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ABSTRACT: Microtubule organization in living cells is determined by
spatial control of microtubule nucleation, their dynamic properties, and
transport by molecular motors. Here, we establish a new micropattern-
guided method for controlling local microtubule nucleation by spatially
confined immobilization of a microtubule polymerase and show that these
nucleated microtubules can be transported and organized in space by motor
proteins. This assay provides a new platform for deciphering the principles

underlying mesoscale microtubule organization.

Eukaryotic cells have distinct internal architectures,
reflecting their different biological tasks." The intracellular
organization is largely determined by the microtubule
cytoskeleton. Microtubules are tube-like, structurally polar
filaments composed of tubulin subunits. Microtubules typically
switch between phases of growth and shrinkage, a property
called dynamic instability.” In living cells, the dynamic
properties of microtubules are controlled by a variety of
regulatory proteins, which catalyze microtubule polymer-
ization,” destabilize microtubules,* or help microtubules to
regrow after depolymerization.> Additionally, local microtubule
nucleation is a key control parameter for microtubule
organization and, as such, is tightly regulated. In animal cells,
microtubules are usually nucleated from specialized organelles
called centrosomes® and, before cell division, often also around
chromosomes.” Other activities determining the microtubule
architecture are microtubule cross-linking proteins® and
molecular motors.”

In vitro experiments with purified proteins have advanced our
understanding of the properties of individual components of
the cytoskeleton. Examples for classical motility assays include
microtubule gliding assays in which preformed stabilized
microtubules are transported by surface-immobilized motor
proteins as well as single molecule assays in which individual
processive motors are observed as they move along
immobilized stabilized microtubules.”'® Motor proteins have
generated interest for their usability in biotechnological
applications, especially in combination with micropatterned
immobilization of proteins or by immobilizing proteins in a
microfabricated three-dimensional environment, however
typically using stabilized, nondynamic microtubules."' ™"
Nonmotor proteins such as end tracking proteins of the EB
family,17 the polymerase XMAP215> or antiparallel microtubule

-4 ACS Publications  © 2013 American Chemical Society

673

XMAP215-His Motor Domain
Additional MT binding site

mCherry-XCTK2

mCherry-XCTK2

bundling proteins'®'® have been analyzed in experiments where
dynamic microtubules grow from prepolymerized, stabilized,
and randomly distributed immobilized microtubule fragments
(seeds). Recently, microtubule seeds have also been immobi-
lized on micropatterned or microfabricated substrates that
could then be elongated in subsequent steps.””>!
Comparatively few in vitro studies have addressed directly the
question of how the molecular components of the cytoskeleton
self-organize dynamically in space. Early work has demon-
strated that purified centrosomes nucleate microtubules in vitro
in the presence of purified tubulin, forming aster-like
structures.”> More recently, the interaction of such asters
with walls of microchambers mimicking the cell boundary were
investigated.”»** An alternative pathway of microtubule aster
formation is observed in mixtures of microtubule-cross-linking
motors and tubulin. Here, microtubules nucleate uniformly in
solution, grow, and are then focused into poles by motors.”>~>’
It is however unclear how more complex microtubule
organizations such as, for example, mitotic spindles are
generated that require defined local nucleation of microtubules
that can then be arranged in space by molecular motors.”
Here, with the aim to locally generate dynamic microtubules
in predefined regions that can be transported by motor
proteins, we produced micropatterns on glass surfaces that
contained chemically functionalized areas on which the
microtubule polymerase XMAP215> (a Xenopus laevis chTOG
family member) was selectively immobilized. We first produced
a micropattern of Ni-loaded Tris-(nitrilo tri-aceticacid)-poly-
ethylene glycol (Tris-NTA-PEG) on a glass surface using a
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previously developed method'' and then locally immobilized
purified XMAP21S tagged with green fluorescent protein
(GFP) and an oligo-histidine-sequence (XMAP215-GFP-His).
His-tagged proteins bind essentiallz irreversibly to Tris-Ni-
NTA-PEG functionalized surfaces.”® Visualization by total
internal reflection fluorescence (TIRF) microscopy revealed
defined regions with high densities of immobilized XMAP215-
GFP-His surrounded by PEG-passivated glass devoid of
XMAP215 (Figure la). Binding was selective (Figure SIb,
Supporting Information), and the protein density on Ni-Tris-
NTA-PEG functionalized glass could be controlled by varying
the protein concentration used for loading the Tris-Ni-NTA-
PEG micropattern. Under our conditions, the density of
immobilized protein was proportional to its concentration used
for incubation (Figure S2a, Supporting Information). Com-
pared to the smaller protein (His-GFP), the large XMAP215-
GFP-His protein yielded lower number densities as expected.

