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During important cellular processes 
such as centrosome and spindle 

positioning, dynein at the cortex inter-
acts with dynamic microtubules in an 
apparent “end-on” fashion. It is well-
established that dynein can generate 
forces by moving laterally along the 
microtubule lattice, but much less is 
known about dynein’s interaction with 
dynamic microtubule ends. In this 
paper, we review recent in vitro experi-
ments that show that dynein, attached 
to an artificial cortex, is able to capture 
microtubule ends, regulate microtubule 
dynamics and mediate the generation 
of pulling forces on shrinking microtu-
bules. We further review existing ideas 
on the involvement of dynein-mediated 
cortical pulling forces in the positioning 
of microtubule organizing centers such 
as centrosomes. Recent in vitro experi-
ments have demonstrated that cortical 
pulling forces in combination with push-
ing forces can lead to reliable centering of 
microtubule asters in quasi two-dimen-
sional microfabricated chambers. In these 
experiments, pushing leads to slipping 
of microtubule ends along the chamber 
boundaries, resulting in an anisotropic 
distribution of cortical microtubule con-
tacts that favors centering, once pull-
ing force generators become engaged. 
This effect is predicted to be strongly 
geometry-dependent, and we therefore 
finally discuss ongoing efforts to repeat 
these experiments in three-dimensional, 
spherical and deformable geometries.

Eukaryotic cells can take various shapes 
and sizes, ranging from a 10-μm long, 
rod shape for a fission yeast cell to a 
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millimeter-sized rounded cell for a 
Xenopus fertilized egg. They, however, 
all share the need to position their organ-
elles reliably, both in space and time, for 
example, to establish the future cell divi-
sion site. This may be at the center of 
the cell for nuclear positioning during 
interphase in Schizosaccharomyces pombe 
cells,1 or in a de-centered location, such as 
during nuclear movement in small bud-
ding yeast cells2 or spindle positioning in 
Caenorrhabditis elegans embryos.3

It is well-established that nuclear and 
spindle positioning processes depend on 
the presence of a dynamic microtubule 
(MT) cytoskeleton. MTs are dynamic 
protein polymers that undergo phases of 
growth and shrinkage, separated by so-
called catastrophes and rescue events, an 
overall process named dynamic instabil-
ity.4 To spatially organize the cellular 
interior, dynamic MTs often (but not 
always5-8) interact with the cell cortex. 
These cortical MT contacts contribute 
to positioning processes, but the exact 
mechanism appears to differ between 
cells of different sizes and shapes1,2,5 and 
remains, in general, not well-understood. 
Depending on the situation, cortical MTs 
can exert either pushing or pulling forces. 
Pushing forces arise from MTs growing 
against the cortex and from elastic restor-
ing forces,9 while pulling forces are usually 
assumed to be mediated by dynein motor 
proteins attached to the cell cortex.10-16 
Dynein is a minus-end directed processive 
motor17,18 that can pull on a MT organiz-
ing center (MTOC) through “lateral” 
cortical contacts with the MT lattice, as 
seen in dividing Saccharomyces cerevisiae 
cells.11 In addition, cortical dynein can 
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two or more dynein molecules interact 
with a single MT end, enhancing this 
effect. One can then also understand 
why dynein velocity is reduced. Without 
shrinkage, MTs cannot be pulled further 
toward the barrier, preventing dynein to 
move toward the MT minus end. The 
maximum speed of dynein in this config-
uration is thus limited by the MT shrink-
age speed.

Next, we decided to directly measure 
the pulling force generated by the end-
on interaction between dynein and a 
shrinking MT, by constructing a second 
in vitro experiment involving an optical 
trap (Fig. 1C, left). We measured pulling 
forces up to a few pN (Fig. 1C, right)20 
and observed again that dynein was able 
to trigger catastrophes and slow down sub-
sequent MT shrinkage. Dynein in an end-
on interaction with MT ends thus proved 
to be able to both regulate MT dynam-
ics and mediate the generation of pulling 
forces. Whether the forces we measured 
were due to the intrinsic capability of 
shrinking MTs to generate force,19,28,29 or 
due to dynein’s power stroke, could not 
be determined from these experiments. 
We could, however, show that both the 
presence of ATP and the shrinkage of 
MTs were necessary for the generation of 
pulling forces, leaving open the possibil-
ity that both modes of force generation 
contribute. Another interesting, remain-
ing-open question is how many dynein 
molecules are necessary for the observed 
effects. The stalling of MT shrinkage that 
we observed in our first experiments was 
most often seen at high densities of dynein 
at the barrier. This suggests that the abil-
ity of dynein to tether MT ends, stabilize 
them against shrinkage and mediate the 
generation of pulling forces might be more 
efficient when multiple dynein molecules 
are engaged.

