
An actin-dependent mechanism for long range vesicle transport

Melina Schuh
Medical Research Council, Laboratory of Molecular Biology, Cambridge CB2 0QH, United
Kingdom

Abstract
Intracellular transport is vital for the function, survival and architecture of every eukaryotic cell.
Long range transport in animal cells is thought to depend exclusively on microtubule tracks. This
study reveals an unexpected actin-dependent but microtubule-independent mechanism for long
range transport of vesicles. Vesicles organize their own actin tracks by recruiting the actin
nucleation factors Spire1, Spire2 and Formin-2, which assemble an extensive actin network from
the vesicles’ surfaces. The network connects the vesicles with each other and with the plasma
membrane. Vesicles move directionally along these connections in a Myosin 5b-dependent
manner to converge and to reach the cell surface. The overall outward directed movement of the
vesicle-actin-network is driven by recruitment of vesicles to the plasma membrane in the
periphery of the oocyte. Being organized in a dynamic vesicle-actin-network allows vesicles to
move in a local random manner and a global directed manner at the same time: they can reach any
position in the cytoplasm, but also move directionally to the cell surface as a collective. Thus,
collective movement within a network is a powerful and flexible mode of vesicle transport.

According to the text book view of long range vesicle transport in animal cells, vesicles
move over long distances along polarized microtubules that originate from the
centrosome1-4. In a typical animal cell, microtubule plus ends face the cell surface, and
minus ends converge at the centre where the centrosome is located. Accordingly, the minus
end-directed motor protein dynein mediates transport to the cell centre, and plus end-
directed kinesins mediate transport to the periphery5,6. However, there is evidence for
alternative mechanisms of long range transport. Indicative of such mechanisms, secretion in
various cell types is hardly affected if microtubules are depolymerized7,8. Also some viruses
such as HIV are still able to move through the cell if microtubules are absent9. The only
known microtubule-independent motor proteins that could alternatively drive long range
transport are myosins, which walk along actin filaments. However, the actin cytoskeleton
does not seem to provide suitable tracks for long range transport: actin filaments are
randomly oriented in the cytoplasm of typical animal cells10. Only specialized cellular
regions such as the actin cortex, microvilli, filopodia or dendritic spines contain polarized
actin structures that could potentially be used for myosin-dependent directional transport10.
Accordingly, actin filaments have only been implicated in local vesicle transport, for
instance in the actin cortex and in dendritic spines1,11-13.

This study reveals a novel mechanism for long range vesicle transport that is entirely actin-
dependent. It shows that vesicles organize an extensive actin network that connects them
with each other and with the cell surface. Vesicles move along the network in a Myosin 5b-
dependent manner which enables them to converge and to collectively move towards the cell
surface.
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The identity and transport routes of vesicles are defined by members of the large family of
Rab GTPases. Different Rab GTPases recruit different effector proteins such as motor
proteins, sorting adaptors and tethering factors that guide vesicles to their correct
destination14. One of the main pathways that mediates transport to the plasma membrane is
defined by the small GTPase Rab11a. Rab11a-positive vesicles are, for instance, involved in
transporting the iron-carrying protein transferrin, which is one of the best studied transport
cargos15. Whether vesicles use actin filaments for long range transport is hard to investigate
in tissue culture cells because the cells are very flat so that prominent cortical actin
structures cover intracellular actin assemblies. Thus, mouse oocytes were used to study the
transport of Rab11a-positive vesicles. Cortical and intracellular actin structures are well
separated in this cell type16, and the large cell volume is ideally suited to analyse
quantitatively how vesicles move in three dimensions (3D).

First, it was analysed whether Rab11a-positive vesicles mediate transport to the plasma
membrane in this cell type. Indeed, Rab11a colocalised with transferrin (Fig. 1a), and a
dominant-negative variant of Rab11a blocked the transport of transferrin in 22/22 cells
(Supplementary Movie 1). Moreover, live cell imaging of fluorescently labelled Rab11a
revealed that vesicles moved over distances of more than 30 μm from the centre towards the
surface of the cell, where they merged with the plasma membrane (Fig. 1b).

