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Cytoplasmic microtubule sliding

An unconventional function of conventional kinesin
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here are well known examples in

nature of microtubules dramatically
changing their function by re-organizing
their structure. Most interphase animal
cells rely on the radial organization of
the microtubule network for precise
cargo delivery. Dividing cells re-organize
microtubules with the help of motor
proteins to form the spindle and drive
the segregation of chromosomes into
daughter cells. These examples present
a kind of dichotomy: microtubules can
be utilized as stationary tracks along
which motor proteins move, or they can
perform work themselves by utilizing
the power of motor proteins. While both
occur during mitosis, our recent findings
demonstrate that both functions may
occur simultaneously in interphase cells
as well. We find that kinesin-1 (a motor
known for its role in transporting cargo
along microtubule tracks) powers micro-
tubule sliding in non-dividing cells and
this mechanism is used to form cellular
protrusions.

In most unpolarized cells, microtubule
minus ends are tethered at the nucle-
ation site, which is often the peri-nuclear
centrosome containing gamma-tubulin,
centrioles, pericentriolar material and
other proteins."® The growing, GTP-
hydrolyzing, plus ends are found at or near
the plasma membrane. This configuration
allows microtubule motor proteins, most
notably the ubiquitous kinesin-1 and cyto-
plasmic dynein, to walk long distances
carrying cellular cargo either towards the
nucleus by the minus-end directed dynein
motor, or towards the plasma membrane
by the plus-end directed kinesin-1. In
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polarized epithelial cells, microtubule
minus ends anchor at the apical side and
plus ends locate at the basal side to main-
tain apico-basal polarity.* These arrange-
ments, whether in a polarized cell or not,
are essential to cellular organization.
However, microtubules are not always
stationary tracks, and are often reorga-
nized to allow them to perform work.
During cell division, the microtubule net-
work is restructured into the spindle. The
process of spindle formation begins with
the separation of duplicated centrosomes
into opposite sides of the cell as a result of
the coordination of three mitotic motors,
kinesin 5, kinesin 14 and cytoplasmic
(Fig. 1). Spindle assembly
involves the pushing apart of centrosomes
by interdigitating microtubules
opposite centrosomes sliding against one-
another by the bipolar kinesin 5 motor.”'?
Upon disruption of the kinesin 5 motor,
a monopolar spindle forms, resulting in a
mitotic/meiotic block.”” At the same time,
cytoplasmic dynein is responsible for
“focusing” the spindle and contributing to
the tethering of microtubule minus ends
to the centrosome and the centrosomes to

dynein®®

from

the cell cortex.'*" Perturbation of cyto-
plasmic dynein results in splayed microtu-
bule minus ends at the spindle poles and
the dislocation of centrosomes from the
spindle.”

There are examples of motors organiz-
ing microtubules outside of the context
of the spindle as well. Microtubule bun-
dling is used by the fungus U. maydis in
determining cell polarity and growth,'
and bundles are organized, at least in
part, by kinesin-1. In 2006, Straube and
colleagues” showed that the C-terminus
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Figure 1. Molecular motors organize microtubules to facilitate microtubule-mediated force production. (A) The mitotic spindle is organized by three
motor proteins and drives the separation of chromosomes into daughter cells. The motors include the dynein/dynactin complex, which functions

to anchor the centrosomes to the cell cortex (a), and anchor microtubule minus ends to the centrosome (b). The kinesin 5 motor (c) pushes the two
centrosomes apart by crosslinking and sliding anti-parallel microtubules. (B) Our recent study shows that the growth of cellular processes filled with
microtubule bundles (d) is powered by microtubule sliding by kinesin-1 heavy chain (e) in interphase cells.?