The Role of Cortical  
MT-Dynein Interactions  

in Positioning Processes

Having established that the end-on inter-
action between dynein and dynamic MTs 
can generate pulling forces, we can now 
ask: what are the relative roles of pushing 
and pulling forces in positioning strategies 
for cells of different size and shape? In the 

vitro study, where dynamic MTs inter-
acted with dynein-coated beads.24 In these 
experiments, dynein also proved to be 
able to tether and stabilize dynamic MTs. 
Note, however, that here the interaction 
between dynein and MT ends was not 
restricted to be end-on, possibly resulting 
in a mixed observation of end-on and lat-
eral effects.

These first experiments then prompted 
the question of how dynein molecules 
prevent MT shrinkage. They could either 
directly inhibit catastrophes or, alterna-
tively, stall MT shrinkage. To answer this 
question, we coated, in addition to the 
barrier, the bottom of the coverslip with 
dynein, which resulted in MTs that were 
pulled loose from the centrosome and 
started gliding. When these gliding MTs 
interacted with the dynein-coated barri-
ers, they rapidly underwent a catastrophe 
followed by MT shrinkage.20 We found 
that the catastrophe frequency was not 
reduced, but rather enhanced by end-on 
dynein contacts at the barrier. If dynein 
molecules were solely responsible for 
this catastrophe frequency increase, one 
might expect that dynein would enhance 
the catastrophe frequency also in a lateral 
gliding configuration, possibly by hav-
ing a direct depolymerization activity as 
reported for the depolymerizing motor 
MCAK.25 We found, however, that 
dynein is not able to trigger catastrophe 
in a gliding configuration, nor that it is 
able to directly depolymerize GMPCPP-
stabilized MTs.20 We thus propose that 
the catastrophe frequency enhancement 
is due to the presence of both dynein and 
the barrier. In this scenario, dynein pro-
vides a dynamic link that holds or pulls 
the MT end against the barrier, which 
hinders growth of the MT, resulting in 
a catastrophe.26 We also noted that both 
dynein gliding and MT shrinkage were 
slowed down by MT-dynein interac-
tions at the barrier. So why do MTs not 
shrink at their normal velocity when 
dynein keeps their ends linked to the 
barrier? It is possible that dynein’s pres-
ence at the tip of the MT mechanically 
prevents MT protofilaments from curling 
outwards, slowing down or even stalling 
MT shrinkage, similar to what has been 
proposed for the Dam 1 complex.27 In an 
end-on configuration it is possible that 

interact directly with a dynamic MT end, 
in a so called “end-on” configuration, for 
example, during the asymmetric position-
ing of the mitotic spindle in C. elegans 
(Fig. 1A).13 In this situation, the genera-
tion of pulling forces may (in part) be due 
to the shrinkage of MTs themselves.19

In this paper, we focus on recent in 
vitro experiments that shed light on the 
question of how dynein interacts with a 
dynamic MT end to regulate its dynam-
ics and to generate pulling forces.20 We 
discuss recent experimental and theo-
retical work that shows how these pulling 
forces may act in concert with MT push-
ing forces to reliably position MTOCs in 
(quasi) two-dimensional confined spaces. 
We further discuss ongoing in vitro 
efforts, where MTOCs are positioned in 
three-dimensional systems with flexible 
boundaries, as is relevant, for example, for 
motile mammalian cells.

End-On Interaction between  
Dynamic MT Ends and Dynein

Dynein has for a long time been referred 
to as the molecular motor implicated in 
the generation of pulling forces at cortical 
MT contacts. However, little is still known 
about the details of this interaction in the 
“end-on” configuration. How are forces 
generated at dynamic MT ends? Is dynein 
at the cortex directly involved in the 
regulation of MT dynamics and length? 
To address these questions, we recently 
reproduced in vitro the end-on cortical 
interaction between dynein and dynamic 
MTs. In vivo, dynein’s attachment to the 
cortex is highly regulated and can differ 
from one organism to another.12,21-23 This 
cortical attachment can be mimicked in 
vitro by directly attaching dynein to barri-
ers20 (Fig. 1). We first specifically attached 
dynein molecules to gold-coated barriers 
and let them interact with dynamic MTs 
growing from centrosomes attached to the 
bottom of a glass surface (Fig. 1B). When 
dynamic MTs encountered the dynein-
coated barriers, their ends were captured; 
they straightened; and their shrinkage 
was prevented, resulting in stabilized MTs 
of a defined length: the length between 
the organizing center and the dynein-
coated barrier (Fig. 1B, right panel). This 
result was confirmed by another recent in 
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pushing against the boundaries of a micro-
fabricated square chamber,32 provided 
that MTs are sufficiently dynamic.33 This 
mechanism is likely relevant for interphase 
fission yeast cells, where it is well estab-
lished that nuclear positioning is the result 
of pushing forces generated by grow-
ing MTs on the cell ends.1 This pushing 
mechanism however, is not likely to be 