To analyse quantitatively how vesicles move, high resolution 3D data sets of vesicles in live
cells were recorded, the cell and vesicle surfaces were reconstructed and vesicles were
automatically tracked in 3D (Fig. 1c, d and Supplementary Movie 2). Vesicles were very
mobile, moving in a zig-zag pattern with a speed of 12.8±3.4 μm/min (Fig. 2a, d). By
contrast, lysosomes and fluorescent beads of similar size moved significantly slower
(Supplementary Fig. 1a-c and Supplementary Movie 3), demonstrating that neither
cytoplasmic flows nor Brownian motion can account for the observed movements. Vesicle
movements were also highly directional, with 76.8±8.8% of vesicles moving towards the
cell surface over time (Fig. 2a, e). The small fraction of vesicles that did not move towards
the cell surface was more stationary than other vesicles and mostly located in proximity of
the nucleus of the oocyte (Fig. 1c, d). In contrast to Rab11-positive vesicles, lysosomes and
fluorescent beads moved non-directionally, with equal proportions moving towards the
centre and the surface of the cell (Supplementary Fig. 1a, b, d). In summary, these data show
that Rab11a-positive vesicles move directionally over long distances to the plasma
membrane.

Next, the mechanism by which vesicles were moving was investigated. Long range vesicle
transport is generally thought to be microtubule dependent1-4,10,17. To test whether vesicles
were transported along microtubules, cells were treated with 1 μM nocodazole, which
depolymerized all microtubules (Supplementary Fig. 2)18. Surprisingly, microtubules were
dispensable for vesicle movements (Fig. 2b): neither the speed (12.8±3.7 μm/min; p=0.92)
nor the directionality of vesicle movements (72.5±7.8% towards cell surface; p=0.39) was
significantly different from that in control oocytes (Fig. 2d, e and Supplementary Movie 4).
To test whether vesicles moved along actin filaments instead, cells were treated with
cytochalasin D which depolymerizes F-actin (Fig. 2c). Without actin filaments, vesicles did
not move over long distances anymore. Instead, they only moved locally and their speed was
severely decreased to just 2.7±1.5 μm/min (Fig. 2c, d and Supplementary Movie 4). The
directionality of vesicle movements was also lost. Instead, equal proportions of vesicles
moved to the surface and to the centre of the cell (Fig. 2e). In summary, these data
demonstrate that vesicles move over long distances in an actin-dependent but microtubule-
independent manner.
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That vesicles moved directionally, even if microtubules were absent, suggested that actin
filaments might provide the tracks for vesicle movements. We recently reported that mouse
oocytes are filled with a cytoplasmic actin network with an average filament length of
5.7±1.9 μm between branch points, which is required for asymmetric spindle positioning16

(Fig. 3a). The actin network was not affected by depolymerizing microtubules
(Supplementary Fig. 2). Thus, it seemed possible that filaments of the actin network mediate
vesicle movements. To test this hypothesis, vesicle movements were analysed in oocytes
that lack the actin nucleation factors Spire1 and Spire219 (Supplementary Fig. 3a) or
Formin-220, which cooperate with each other to assemble the network16,19 (Fig. 3a). When
either Fmn2 or Spire1 and Spire2 were absent, the vesicle speed was greatly reduced, down
to similar levels as in cytochalasin D treated cells (Fig. 3b-d; RNAi rescue in Supplementary
Fig. 3b, c). Also the directionality of vesicle movements was lost (Fig. 3e). By contrast, the
actin network was still present and vesicle movements only slightly affected when oocytes
were treated with inhibitors of the Arp2/3 complex21 (Supplementary Fig. 3d-f). Together,
these data show that vesicle movements require cytoplasmic actin filaments that are
nucleated by Spire1, Spire2 and Fmn2.