(including the putative C-terminal micro-
tubule binding domain) of the kinesin-1
homolog is required for microtubule
cross-linking in these cells. This was the
first time an in vivo role for kinesin-1 in
mediating microtubule-microtubule inter-
actions was reported.” During the initial
characterization of the ubiquitous conven-
tional kinesin (kinesin-1) in 1991, it was
discovered that in vitro kinesin-1 also has
the ability to slide microtubules against
one another.'® Further evidence verified
the existence of a C-terminal microtu-
bule binding domain in the kinesin heavy
chain. %

Microtubule bending and buckling,
especially near the periphery, is commonly
observed in all types of cultured animal
cells, and has been attributed to a vari-
ety of cellular forces. Until now, studies
suggesting a role for molecular motors
in driving microtubule bending have
implicated the minus-end directed motor
dynein,"”* based on the observation that
the bending observed was mostly in the
anterograde direction in each cell type.
Straube and colleagues use this as evi-
dence that only 4% of microtubule bend-
ing events in U. maydis could be attributed
to the activity of a plus-end directed kine-
sin motor.” Our recent study show for
the first time that kinesin-1 mediated
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microtubule-microtubule sliding occurs
ubiquitously in animal cells and, contrary
to previously thought, that dynein does
not drive microtubule sliding.*

We developed a new microscopic tech-
nique using photoconversion of small
areas of the microtubule network to track
and quantify the microtubule motion in
cultured Drosophila S2 cells expressing
tubulin tagged with a photoconvertible
protein, Dendra2. These movements were
essentially eliminated by RNAi-mediated
knock-down of kinesin-1 heavy chain.
Knock-down of the kinesin light chain,
other kinesins or the dynein motor did
not inhibit microtubule-microtubule slid-
ing. In addition to Drosophila cells, we
observed microtubule sliding in Xenopus
fibroblasts and PtK2 rat kangaroo cells.
Inhibition of kinesin-1 in Ptk2 cells by
antibody injection blocked microtubule
sliding. The advantage of our approach is
that we directly tested the involvement of
each motor using RNAi-mediated protein
knock-down and quantified the amount
of sliding using the photoconversion assay.
In our study, we consistently observe a
modest increase in sliding upon disrup-
tion of the dynein motor. Our results show
that the dynein motor actually inhibits
microtubule sliding.?® Possibly, dynein
binding to cargo increases the likelihood
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that kinesin-1 is participating in organ-
elle transport. Alternatively, dynein may
counteract the sliding of kinesin-1 by sta-
bilizing microtubules.

We go on to show that kinesin-1 medi-
ated microtubule sliding is responsible for
the creation of microtubule bundle-filled
processes in Drosophila S2 cells when
the actin cytoskeleton has been disrupted
(see Fig. 1).% Our results show that the
actin network plays a critical role in the
organization of the microtubule network.
However, we find that in Drosphila S2
cells the actin network does not directly
modulate microtubule sliding. This is
not true for all cell types; our unpub-
lished studies revealed that in certain
cell types such as Xenopus melanophores,
disruption of the actin network leads to a
marked increase in the amount of micro-
tubule sliding observed. A recent study
of Drosphila S2 cells confirms our find-
ing that actin-microtubule cross-talk is
essential for microtubule organization.*
Applewhite and colleagues observe a
global change in microtubule movement
upon depletion of the actin-microtubule
cross-linking spectraplakin short stop.*
Their results are not inconsistent with
our finding that actin does not regulate
microtubule sliding; the authors observe
in  microtubule

an overall increase
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displacement, while we specifically ana-
lyzed the effect of the actin network on
the sliding phenomenon.

We have identified a novel and ubiqui-
tous mechanism used in interphase animal
cells to move microtubules against one-
another. There are many ways a cell might
utilize this mechanism: to drive changes in
cell shape, power cytoplasmic movements,
create new filament network at locations far
from nucleating sites or transport multiple
cargoes simultaneously on a moving short
microtubule fragment. There are some
exciting leads in the current literature that
suggest kinesin-1 mediated microtubule
sliding may drive microtubule-dependent
processes. For example, microtubule slid-
ing has been implicated in the formation
of proplatelets, the precursor to blood
platelets, from the parent megakaryo-
cyte.” Ooplasmic streaming refers to the
developmental stage during Drosophila
oogenesis when the cytoplasm undergoes
a large-scale rotation to properly distribute
mRNA and proteins to establish proper
oocyte polarity, and is known to require
both microtubules and the kinesin-1 heavy
chain.?® Our findings set the groundwork
for future studies identifying specialized
cellular processes that require kinesin-1
mediated microtubule-microtubule slid-
ing. Of particular interest will be to deter-
mine whether quiescent, undifferentiated
cells sometimes use kinesin-1 to transport
microtubules in addition to cargo, or if
microtubule-microtubule sliding is acti-
vated by developmental or environmental
cues solely in specialized cells.
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