fy, when the actin fully overlaps with the tip but only partially
with the microtubule lattice. The diffusion constant D(z) =
D(y:(z), ye(x)), where the x dependence of the overlap lengths
y is given in Fig. 3C, and the diffusion constant follows Eq. 1. The
last term in the effective force is indeed the opposing friction force,
which equals the effective friction coefficient kg T'/ D, times the
microtubule growth velocity v, since that determines the relative
speed between the actin filament and the microtubule.

We integrate the effective force from Eq. 4 to find the emer-
gent generalized free energy F(z) shown in Fig. 3E. The free
energy shows three regimes, corresponding to the three situations
indicated in Fig. 3 C, Bottom. For actin filaments behind the tip
(z < 0), there is no condensation force since the actin filament
does not interact with the microtubule tip region. The negative
slope is caused by the effective backward drift of the actin filament
in the comoving frame. For actin filaments that (partially) overlap
with the tip (0 < z < I;), the condensation force F acts to max-
imize the overlap region, because the free energy decreases with
increasing overlap length. For actin filaments protruding ahead
of the tip (z > I;), the overlap between the actin filament and
the microtubule tip region can no longer increase, so the forward
condensation force disappears. A very small negative backward
force F, remains, since the actin filament loses overlap with the
microtubule lattice as x increases. However, the largest contribu-
tion of the upward slope of the free energy for = > [, is again
caused by the effective backward motion in the comoving frame.
The combination of these three regimes creates an energy well,
showing that actin transport is a metastable state. Interestingly,
since the probability distribution P(z) of the actin position x in
the simulations is given by P(z) x exp(—SF(x)), where F(z)
is the free energy of the computational model, we can compare
the theoretically predicted free-energy profile to —log P(z) as
obtained from the simulations. The generalized free-energy profile
obtained from the simulations (symbols in Fig. 3E) closely agrees
with the theoretical prediction without any adjustable parameters,
supporting the idea that actin transport arises from the balance
between a driving condensation force and an opposing friction
force.

Simulations and Theory Correctly Predict Actin Transport
Times. The simulations and the analytical theory make
predictions about actin transport that can be directly tested
against the experimental data. Specifically, we study how the mean
duration of transport ( T ) by growing microtubules changes with
the microtubule growth velocity and actin filament length. We
observed in Fig. 1D that actin transport ends by microtubule
catastrophes, actin unbinding, or actin falling behind the tip
region of the microtubule.

The likelihood that cross-linker unbinding will terminate actin
transport is low when the overlap between the actin filament and
the microtubule tip region is large, £ > 0, since there will be
many cross-linkers holding the actin filament and microtubule
tip together. In the other limit that the actin filament falls behind
the tip (z < 0), the transport event most likely ends by the actin
filament rapidly falling even farther behind. Hence, the rate at
which actin unbinding from the microtubule tip region ends
actin transport is dominated by the probability that the actin
filament starts to lose overlap with the microtubule tip region, i.e.,
reaches the top of the free-energy barrier at z ~ 0 (Fig. 3C). This
probability P(z ~ 0) can be calculated using the effective free-

PNAS 2022 Vol. 119 No.11 e2112799119

energy profile and scales exponentially with the growth velocity
vy (SI Appendix). Once the actin filament has climbed up the
energy barrier for unbinding and lost all connections with the
microtubule tip region, unbinding still requires the filament to
lose all connections to the microtubule lattice as well. Using Eq.
2, we can calculate how the probability to be disconnected changes
with the actin length [,,

ry = roe e/ At/ (5]

Here, )¢ is the same as in Eq. 2, and 7y follows from the free energy
and measures how fast the barrier height changes with the micro-
tubule growth velocity vy (S Appendix). Analytical expressions for
A¢ and 7y are given in ST Appendix. Only the prefactor 0 remains
unknown, so we fit it once to the complete set of simulated average
transport times that is shown in Fig. 4 A and B.

To compute the rate at which the actin filament falls behind
the tip region, < 0, we note that the filament has to cross a free-
energy barrier to leave the tip region, as shown in Fig. 3E. Hence,
we can employ Kramers theory (40) to calculate the rate 7, at
which the actin filament escapes from the free-energy well,

b
n=|f
—o0o

Finally, we treat microtubule catastrophes as an independent
process that occurs at a fixed rate 7. The total rate at which
transport ends is given by r; =1, + 7, + 7, and the average
transport time is simply the inverse of this rate, (T%) = 1/7¢.

We calculate (T7) using this theoretical description and addi-
tionally sample T} in computer simulations as a function of the
microtubule growth velocity v, and the actin length ;. As shown
in Fig. 4, the theory successfully describes the simulation data,
showing that the coarse-grained analytical theory is valid for all
regimes probed in the simulations. Only the single parameter 72
was directly fitted once to the complete set of lines in Fig. 4 ;
otherwise all parameters in the theory are based on analytically
calculable expressions or on (; and (¢, which are separately fitted
to the diffusion constants in Fig. 3D. The curves in Fig. 44 show
that higher growth velocities lead to shorter transport times. This
is because the friction force between the filaments increases while
the condensation force remains unchanged, lowering the free-
energy barrier for unbinding. Fig. 4B shows that the theory also
predicts a decrease of the transport time with increasing actin
filament length, again due to an increased friction. However, the
transport time is also small for short actin filaments, because in
this case transport ends predominantly through actin unbinding.
The model therefore predicts an optimal length for processive
transport.