To investigate how vesicles move within the actin network, the behaviour of vesicles and
actin filaments was analysed by high resolution microscopy of live and fixed oocytes.
Surprisingly, vesicles were located at nodal points in the network, seemingly serving as
organizing centres of the network (Fig. 4a and Supplementary Movie 5), with an average of
4.9±1.4 filaments ermerging from each vesicle (n=35). If the actin network is assembled
from the vesicle surface, then Spire1, Spire2 and Fmn2 should colocalise with Rab11a-
positive vesicles. Indeed, all actin nucleation factors colocalised on the vesicle surface (Fig.
4b and Supplementary Fig. 4a). To test directly whether the actin network was assembled
from the vesicle surface, an F-actin regrowth assay was established. Cells were first treated
with cytochalasin D to depolymerize F-actin. The drug was then washed out and actin
repolymerization was monitored in live cells to determine the sites from where the network
was nucleated. This assay confirmed that vesicles served as prominent organizing centres of
the network (Fig. 4c and Supplementary Movie 6). In further support of actin nucleation
from the vesicle surface, some vesicles were even pushed through the cell upon actin
nucleation events (Supplementary Fig. 4b), showing that these nucleation events contribute
to local random vesicle movements. Also the movements of vesicles and associated
filaments were closely correlated (Supplementary Movie 7), with actin filaments moving
with a velocity of 10.6±6.8 μm/min (49 filaments in 5 oocytes).

In summary, these results show that Rab11a-positive vesicles recruit the actin nucleation
factors Spire1, Spire2 and Fmn2 to assemble an extensive actin network that fills the cell’s
cytoplasm and connects vesicles with each other and with the cell surface.

But how are vesicles using the actin network to move directionally? Two types of
directional movements were observed: vesicle convergence (Fig. 5a, d) and movement of
vesicles towards the plasma membrane (Fig. 1). First, the mechanism of directional
movement for vesicle convergence was investigated. High resolution live cell imaging
revealed that vesicles moved to neighbouring vesicles along actin filaments connecting them
(Fig. 5a and Supplementary Movie 8). When the actin network was absent vesicles could not
converge anymore and the average vesicle size was decreased (Supplementary Fig. 5). The
lack of convergence and missing transport to the cell surface also significantly increased the
number of vesicles per cell (Supplementary Fig. 5). Movements along actin filaments are
mediated by motor proteins of the myosin family. Most myosins are plus end-directed. Spire
proteins22,23 and formins24,25 associate with the plus ends of actin filaments. This implies
that the plus ends of filaments in the network converge on the vesicle surface, where the
nucleators were located (Fig. 5h). Thus, a myosin carrying vesicle could attach to an actin
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filament that is nucleated from a neighbouring vesicle and move towards the neighbouring
vesicle along this filament (Fig. 5h). A good candidate for such a myosin was Myosin 5b
because it was shown to associate with Rab11a-positive vesicles in other cell types11,26.
Indeed, Myosin 5b colocalised with Rab11a-positive vesicles in mouse oocytes (Fig. 5b). To
test whether Myosin 5b was required for vesicle convergence, its activity was inhibited by
expressing the dominant-negative tail domain of Myosin 5b. This blocked vesicle
convergence (Fig. 5d) and decreased the vesicle speed (Fig. 5c). Vesicle movements
specifically required Myosin 5b, because first, vesicle movements could be rescued by
overexpressing full-length Myosin 5b (Fig. 5c); and because second, vesicle movements
were not affected by dominant-negative variants of other myosins, such as Myosin 5a or
Myosin 6 (Fig. 5c). Moreover, human Myosin 5b was reported to have a velocity of
13.2±1.8 μm/min in actin gliding assays27, which is remarkably similar to the velocity of
Rab11a-positive vesicles of 12.8±3.4 μm/min that is reported in this study (Fig. 2d). In
summary, these data suggest that vesicles move towards each other along actin filaments
that are nucleated from a neighbouring vesicle in a Myosin 5b dependent manner (Fig. 5h).