of the cell that is nearby than the one that 
is far away, which leads to a net centering 
force when pushing forces are exerted.30 
This effect is expected to be enhanced 
by the length-dependent critical buckling 
force of MTs under compression, which 
limits the force that can be exerted by 
long MTs.1,9,31 In vitro experiments have 
shown that MTOCs can indeed center by 

literature, different mechanisms by which 
MTOCs are positioned in cells have been 
proposed. For example, it is known that 
simple pushing forces can, under specific 
conditions, drive centering. Consider a 
simple situation where a dynamic MT 
aster is displaced from the center of the 
cell: due to their dynamic properties, 
more MTs tend to contact the boundary 

Figure 1. Dynein interacting with MT ends can generate pulling forces. (A) Schematic representation of the end-on interaction between cortical 
dynein and dynamic MTs during spindle positioning in C. elegans embryos. (B–C) In vitro reconstructions of the dynein-MT end-on interaction. 
(B) Barrier experiment: Dynein molecules are attached to a microfabricated gold barrier; MTs are growing from a purified centrosome, as described in 
detail previously.20 (Left) Schematic view of the experiment. (Right) Spinning disk confocal fluorescence microscopy images without or with dynein 
at the barrier. The gold barrier position is marked by a yellow line. Scale bars: 5 μm. (C) Optical tweezers experiment. Dynamic MTs are growing from 
axonemes attached to a trapped bead, and interact with dynein coated barriers, as described previously.20 Left: Schematic view of the experiment. 
Right: Growth and shrinkage of MTs interacting with an uncoated barrier (upper trace) or a dynein-coated barrier in presence (middle) or absence 
(lower) of ATP.20
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at this length, MTs were rarely interact-
ing with the sidewalls of the chambers. 
For intermediate MT lengths, i.e., with 
lengths approximately equal to d, dynein 
caused a destabilizing effect: about 50% 
of the centrosomes were centered when no 
dynein was present vs.  about 20% at high 
dynein numbers. In the last case, MTOCs 
were constantly moving, thereby explor-
ing the whole chamber. Surprisingly, we 
found that for long MTs, i.e, with lengths 
longer than d, the presence of dynein led 
to the reliable centering of MT asters, 
reaching 95% of success for high dynein 
numbers (Fig.  3B). In these cases, the 
centrosomes did not move, and all MTs 
appeared straight and in contact with the 
chamber walls. In the absence of dynein 
at the walls, MTs were often observed 
to buckle, and centering was overall less 
successful, with only about 40% of the 
centrosomes being centered. So how did 
cortical dynein lead to such reliable cen-
tering, assuming that we were not saturat-
ing a limited number of dynein interaction 
sites?35 Let’s imagine a situation in which 
all MTs, grown isotropically from the 
centrosome, have reached the barrier and 
are subject to an identical pulling force. 
As argued above (Fig. 2B), the net pull-
ing force on the centrosome should then 
be zero (Fig. 3C, top). How then can the 
centrosome be pulled toward the center? 
The answer comes from the observation of 
time-lapse images of MTs growing toward 

in the presence of an excess number of 
MTs, one predicts a net centering force 
due to pulling (Fig. 2C). However, quan-
titative experiments aimed at testing these 
or other scenarios are inherently difficult 
to perform in the complex environment 
of cells. Therefore, we resorted again to 
in vitro experiments to reveal the inher-
ent capabilities of dynamic MT asters to 
position themselves in various confined 
geometries.

As discussed above, cortical dynein in 
an end-on configuration is able to both 
(1) regulate MT dynamics, thereby tuning 
the length of MTs between the MTOC 
and the barrier, and (2) mediate pulling 
on shrinking MTs, thereby pulling on 
MTOCs. With this in mind, we confined 
dynamic MT asters grown from centro-
somes to square microfabricated chambers 
with dynein-coated sidewalls (Fig. 3A).20 
Dynein numbers could be modified by 
changing the thickness of a gold layer 
incorporated in the chamber walls. In this 
configuration, both pushing and pulling 
forces could act during positioning: push-
ing forces coming from growing MTs that 
were not yet captured by dynein molecules, 
pulling forces coming from captured MTs. 
For short MTs, i.e., with lengths shorter 
than the half-width of the chamber d, we 
found that centrosomes always performed 
a diffusion-like movement independent of 
whether dynein was present at the side-
walls. This result is understandable, since 

efficient for larger cells, because of the 
same length dependence of the buckling 
force.34 Long MTs in large cells will rather 
buckle than transmit a significant pushing 
force to the MTOC.