Experimentally, we observe a set of transport events, each
characterized by a microtubule growth velocity vy, actin length I,
and transport time 7. Since both v, and [, vary stochastically in
the experiments, we sort the experimental data according to the
microtubule growth velocity (or actin length) and group the data
into four sets with an equal number of data points each. Then, we

Fz)/kpT e
eF(@)/kp dw/ e~ H@)/ka T 4, . (6]
0

D(z)

calculate the mean 7, (l,) and the mean 7' for each set, giving
the four green data points in Fig. 44 (Fig. 4B).

The experimental data show decreasing transport times for
increasing growth velocities (Fig. 44 and S7 Appendix, Fig. S6A), a
trend that was confirmed by calculations of Spearman correlation
coeflicients (S Appendix, Table S2). The experiments, having an
average actin filament length of l,=15 pm, both confirm the
predicted theoretical order of magnitude of mean transport times
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Fig. 4. Comparing experimental, simulation, and theoretical results for the mean transport times. The transport time T; is defined in Fig. 3B. (A) Mean actin
transport time plotted against the growth velocity. Simulations and theoretical predictions are shown for three different actin filament lengths. Experimental
data are sorted according to the growth velocity and grouped into four sets with 63 or 64 data points each. The error bars represent (g, & SD;, T¢; = SEM;),
where i labels the four groups, a bar on a random variable represents the sample mean, SD is the SD of the distribution of growth velocities, and the SEM
is the SEM of the transport times over that group. The experimental data sample over a distribution of actin lengths /; = 1.5 + 0.8 pm (mean + SD). The
theory correctly predicts both the order of magnitude and the declining trend of the mean transport times. (B) Mean actin transport time plotted against
the actin length. Simulations and theoretical predictions are shown for three different microtubule growth velocities. The same experimental data as in A are
sorted according to the actin length and divided into four equally sized groups of 63 or 64 data points each, with v, = 3.8 + 0.7um min~" (mean =+ SD). The
experimental data confirm the order of magnitude and the trends of the theoretical predictions. There are insufficient experimental data to test the declining
transport times due to increased friction for /; > 4 ym and due to increased probability of longer filaments to form bundles; thereby they are excluded from
transport analysis. However, for /; < 4 pm, the experimental data confirm that the transport time increases due to an increase of the actin binding times when
the actin length increases. (C) Fractions of transport events that end by microtubule catastrophes, actin falling behind the microtubule tip region, or actin
unbinding from the tip region as a function of actin filament length. The fractions calculated from theoretical values of the catastrophe rate r, rate of falling
behind re, and unbinding rate r, are plotted as the indicated colored regions. The indicated data points are calculated from in vitro experiments and report the
borders between the three transport-termination scenarios as shown in bar plots (Right). Orange indicates border between catastrophe and fall behind; purple
indicates border between fall behind and unbind. We group the experimental data into two bins of equal size (discriminated by actin filament length), because
the four data bins used in B provide insufficient statistics per bin to calculate two numbers per bin. We calculate the mean actin length (horizontal error bars are
the SD) and the fractions at which each mechanism ends the transport events in both bins. We report the borders between these three regions (vertical error
bars are the SEM). Microtubule catastrophes lead either to backward actin transport or to actin unbinding, but are always counted as catastrophes in these
fractions. The theory overestimates the fraction of events that unbind, but it correctly shows that unbinding events become less important with increasing actin
length. The overestimation of the unbinding rate also explains the underestimation of the transport times in A and B.

and the trends with varying the growth velocity (Fig. 44). In ad-
dition, the experimental data show increasing transport times for
increasing filament length (Fig. 4B and SI Appendix, Fig. S6B),
which was also confirmed by calculations of Spearman correla-
tion coeflicients (ST Appendix, Table S2). Again, having an average
growth velocity of T, = 3.8um min~!, the experimental data
confirm the order of magnitude and trends with varying actin
length that were predicted by the theory in the small actin length
regime (Fig. 4B). The experimentally observed actin filaments
are not long enough to also probe the regime I, > 4 pm where
the transport time is predicted to decline again due to increased
filament friction. The direct unbinding of short actin filaments
from the microtubule tip region ends a significant fraction of
the transport events, as shown in Fig. 2H. We can also use
the theory to predict the fraction of the different events that
can terminate transport: microtubule catastrophes, actin falling
behind, and actin unbinding. As shown in Fig. 4C, we observe
that the model parameters overestimate the direct unbinding rate
of the actin filaments, but do correctly predict that the fraction of
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unbinding events decreases strongly with increasing actin filament

length.