The same transport principle also explains why vesicles move towards the cell surface over
time. The plus ends of actin filaments are not only enriched on vesicles, but also at the cell
surface: First, Fmn2, Spire1 and Spire2 all localized to the cell surface (Fig. 5g), from where
actin filaments were nucleated (Fig. 5f) and numerously reached into the cytoplasm
(Supplementary Movie 9). Second, filaments in the actin cortex are also polarized so that
plus ends face the plasma membrane28 (Fig. 5i). Myosin 5b can bind to these polarized
filaments and transport vesicles towards the plasma membrane (Fig. 5i). Indeed, vesicles
attached to these actin filaments and moved along them towards the cell surface
(Supplementary Fig. 6a and Supplementary Movie 10; Fig. 5i). In further support of this
model, inhibition of Myosin 5b blocked the outward movement of vesicles (Fig. 5e), and
Myosin 5b tail carrying vesicles were frequently located below the cell surface
(Supplementary Fig. 6b). But why are vesicles also moving towards the cell surface if they
are close to the centre of the cell, far away from polarized filaments in the periphery? Since
all vesicles form an interconnected network, short range directional movements in the
periphery of the oocyte are sufficient to drag the entire vesicle-actin-network outward (Fig.
5i, j). The most peripheral vesicles, which bind to polarized actin filaments beneath the
plasma membrane, will carry neighbouring vesicles with them, and these will carry their
neighbours and so on (Fig. 5i). In this way, the entire vesicle-actin-network moves outward
over time (Fig. 5j). Thus, the collective movement of vesicles in a network makes long
polarized actin filaments or microtubules dispensable for long range transport (Fig. 5i, j).