As an alternative, pulling forces have 
been proposed as a driving mechanism for 
centering.5 In many systems, these pull-
ing forces arise from dynein at the cor-
tex,3,10,12,35 although there are also cases 
where dynein seems distributed along 
the length of the MTs throughout the 
cytoplasm.5,6,36-38 Focusing here on the 
situation where pulling forces are only 
generated at the cortex, one can ask how 
pulling forces affect positioning processes. 
It has been argued that the abundant pres-
ence of pulling force generators at the 
cortex might lead to a net de-centering 
force.5,28,36 The argument here is the same 
that was used to explain the centering by 
pushing forces: due to their dynamics, 
more MTs tend to contact a nearby cell 
boundary than a distant boundary, lead-
ing to an excess of force toward the nearby 
boundary, away from the center (Fig. 2A). 
At best, all MTs would reach the bound-
ary and the net centering force would 
be zero (Fig. 2B). To resolve this issue, 
at least for the specific case of spindle 
positioning in C. elegans embryo, it was 
proposed that only a limited number of 
cortical force generators are available.35,39 
In the situation that these interaction sites 
are always all occupied, which is expected 

Figure 2. Scenario’s for pulling-based centering of MTOCs. (A) Dynamic MTs lead to a length distribution of MTs that favors contacts with nearby 
boundaries. This leads to a net pulling force away from the center when all cortical contacts generate a pulling force (decentering). (B) When all MTs 
reach the boundaries, the net pulling force is zero (neutral), independent of the position of the MTOC in the confining space. (C) If only a limited 
number of cortical contacts generate a pulling force, the net pulling force is directed toward the center (centering). (D) When slipping of MTs along the 
boundaries of the confining space leads to an anisotropic distribution of MTs, the net pulling force is directed toward the center even when all cortical 
contacts generate a pulling force (centering).
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in confined spaces of different sizes and 
shapes. They have revealed a new geom-
etry-dependent mechanism by which 
cortical pulling forces may contribute to 
efficient centering, which is likely to be 
relevant for life-cell situations. Aside from 
trying to find ways to test the relevance of 
this mechanism inside living cells, there 
are also further steps that can be taken 
to bring the in vitro experiments closer to 
the cellular reality. For example, we have 
started experiments in which we confine 
MT asters to spherical emulsion droplets 
with dynein at the boundaries (Fig. 4A). 
This system better represents the three-
dimensional nature of living cells and at 
the same time allows for potentially rele-
vant mobility of dynein at the “cortex.” In a 
next step, we can go from droplets to giant 
unilamellar vesicles (GUVs), allowing for 
deformation of the confining boundary 
and, thus, vesicle shape, in response to 
forces generated at the cortex (Fig. 4D). 
This may be relevant, for example, for 
motile cells, which constantly change their 
shape in response to cytoskeletal reor-
ganizations. The interplay between MT 
organization, cell shape and cortical force 
generation may lead to unexpected effects 

geometry, corresponding to, for example, 
the strongly elongated shape of fission 
yeast.40 In this case, MT slipping does not 
cause any reorientation of the MTs and 
the original arguments for why pulling 
should lead to de-centering remain valid. 
Possibly, this provides an explanation for 
why in fission yeast cells, nuclear posi-
tioning is achieved by MT pushing forces 
and not by pulling forces.1 In the case 
of a stadium shape, which is relevant for 
mitotic spindle positioning in cells such 
as C. elegans embryos, it can be shown 
that positioning by pulling forces is more 
precise along the short axis than along the 
long axis of the cell.40 This may mean that 
any additional mechanism employed to 
achieve slight asymmetric positioning in 
this system does not need to overcome a 
strong centering force along the longitudi-
nal direction of the embryo.

Discussion

In vitro experiments in microfabricated 
chambers have provided us with a useful 
testing ground for studying the intrin-
sic capabilities of dynamic force-gener-
ating MT asters to position themselves 

dynein-coated barriers. Pushing MTs can 
be seen slipping along the barrier before 
being captured by dynein (Fig. 3D). If we 
account for this slipping of pushing MTs 
against the sidewalls of chambers, the dis-
tribution of MTs becomes anisotropic, 
leading to a net centering pulling force 
(Figs. 2D and 3C, bottom).