Cross-Linker Binding Creates a Significant Condensation
Force. As explained above, the analytical theory predicts a
forward condensation force. To test this prediction, we use optical
tweezer measurements in a simplified geometry where TipAct is
attached to a bead in the absence of actin filaments (Fig. 54).
Each experiment starts with placing such a TipAct-coated bead
in front of a growing microtubule end with the trap. Successful
binding of the bead to the microtubule tip region is evident
from its movement toward a microtubule (57 Appendix, Fig. S9A).
This initial movement is a result of the experimental setup and
independent of the presence of EB3, as also described before
(26). The bead then gradually returns to the center of the
trap as the microtubule grows (Fig. 5 4 and B), after which it
continues to move against an opposing trap force until contact
with the microtubule tip is lost and the bead returns to the
trap center. We consider the signal starting at the first positive

pnas.org


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112799119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112799119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112799119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112799119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112799119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112799119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112799119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112799119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112799119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112799119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112799119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112799119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112799119/-/DCSupplemental
https://doi.org/10.1073/pnas.2112799119

Downloaded from https://www.pnas.org by Technische Universiteit Delft on March 24, 2022 from IP address 154.59.124.113.

assisting force. — ) ]
TipAct-coated —&= 'y £ 00 i .
bead | £ 100+ opposing force
EB3 comet “\ g 0 |
\och f \/ % -100 assisting force
N B R raw signal
I 5
S 0 10 20 30
@ } time (s)
tEhBSbcor(';utet rtﬁturns =
e bead to the
center of the trap "-\ C EB3 present no EB3
0.4 - 0.4+ ‘ 0.4
@ Opposing force i Z& 0.2 Mr‘ 0.2 M 0.2
EB3 comet pulls y | 8300 0.0 e 0.0%
the bead ag%inst A . % " Jh'
the opposing force /\, \ 02 02 0.2
by |

Fig. 5.

0 10 20 30 0 10 20 0 10

time (s)

Optical tweezer measurement of the force developed by cargo-bound TipAct at the growing microtubule plus end. (A) Schematic diagram of the

experimental setup. A TipAct-coated bead is initially attached to a growing microtubule carrying an EB3 comet: 1) The bead moves back to the center of
the trap under the assisting force. 2) After having arrived in the trap center, 3) the bead is pulled by the EB3 comet against the opposing force from the trap.
(B) A typical recording of a bead moving against the opposing trap force with experimental steps numbered according to A. The large initial movement of the
bead is not caused by an active force from the microtubule, but results from an initially free bead that binds to the microtubule. (C) Examples of forces exerted
by growing microtubule ends through the TipAct coupling in presence or absence of EB3. These traces correspond to the complete (untruncated) force traces

in SI Appendix, Fig.S9A.

displacement of the bead against the opposing force until the
smoothed bead trajectory crosses the zero displacement again as
the force signal. Further analysis of these force signals is shown
in SI Appendix, Fig. S10A. From typical force signals as shown
in Fig. 5C, we measure forces with a mean of 0.12pN (£ 0.07
SD) for the same conditions as in the previously described actin
transport experiments (S/ Appendix, Fig. S10B). The measured
force provides an estimate for the condensation force, since the
opposing friction force is expected to be very small because of the
low velocity.

In this simplified experimental geometry, where the TipAct-
coated bead replaces the actin filament, our theory pre-
dicts a condensation force of roughly 0.2pN on the bead
(SI Appendix, Eq. 20), which is close to the value measured
experimentally. We also observe experimentally that the
force magnitudes decrease when we lower the cross-linker
affinity for the microtubule by raising the salt concentration
(SI Appendix, Fig. S10B), consistent with S/ Appendix, Eq. 19.
This is in agreement with the prediction of our theoretical model
and supports the idea that actin transport is indeed driven by a
condensation force.

Discussion

In this study, we have reconstituted transport of actin filaments
by growing microtubule plus ends in the presence of transiently
binding cross-linkers. We have shown that this transport is gov-
erned by a condensation force and a competing friction force
that are both caused by the cross-linkers. Microtubule growth
leads to the net motion of the chemically distinct microtubule tip
region. The actin filament recognizes the microtubule tip region
through cross-linking proteins that bind more strongly to the
tip region compared to the lattice region, creating a force that
tries to maximize the overlap between the actin filament and
the microtubule tip region. The resulting mechanical movement
of the actin filament is opposed by a friction force with the

PNAS 2022 Vol. 119 No.11 e2112799119

static microtubule lattice, and actin movement is possible only
if the cross-linkers adjust their binding positions on the actin
filament through (un)binding dynamics. Hence, increasing the
condensation force by increasing the cross-linker density does
not necessarily lead to longer-range actin transport, since the
cross-linker—induced friction force between the filaments is also
increased.

In recent years, it has become increasingly clear that, in addition
to motor-driven and (de)polymerization-driven forces, passive
cross-linkers can also generate active forces. One mechanism
for passive cross-linkers to generate active forces is via entropic
expansion (6), where the overlap region between two filaments is
maximized to increase the entropy of a fixed number of diffusible
cross-linkers, as was shown for Asel cross-linkers that connect
antiparallel microtubules in the mitotic spindle (6). A second
mechanism to generate active forces by passive cross-linkers is via
their binding affinity for overlap regions when the cross-linkers
are present in the solution. This mechanism creates an effective
affinity between the filaments, which can result in bundle con-
tractions as was shown for FtsZ filaments in bacteria (27) and for
actin filaments (5, 28). Here we show that this condensation force
can also cause directed transport of actin filaments by growing
microtubules, biased forward by the higher density of cross-linkers
present at the growing tip.