In summary, this study reveals a novel actin-dependent mechanism for long range vesicle
transport. It shows that vesicles recruit the actin nucleation factors Spire1, Spire2 and Fmn2
to organize a cytoplasmic actin network that connects the vesicles with each other and with
the cell surface. The filament connections between vesicles are used for Myosin 5b-
dependent directional transport which allows vesicles to move towards each other and to
reach the cell surface. Directional movements in the cell periphery will automatically drag
the network to the surface and thereby determine that vesicles move outward over time.
These data uncover a much more flexible transport system than constricted movement along
microtubule tracks. Being organized in a dynamic vesicle-actin-network allows vesicles to
move in a local random manner and a global directed manner at the same time: they can
reach any position in the cytoplasm, but also move directionally to the cell surface as a
collective. This new principle of vesicles as organizers of an extensive actin network is
surprising, because vesicle associated actin nucleators have so far mostly been implicated in
membrane remodelling29-32. Interestingly, morphologically similar actin networks that
converge at bright actin nodes, which might correspond to vesicles, have been reported in a
range of cell types, including Xenopus epithelial cells33, Drosophila embryos34 and
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oocytes35 and C. elegans embryos36, and Spire proteins colocalize with vesicles in
fibroblasts29, indicating that network mediated long range transport of vesicles might be
conserved. Intracellular transport is essential for the existence and function of all eukaryotic
cells. This study reveals two new fundamental concepts of how animal cells can achieve this
vital task: an unexpected actin-dependent mechanism for long range transport, and a novel
principle of intracellular transport, namely the collective movement of vesicles as integral
building blocks of a dynamic network.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Vesicles move over long distances to the cell surface
(a) Rab11a-EGFP and Transferrin-Cy5 in live cell. Boxed region is magnified in inset. Scale
bar: 10 μm.
(b) Live cell expressing Rab11a-EGFP. Boxed region is magnified next to overview. Scale
bar in magnification: 5 μm. Time: seconds.
(c) 3D data sets of live cells expressing Rab11a-EGFP were acquired and isosurfaces of cell,
nucleus and vesicles reconstructed. Vesicles were tracked in 3D. Only tracks that were
longer than 45 s were evaluated to reliably determine the overall directionality of vesicle
movements. The tracks’ colour reflects the mean vesicle speed. Displacement of vesicles
towards surface (magenta) or centre (cyan) is plotted.
(d) The distance of representative vesicles from the cell’s centre is plotted over time.
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Figure 2.
Vesicle movements depend on actin instead of microtubules
(a-c) 3D data sets of vesicles labelled with Rab11a-EGFP in live control (a), nocodazole (b)
and cytochalasin D treated cells (c) were acquired and processed as described for Fig. 1.
Vesicle movements in live cells and a time-coloured projection are shown below, with
vesicles being coloured if mobile and white if stationary. Time: seconds; Scale bars: 5 μm.
(d) Vesicles were tracked as in (a-c) and their speed in control (599 tracks, 10 oocytes),
nocodazole (399 tracks, 8 oocytes) and cytochalasin D treated oocytes (1657 tracks, 8
oocytes) is shown. Box plot displays median (line), mean (small square), 1st, 99th (crosses),
5th, 95th (whiskers) and 25th and 75th percentile (boxes) of vesicle speeds.
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(e) Vesicle displacement to the centre or to the surface of the oocyte was scored. Mean from
10 control, 8 nocodazole and 8 cytochalasin D treated oocytes are shown, with error bars
displaying s.d.. P-values were calculated with Student’s t-test.
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Figure 3.
Spire1/2 and Fmn2 assemble actin tracks
(a) Control, cytochalasin D treated, Fmn2−/− and Spire1+2 co-depleted cells were fixed and
stained with Alexa488-phalloidin to label F-actin.
(b-c) 3D data sets of vesicles labelled with Rab11a-EGFP in live Spire1 and Spire2 co-
depleted oocytes (b) and Fmn2−/− oocytes (c) were acquired and processed as described for
Fig. 1 and 2.
(d) Vesicles were tracked as in b-c and their speed in control (599 tracks, 10 oocytes),
Spire1 and Spire2 co-depleted (936 tracks, 6 oocytes) and Fmn2−/− (1605 tracks, 8 oocytes)
oocytes is shown. Box plot as in Fig. 2d.
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(e) Vesicle displacement to the centre or to the surface of the oocyte was scored. Mean from
10 control, 6 Spire1 and Spire2 co-depleted (p<10−3) and 8 Fmn2−/− (p<10−5) oocytes are
shown, with error bars displaying s.d.. P-values were calculated with Student’s t-test.
(a-c) Scale bars: 5 μm.
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Figure 4.
Vesicles organize an actin network
(a) Cell expressing Rab11a-mCherry was fixed and stained for F-actin. Scale bar: 5 μm.
(b) Live cell expressing Spire1-mCherry and Rab11a-mEGFP. Scale bar: 5 μm.
(c) Reassembly of F-actin upon washout of cytochalasin D in live cell expressing EGFP-
UtrCH (F-actin) and Spire2-mCherry (Vesicle). Time: min:sec; Scale bar: 5 μm.
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Figure 5.
Mechanism of directional vesicle transport
(a) Live cell expressing EGFP-UtrCH (F-actin) and mCherry-Rab11a (Vesicle). Time:
seconds; Scale bar: 2 μm.
(b) Live cell expressing Rab11a-mEGFP (Rab11a) and Myosin 5b-mCherry (Myosin 5b).
(c) Vesicle speed in Myosin 5b (229 tracks, 6 oocytes), Myosin 5b tail (446 tracks, 5
oocytes), rescued (1286 tracks, 13 oocytes), Myosin 5a tail (872 tracks, 12 oocytes) and
Myosin 6 tail (606 tracks, 12 oocytes) expressing oocytes is shown. Box plot as in Fig. 2d.
(d) Live cell expressing full length Myosin 5b-mCherry (top row) or Myosin 5b tail-
mCherry (bottom row) and time-coloured projection, with vesicles being coloured if mobile
and white if stationary. Time: seconds.
(e) Vesicle displacement to the centre or to the surface of the oocyte was scored. Mean from
10 control and 5 Myosin 5b tail expressing oocytes are shown, with error bars displaying
s.d.. P-values were calculated with Student’s t-test.
(f) Live cell expressing EGFP-UtrCH. Time: min:sec; Scale bar: 5 μm.
(g) Live cells expressing Fmn2-mEGFP, Spire1-mCherry or Spire2-mCherry.
(h-j) Mechanistic model for actin-dependent vesicle movements. The different objects are
specified in the legend. For details, see text.
(b, d, f, g) Scale bars: 5 μm.
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