Based on this observation, we devel-
oped a mechanical model20 taking into 
account MT dynamics, with growing 
MTs exerting pushing forces and shrink-
ing MTs exerting pulling forces. This 
model confirmed the importance of MT 
slipping for a centering effect on MT 
asters confined in semi, two-dimensional 
square chambers. As MT slipping leads to 
different MT reorganizations depending 
on the shape of the confining geometry, 
this dynein-mediated positioning capabil-
ity is dependent on the shape of the con-
finement.40 The model predicts that in a 
circular shape, MTOCs are in fact more 
efficiently centered than in a square shape, 
mainly because of more extensive slipping 
of MTs in the direction that will center 
the aster.40 Interestingly, the model also 
predicts that combined pushing/pulling 
does not work in a quasi, one-dimensional 

Figure 3. Dynein-mediated pulling and MT slipping lead to centrosome centering in a square chamber. (A) Artistic view of the experiment. Microtu-
bules grow from a centrosome in a microfabricated chamber as described previously.20 Dynein molecules are attached to a gold layer in the walls of 
the chambers. (B) Spinning disk confocal fluorescence images of MTs grown from centrosomes in square chambers (side lengths: 15 μm), in absence 
(upper), or presence (lower) of dynein at the walls.20 (C) Cartoon showing the net pulling force without (upper) and with (lower) MT slipping in a square 
geometry. (D) Evidence for MT slipping in vitro. A MT grows against a dynein-coated barrier, slips and is then captured by dynein at the barrier. The 
gold barrier is indicated by the yellow line. Scale bar: 10 μm.
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Materials and Methods

Materials. Lipids and surfactant. 
1 , 2 - d i o l e o y l - s n - g l y c e r o -3 - p h o s -
pho-l-serine (sodium salt) (DOPS), 
1,2-dipalmitoyl-sn-glycero-3-phospho-
ethanolamine-N-(biotinyl) (biotin PE), 
1,2-di- (9Z-octadecenoyl) -sn-glycero-
3-phosphocholine (DOPC), were pur-
chased from Avanti Polar Lipids. Span 80 
was purchased from Sigma.

Buffers. Chemical reagents were 
obtained from Sigma, unless stated oth-
erwise. Tubulins were purchased from 
Cytoskeleton Inc. The dynein construct 

GUVs with membrane-bound dynein and 
freely growing MTs exhibit a ϕ-like shape 
(similar to what has been reported before 
for MTs confined in GUVs,41-44 with 
dynein concentrated at the entrance of the 
protrusions) (Fig. 4F and G). This indi-
cates that in these experiments, dynein is 
both active, membrane-bound and inter-
acting with the MTs, as explained in the 
cartoon in Figure 4E. Note that in this 
situation, the ϕ shape deformation of the 
liposome forces dynein to interact mainly 
laterally with MTs. This effect is likely 
to change when MTs are grown from 
centrosomes.

on both the nature of the interaction 
between MTs and cortical dynein (lateral 
vs. end‑on) and the resulting positioning 
of MT asters. In droplets, preliminary 
results suggest that dynein is again able 
to both stabilize and destabilize the aster’s 
central position. Further analysis will have 
to reveal whether this again depends on 
the length of the MTs compared with the 
size of the droplet (Fig. 4B and C). Note 
that dynein is now linked to a phospho-
lipid at the surface of the droplet, which in 
principle is able to diffuse freely along this 
surface. Preliminary results with free MTs 
confined to deformable vesicles show that 

Figure 4. Dynein-mediated centrosome positioning in emulsion droplets and liposomes. (A–C) Centrosome positioning in emulsion droplets. (A) Car-
toon of the experiment. Dynein molecules are linked to phospholipids at the surface of the droplet. (B–C) Preliminary experiments show that dynein 
molecules attached to phospholipids can either center (B) or decenter (C) asters. MTs (red) growing from a purified centrosome interact with dynein 
(green) at the edge of the droplets. Shown is a single Z-plane of a spinning disk confocal fluorescence stack. Scale bars: 10 μm. (D) Centrosome posi-
tioning in GUVs. Cartoon of the desired experiment. (E) Cartoon explaining the accumulation of dynein at the entrance of the protrusions created by 
free MTs. Red arrows point to the accumulations. (F–G) Free taxol-stabilized MTs grown in GUVs, with membrane-bound dynein molecules. Scale bar: 
3 μm (F) Z-projection of fluorescent MTs. (G) Individual Z-planes of the GUV seen in (F). Shown is a superposition of the MT (red) and dynein (green) 
signals. Arrows indicate the positions of dynein accumulation at the entrance of the protrusions. Z spacing = 0.3 μm. Scale bar: 3 μm.
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