The mechanism that we describe is reminiscent of a previously
proposed mechanism for chromosome transport via kinetochores,
modeled as cargo transport by shrinking microtubules binding in a
sleeve (2). Also in that case, there is a driving force that arises from
the affinity of the microtubule for another object (sleeve versus
actin filament) and an opposing friction force. However, while in
the theoretical analysis of chromosome transport the affinity arises
from the interaction between the microtubule and the sleeve,
in our model the affinity is mediated by the cross-linkers that
prefer to bind from the solution to the overlap region between the
microtubule and the actin filaments. Moreover, the former study
focused on finding the metastable distribution of microtubule
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positions within the sleeve. In contrast, we calculate not only
the effective free-energy profile that emerges from the interplay
between the condensation force, the opposing friction force, and
the growing microtubule (Fig. 3E), but also the transport time
distribution that results from this metastable state. Furthermore,
while actin transport is driven by the higher affinity of the actin
filament for the tip of the growing microtubule than for its
lattice, the sleeve-based transport is driven by a depolymerizing
microtubule.

Another example of condensation forces that result in proces-
sivity is a recent experimental study on pulling of membrane tubes
by growing microtubules (26). Similar to the transport of actin
filaments, the forward force on the membrane tubes is driven by
the affinity of the membrane for the growing microtubule plus
end. However, the actin filament slides relative to the microtubule,
causing a friction force, whereas the fluid nature of the membrane
means that the pulled tubes can spread over the microtubule like
a continuous track without creating any friction force.

Within the cell, the condensation force we identified will
compete with forces exerted by molecular motors. We showed that
actin transport by growing microtubule plus ends results in much
lower forces (0.10 pN) than are measured for microtubule motor
proteins (1 to 10 pN) (41, 42). In direct competition, motor
forces would therefore likely dominate over the condensation
forces. However, condensation forces can remodel actin filaments
specifically at the growing microtubule plus end, whereas motor-
driven forces remodel actin filaments along the microtubule lattice
or at depolymerizing microtubule ends (11, 43). Tip-localized
transport of actin filaments may be relevant given recent studies
that uncovered two distinct pathways to specifically nucleate new
actin filaments at the growing microtubule plus end (44, 45). The
transport mechanism identified in our study could rapidly relocate
those filaments to the leading edge of the cell, where they influ-
ence the formation of new actin-based protrusions. In this con-
text, a recent theoretical study explored how such microtubule-
based transport could influence the actin distribution within
spherical cells (46). We speculate that growing microtubule plus
ends may also exert significant forces on the cross-linked and
branched actin networks they encounter near the cell cortex. Even
though cross-linking/branching will prevent actin transport, mul-
tiple impinging microtubules could collectively exert a significant

orce.

The transport mechanism requires transiently binding pas-
sive cross-linkers that bind the microtubule end via EB pro-
teins. The most prominent examples of such cross-linkers are the
spectraplakins and drebrin (14, 20). In this work, we used an
engineered cross-linker TipAct that contains the actin-binding
and microtubule end-binding domains of ACF7 (also known as
MACEF1). Full-length ACF7 and its Drosophila homolog Short
Stop (also known as Shot) have a more complex functionality
because they possess additional domains that bind the micro-
tubule lattice (GAR domain) and regulatory domains of unknown
function. It will be interesting to investigate both in vitro and
in cells how those additional domains modulate the cross-linking
and actin transport activity of ACF7. Since actin transport de-
pends on the preferred binding of actin filaments to the growing
microtubule end, we propose to look for these events in cellular
contexts where microtubule ends are connected to actin filaments.
In mammalian cells, ACF7-mediated actin—microtubule interac-
tions take place at the ends of microtubules that impinge on the
protrusive front of the cell (10). In Drosophila, Shot-mediated
interactions were recently identified at the ring canals of the ovary,
where actin—microtubule cross-linking is necessary to control the
transport of cytoplasmic materials from nurse cells to the oocyte
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(47). A similar transport mechanism may also contribute to the
transport of intermediate filaments by microtubules (48-51).

In our study, the actin filaments were stabilized so that their
length is essentially constant as a function of time. Our model
predicts that the transport of these filaments is accompanied by a
steady-state overlap length, which arises from the balance between
the driving condensation force, which is independent of the
overlap length and the total actin length, and the opposing friction
force, which increases linearly with not only the overlap length
but also the total actin length (Fig. 3E). In vivo, actin filaments
are, however, dynamic: They can grow, shrink, or even treadmill,
in a direction that depends on their polarity. All three processes
can change the overlap length and/or the total actin length and
thereby affect the balance between the driving condensation force
and the opposing friction force. We anticipate that actin growth
would impede transport by increasing the friction. In contrast,
treadmilling does not change the total length. It will therefore
not significantly affect transport when it is slow compared to the
transport speed as set by the microtubule growth rate, because
in this quasi-equilibrium regime the overlap rapidly adjusts to
the treadmilling to maintain the steady-state overlap length. Yet,
when treadmilling is faster, it is likely to enhance transport when
it occurs in the direction of microtubule growth. We leave a
quantitative analysis of these regimes for future work. Finally,
the theoretical description we present may be applicable not
only to filament transport, but also to transport by propagating
reaction—diffusion patterns on membranes, such as the transport

of plasmids by ParA (52-54).

Materials and Methods

Protein Isolation and Preparation. Engineered cytolinking protein TipAct
(composed of an N-terminal eGFP followed by the actin-binding domain and
EB-binding domain of full-length MACF1, separated by the coiled-coiled linker
of Cortexillin 1) was expressed in Escherichia coli T7 cells and purified using a
His-tag affinity column, as was previously described (17, 55). Lyophilized porcine
brain tubulin was obtained from Cytoskeleton, resuspended at 50 to 100 uM in
MRB8O buffer [80 mM piperazine-N,N'-bis(2-ethanesulfonic acid) (Pipes), pH 6.8
with KOH, supplemented with 4 mM MgCl; and 1 mM ethylene glycol-bis(3-
aminoethyl ether)-N,N N, N'-tetraacetic acid (EGTA)], snap frozen, and stored at
—80 °C until use. G-actin was purified from rabbit skeletal muscle acetone pow-
der as previously described (56), filtered on a Superdex 200 10/60 size-exclusion
column (GE Healthcare) to remove any oligomers, and stored at —80 °C in G-
buffer [5 mM Tris(hydroxymethyl)aminomethane (Tris), pH 7.8 with HCI, 0.1 mM
CaCl,, 0.2 mM ATP, 1 mM dithiothreitol (DTT)]. Fluorescent actin was prepared
by labeling monomers with Alexa Fluor 649 carboxylic acid succinimidyl ester
(Molecular Probes, Life Technologies). Before use, G-actin was thawed overnight
at4 °C, spun for 15 min at 149,000 x g to remove any aggregates, and stored
at4 °Cfor no longer than 2 wk. The 6xHis-tagged recombinant human GFP-EB3
and mCherry-EB3 were expressed and purified as described before (57).

Dynamic Microtubule Assay. Microscopic flow cells were constructed as pre-
viously described (55). In brief, flow channels of 10 to 15 plL, assembled from
base-piranha cleaned glass coverslips and slides and Parafilm spacers, were
functionalized by sequential incubation with 0.1 mg/mL PLL-PEG-Biotin [PLL(20)-
g[3.5]-PEG(2)/PEG(3.4)-Biotin(20%); SuSos AG] for 30 to 60 min, 0.25 mg/mL
streptavidin (Thermo Scientific Pierce Protein Biology Products) for 10 min, 0.5
mg/mL «-casein for 10 min, and 1% (wt/vol) Pluronic F-127 for 10 min, all
solutions in MRB80 and including 40- to 70-pL rinses with MRB80 in between
incubation steps.

Actin filaments were prepolymerized at 7.5 uM G-actin concentration (15
mol% labeled and 85 mol% unlabeled premixed monomers) in MRB8O for 30
to 90 min at room temperature, before adding phalloidin (Sigma-Aldrich) in 1:1
molar ratio to stabilize the filaments. Dynamic microtubules were nucleated from
GMPCPP-stabilized microtubule seeds, which were bound to the biotinylated
surface and prepared according to standard double-cycling protocols (55, 58).
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Any nonattached seeds were rinsed off with MRB80 before adding the final
imaging mix. The core imaging buffer consisted of MRB80 supplemented with
0.5 mg/mL x-casein, 0.2% (vol/vol) methyl cellulose (M0512; Sigma-Aldrich
Chemie BV.), 75 mM KCl, T mM GTP, 0.2 mM Mg-ATP, and an oxygen scavenging
system (4 mM DTT, 2 mM protocatechuicacid [PCA],and 100 nM protocatechuate-
3,4-dioxygenase [PCD]). This solution further contained tubulin concentrations
ranging from 20 to 30 uM (6 mol% Rhodamine labeled), 7.5 to 10 nM F-actin,
133 nM EB3 (mCherry or GFP labeled), and 50 nM TipAct (GFP).

Microscopy. Imaging of in vitro actin transport by growing microtubule plus
ends was performed using a Nikon Eclipse Ti-E inverted microscope (Nikon Corpo-
ration) equipped with an Apo TIRF 100x/1.49 numerical aperture oil objective,
a QuantEM:512SC EMCCD camera (Photometrics, Roper Scientific), a motorized
stage, a Perfect Focus System, and a motorized TIRF illuminator (Roper Scientific).
For excitation, we used a 561-nm (50 mW) Jive (Cobolt), a 488-nm (40 mW)
Calypso (Cobolt) diode-pumped solid-state laser, and a 635-nm (28 mW) Melles
Griot laser (CVI Laser Optics and Melles Griot). A custom-built objective heater was
used to maintain the sample at 30 °C. Triple-color images were acquired for 10
to 20 min with 3-s intervals and 100- to 200-ms exposure times.

Image and Data Analysis. Image processing and analysis were performed
using plugins for Fiji (59) or ImageJ and custom-written programs in Python or
MATLAB. Timelapse series of TIRF images were drift corrected using a custom-
written MATLAB program. Kymographs of microtubule growth were created using
the reslice tool in Fiji (59). Plus and minus ends were distinguished based on
their growth rates: Faster-growing ends were identified as the plus ends and
the slower-growing ends as the minus ends. The parameters characterizing actin
transportand microtubule dynamics were determined from these timelapses and
kymographs.

Amicrotubule/actin interaction event was classified as transport and included
in further analysis when 1) an actin filament colocalized with an EB3/TipAct
complex at the growing microtubule plus end, 2) it moved for at least 0.5 um
(3 pixels) and for 9 s (3 pixels) along with the microtubule tip, and 3) it was not
interacting with other actin filaments or microtubules. The actin filament length
and tracking time were obtained from manual fits on the kymographs. From the
original timelapse image series, the binding states of the actin filament before
and after the transport event were determined.

The microtubule dynamics were characterized as previously described (60). In
brief, growth velocities were obtained from manual fits to the growth phases, and
the average velocity was taken as the average over all events weighted with the
duration of the individual events. The error is the weighted SD. Catastrophe rates
were calculated as the number of catastrophe events divided by the total time
microtubules spent growing. The error is given by the rate divided by the square
root of the number of events.

Simulations and Theoretical Modeling. The simulations are based on a
modified version of the algorithm described in ref. 7. All details are described
in SI Appendix.

Optical Tweezers. Silica beads (1 pm in diameter) functionalized with car-
boxy groups (Bangs Laboratories) were conjugated with PLL-PEG-Biotin [PLL(20)-
g[3.5]-PEG(2)/PEG(3.4)-Biotin(10%); SuSoS AG] as described in ref. 61. Atotal of
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10 pL of PLL-PEG-coated beads (ca. 0.2% wt/vol) were washed in washing buffer
(80 mM K-Pipes, pH 6.9 with 1T mM EGTA, 4 mM MgCl,, 1 mM DTT, and 0.5
mg/mL casein) by centrifugation for 1 min at 16,000 x g and then resuspended
in 20 pL of 8 uM Neutravidin (Thermo Scientific) in the same buffer. After 30 min
incubation at 23 °C with frequent mixing, the beads were washed twice in 100
L of the washing buffer, resuspended in 20 pL of 0.2 uM biotinylated anti-GFP
IgG (Rockland), and further incubated for 30 min at 23 °C with frequent mixing.
After two more washes in the washing buffer, the beads were resuspended in 20
pL 120 nM GFP-TipAct and incubated for 1 h on ice with frequent mixing. Finally,
the beads were washed three times and resuspended in 50 pl of the washing
buffer.

Toattach microtubule seeds to glass, we used digoxigenin (DIG)-labeled tubu-
lin to prevent interactions with the biotinylated beads. Briefly, tubulin was puri-
fied from porcine brain (62) and chemically labeled with N-hydroxysuccinimide-
DIG (63). GMPCPP-stabilized microtubule seeds were prepared using 30% DIG-
labeled tubulin and according to standard double-cycling protocols (58).

Optical trapping was performed as described previously (26). Slides and
coverslips were silanized using Plus-One Repel Silane (GE Life Sciences), then
assembled into flow chambers using double-sided tape and functionalized with
0.2 pM anti-DIG IgG (Roche), and then passivated with 1% Pluronic F-127 in
MRB80, before DIG-labeled seeds were introduced. The reaction mix (80 mM K-
Pipes, pH 6.9, 50 or 75 mM KCI, 1 mM EGTA, 4 mM MgCl,, T mM GIP, 1 mg/mL
k-casein, 4 mM DTT, 0.2 mg/mL catalase, 0.4 mg/mL glucose oxidase, 20 mM
glucose, and either 25 mM unlabeled tubulin with addition of 133 nM EB3 or
10 mM unlabeled tubulin in the absence of EB3) was centrifuged at 30 psi for 5
min. TipAct-coated beads were added to the supernatant at a ratio of 1:33 to 1:50.
This final mix was then introduced into the flow chamber, and experiments were
carried outat 25 °C.

Differential interference contrast microscopy and optical trapping were per-
formed as described previously (61). Measurements were performed at nominal
trap power of 0.2 W (the lowest setting of our instrument), and then the trap
stiffness was additionally softened down to 4 to 6-10 to 3 pN/nm using a circular
polarizing filter placed in the wave path of the trapping laser. The Quadrant
Photodiode Detector signal was recorded at 10 kHz.

Data Availability. Additional data are available in S/Appendix. Orig-
inal data from in vitro actin transport experiments, optical tweezer
measurements, and simulations have been deposited in data.4tu.nl
(https://doi.org/10.4121/c.5584335).

ACKNOWLEDGMENTS. We thank Jeffrey den Haan and Marjolein Vinkenoog for
actin purification and Andrea Martorana for TipAct purification. We thank Michel
Steinmetz for the gift of EB3s. We thank Maurits Kok for help with image analysis.
We thank Michele Monti for many useful discussions. This work was supported by
the European Research Council Synergy Grant 609822 (to M.D.and A.A.).

Author affiliations: *Department of Bionanoscience, Kavli Institute of Nanoscience, Delft
University of Technology, 2629 HZ Delft, The Netherlands; °Living Matter Department,
AMOLF, 1098 XG Amsterdam, The Netherlands; and “Division of Cell Biology, Faculty of
Science, Utrecht University, 3584 CH Utrecht, The Netherlands

11. M.Kwon, M. Bagonis, G. Danuser, D. Pellman, Direct microtubule-binding by myosin-10 orients
centrosomes toward retraction fibers and subcortical actin clouds. Dev. Cell 34, 323-337 (2015).

12. J.C.Sandquist, M. E. Larson, K. J. Hine, Myosin-10 independently influences mitotic spindle structure
and mitotic progression. Cytoskeleton (Hoboken) 73, 351-364 (2016).

13. K. C.Suozzi, X. Wu, E. Fuchs, Spectraplakins: Master orchestrators of cytoskeletal dynamics. J. Cell Biol.
197,465-475(2012).

14. R.Cusseddu, A. Robert, J. F. Coté, Strength through unity: The power of the mega-scaffold macf1.
Front. Cell Dev. Biol. 9, 641727 (2021).

15. Y. Margaron, N. Fradet, J. F. Coté, ELMO recruits actin cross-linking family 7 (ACF7) at the cell
membrane for microtubule capture and stabilization of cellular protrusions. J. Biol. Chem. 288,
1184-1199 (2013).

16. X.Wu, A. Kodama, E. Fuchs, ACF7 regulates cytoskeletal-focal adhesion dynamics and migration and
has ATPase activity. Cell 135, 137-148 (2008).

17. M. Preciado Lépez et al., Actin-microtubule coordination at growing microtubule ends. Nat. Commun.
5,4778(2014).

18. J. AlvesSilva et al., Spectraplakins promote microtubule-mediated axonal growth by functioning as
structural microtubule-associated proteins and EB1-dependent +TIPs (tip interacting proteins). J.
Neurosci. 32,9143-9158 (2012).

https://doi.org/10.1073/pnas.2112799119


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112799119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112799119/-/DCSupplemental
https://doi.org/10.4121/c.5584335
https://doi.org/10.1073/pnas.2112799119

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

Downloaded from https://www.pnas.org by Technische Universiteit Delft on March 24, 2022 from IP address 154.59.124.113.

36.

37.

38.

39.

40.

. D.van de Willige et al., Cytolinker Gas2L1 regulates axon morphology through

microtubule-modulated actin stabilization. EMBO Rep. 20, €47732 (2019).

S. Geraldo, U. K. Khanzada, M. Parsons, J. K. Chilton, P. R. Gordon-Weeks, Targeting of the
F-actin-binding protein drebrin by the microtubule plus-tip protein EB3 is required for
neuritogenesis. Nat. Cell Biol. 10,1181-1189 (2008).

S.P.Maurer, P. Bieling, J. Cope, A. Hoenger, T. Surrey, GTP~S microtubules mimic the growing
microtubule end structure recognized by end-binding proteins (EBs). Proc. Natl. Acad. Sci. U.S.A. 108,
3988-3993(2011).

A. Akhmanova, M. O. Steinmetz, Control of microtubule organization and dynamics: Two ends in the
limelight. Nat. Rev. Mol. Cell Biol. 16,711-726 (2015).

C. Duellberg, N. 1. Cade, D. Holmes, T. Surrey, The size of the EB cap determines instantaneous
microtubule stability. eLife 5, 13470 (2016).

C.S. Peskin, G. M. Odell, G. F. Oster, Cellular motions and thermal fluctuations: The Brownian ratchet.
Biophys. J. 65,316-324(1993).

R.Zandi, D. Reguera, J. Rudnick, W. M. Gelbart, What drives the translocation of stiff chains? Proc. Natl.
Acad. Sci. U.S.A. 100, 8649-8653 (2003).

R. Rodriguez-Garcia et al.,, Mechanisms of motor-independent membrane remodeling driven by
dynamic microtubules. Curr. Biol. 30, 972-987.e12 (2020).

G. Lan, B.R. Daniels, T. M. Dobrowsky, D. Wirtz, S. X. Sun, Condensation of FtsZ filaments can drive
bacterial cell division. Proc. Natl. Acad. Sci. U.S.A. 106, 121-126 (2009).

S. Walcott, S. X. Sun, Active force generation in cross-linked filament bundles without motor proteins.
Phys. Rev. E Stat. Nonlin. Soft Matter Phys. 82, 050901 (2010).

J.Feng etal,, Depletion of kinesin-12, a myosin-IIB-interacting protein, promotes migration of cortical
astrocytes. J. Cell Sci. 129, 2438-2447 (2016).

F.J. Ahmad et al., Motor proteins regulate force interactions between microtubules and
microfilaments in the axon. Nat. Cell Biol. 2, 276-280 (2000).

D. L. Beach, J. Thibodeaux, P. Maddox, E. Yeh, K. Bloom, The role of the proteins Kar9 and Myo2 in
orienting the mitotic spindle of budding yeast. Curr. Biol. 10, 1497-1506 (2000).

H.Yin, D. Pruyne, T. C. Huffaker, A. Bretscher, Myosin V orientates the mitotic spindle in yeast. Nature
406,1013-1015(2000).

J. Atherton, M. Stouffer, F. Francis, C. A. Moores, Microtubule architecture in vitro and in cells revealed
by cryo-electron tomography. Acta Crystallogr. D Struct. Biol. 74, 572-584 (2018).

T. A. Duke, Molecular model of muscle contraction. Proc. Natl. Acad. Sci. U.S.A. 96, 2770-2775(1999).
S. Jeney, E. H. K. Stelzer, H. Grubmiiller, E. L. Florin, Mechanical properties of single motor molecules
studied by three-dimensional thermal force probing in optical tweezers. ChemPhysChem 5,
1150-1158 (2004).

H. Ahmadzadeh, D. H. Smith, V. B. Shenoy, Viscoelasticity of tau proteins leads to strain
rate-dependent breaking of microtubules during axonal stretch injury: Predictions from a
mathematical model. Biophys. J. 106, 1123-1133(2014).

S. Walcott, S. X. Sun, A mechanical model of actin stress fiber formation and substrate elasticity
sensing in adherent cells. Proc. Natl. Acad. Sci. U.S.A. 107, 7757-7762 (2010).

B. Harland, S. Walcott, S. X. Sun, Adhesion dynamics and durotaxis in migrating cells. Phys. Biol. 8,
015011 (2011).

A. Einstein, Uber die von der molekularkinetischen Theorie der Warme geforderte Bewegung von in
ruhenden Fliissigkeiten suspendierten Teilchen. Ann. Phys. (Berl.) 322, 549-560 (1905).

H.A. Kramers, Brownian motion in a field of force and the diffusion model of chemical reactions.
Physica 7, 284-304 (1940).

120f 12 https://doi.org/10.1073/pnas.2112799119

42.

43.
44,

45,
46.
47.

48.

49.
50.
51.

52.
. A.G.Vecchiarelli, K. Mizuuchi, B. E. Funnell, Surfing biological surfaces: Exploiting the nucleoid for

54.

55.

56.

57.

58.

59.
60.
61.
62.

63.

. M.J. Schnitzer, K. Visscher, S. M. Block, Force production by single kinesin motors. Nat. Cell Biol. 2,

718-723(2000).

M. C. Ugar, R. Lipowsky, Collective force generation by molecular motors is determined by
strain-induced unbinding. Nano Lett. 20, 669-676 (2020).

J. Fink et al., External forces control mitotic spindle positioning. Nat. Cell Biol. 13,771-778 (2011).
N. Efimova et al., Branched actin networks are assembled on microtubules by adenomatous polyposis
coli for targeted membrane protrusion. J. Cell Biol. 219, €202003091 (2020).

J. L. Henty-Ridilla, A. Rankova, J. A. Eskin, K. Kenny, B. L. Goode, Accelerated actin filament
polymerization from microtubule plus ends. Science 352, 1004-1009 (2016).

M. Saltini, B. M. Mulder, Microtubule-based actin transport and localization in a spherical cell. R. Soc.
Open Sci. 7,201730(2020).

W. Lu, M. Lakonishok, V. 1. Gelfand, Gatekeeper function for Short stop at the ring canals of the
Drosophila ovary. Curr Biol. 31, 3207-3220.e4 (2021).

J.D.Fenn, C. M. Johnson, J. Peng, P. Jung, A. Brown, Kymograph analysis with high temporal
resolution reveals new features of neurofilament transport kinetics. Cytoskeleton (Hoboken) 75,
22-41(2018).

C. Hookway et al., Microtubule-dependent transport and dynamics of vimentin intermediate
filaments. Mol. Biol. Cell 26, 1675-1686 (2015).

C. Ledug, S. Etienne-Manneville, Regulation of microtubule-associated motors drives intermediate
filament network polarization. J. Cell Biol. 216, 1689-1703 (2017).

A.Robert et al., Kinesin-dependent transport of keratin filaments: A unified mechanism for
intermediate filament transport. FASEB J. 33, 388-399 (2019).

J. Lutkenhaus, The ParA/MinD family puts things in their place. Trends Microbiol. 20, 411-418 (2012).

partition and transport in bacteria. Mol. Microbiol. 86, 513-523(2012).

A. G. Vecchiarelli, Y. Seol, K. C. Neuman, K. Mizuuchi, A moving ParA gradient on the nucleoid directs
subcellular cargo transport via a chemophoresis force. Bioarchitecture 4, 154-159 (2014).

M. Preciado Lopez et al., "Chapter seventeen - In vitro reconstitution of dynamic microtubules
interacting with actin filament networks" in Methods in Enzymology, Reconstituting the Cytoskeleton,
R.D. Vale, Ed. (Academic Press, 2014), vol. 540, pp. 301-320.

J.D. Pardee, J. Aspudich, “Chapter eighteen - Purification of muscle actin” in Methods in Enzymology,
Structural and Contractile Proteins Part B: The Contractile Apparatus and the Cytoskeleton, D. W.
Frederiksen, L. W. Cunningham, Eds. (Academic Press, 1982), vol. 85, pp. 164-181.

S.Honnappa et al., An EB1-binding motif acts as a microtubule tip localization signal. Cell 138,
366-376(2009).

A.A.Hyman, S. Salser, D. N. Drechsel, N. Unwin, T. J. Mitchison, Role of GTP hydrolysis in microtubule
dynamics: Information from a slowly hydrolyzable analogue, GMPCPP. Mol. Biol. Cell 3, 1155-1167
(1992).

J. Schindelin et al., Fiji: An open-source platform for biological-image analysis. Nat. Methods 9,
676-682(2012).

P. Bieling et al., Reconstitution of a microtubule plus-end tracking system in vitro. Nature 450,
1100-1105 (2007).

V. A. Volkov, P. J. Huis In 't Veld, M. Dogterom, A. Musacchio, Multivalency of NDC80 in the outer
kinetochore is essential to track shortening microtubules and generate forces. elife 7, 36764 (2018).
M. Castoldi, A. V. Popov, Purification of brain tubulin through two cycles of
polymerization-depolymerization in a high-molarity buffer. Protein Expr. Purif. 32, 83-88 (2003).
A.Hyman et al., "Preparation of modified tubulins” in Methods in Enzymology, Molecular Motors and
the Cytoskeleton, R. B. Vallee, Ed. (Academic Press, 1991), vol. 196, pp. 478-485.

pnas.org


https://doi.org/10.1073/pnas.2112799119