To test the activity of immobilized XMAP215, which in its
soluble form is known to bind unpolymerized tubulin,>**** we
generated micropatterns with nonfluorescent XMAP215-His
and added purified, CyS-labeled tubulin (naturally lacking an
oligo-histidine sequence). TIRF microscopy revealed that the
fluorescent CyS5-tubulin bound selectively to the XMAP215-
functionalized area (Figures 1b and Slc, Supporting Informa-
tion), demonstrating that the immobilized XMAP215-His was
active. Closer inspection revealed that in the presence of GTP,
microtubules nucleated and grew from the XMAP215 surface
area, but the high Cy5-tubulin fluorescence background in the
XMAP21S area impeded clear visualization of these micro-
tubules.

To overcome this problem, we added the microtubule end
tracking protein Mal3 (the fission yeast EB1 homologue) that
does not bind to soluble tubulin, but all along microtubules,
and with a 10-fold increased affinity to growing microtubule
end regions.'”*! We observed that purified Mal3-GFP (lacking
a His-tag) bound to dynamic microtubules as they were locally
nucleated from XMAP215 areas on the surface and
accumulated at both growing ends (Figure Ilc). This
demonstrates that fluorescently labeled Mal3 can be used as a
highly selective marker for dynamic microtubules despite high
tubulin densities on XMAP215-functionalized areas. These
results demonstrate that locally controlled microtubule
nucleation can be achieved by combining micropatterned
chemical functionalization of glass and selective protein
immobilization.

To better understand micropatterned microtubule nuclea-
tion, we tested how variation of several biochemical parameters
affected the efficiency of nucleation. First, we increased the
density of XMAP215-His on the functionalized Tris-Ni-NTA-
PEG surface areas, and using Mal3-GFP as a microtubule
marker, we observed an increasing microtubule density
selectively on the XMAP21S-functionalized areas (Figure 1d),
demonstrating that XMAP215 effectively nucleates micro-
tubules in a dose-dependent manner. The temporal behavior
of individual freshly nucleated microtubules could be visualized
in kymographs (time-space plots) (Figure le), demonstrating
their characteristic dynamic nature. From more than 40
kymographs, we determined the mean growth velocities of
the faster growing plus ends of microtubules nucleated locally
from areas with different XMAP215-His densities. Thus,
surface-immobilized XMAP215 accelerated tubulin growth in
a dose-dependent manner (Figure 1f), as was previously
reported for this microtubule polymerase when acting in
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Figure 1. Patterned microtubule nucleation and efficiency of
micropatterned microtubule nucleation. (a) TIRF microscopy image
of fluorescent XMAP215-GFP-His immobilized on microfabricated
Tris-Ni-NTA-PEG-functionalized glass areas (round patches). Con-
centration of XMAP215-GFP-His during the loading step was 500 nM.
Image taken S min after immobilization of XMAP21S-GFP-His. (b)
TIRF microscopy image of CyS-labeled tubulin bound to a XMAP215-
functionalized micropattern S min after addition of CyS-tubulin.
Concentrations: 500 nM XMAP215-His during the immobilization
step; 18.5 uM Cy-5S tubulin during imaging. (c) TIRF microscopy
image of Mal3-GFP bound to dynamic microtubules that nucleated
from a XMAP215-functionalized micropattern. Concentrations: 500
nM XMAP215-His during immobilization; 18.5 yM Cy-S tubulin and
85 nM Mal3-GFP during imaging. Image taken 5 min after the
addition of Mal3-GFP and CyS-tubulin. (d) TIRF microscopy images
showing Mal3-GFP labeled microtubules nucleated from XMAP215-
His-functionalized micropatterns. Increasing the surface density by
increasing the XMAP21S5-His concentration during immobilization
(Figure S2b, Supporting Information), as indicated, increased the
density of locally nucleated microtubules. Images taken S min after the
addition of 85 nM Mal3-GFP and 18.5 M CyS-tubulin. (e) Example
kymograph of a Mal3-GFP labeled nucleated microtubule on a
XMAP215-functionalized micropattern. Loading concentration of
XMAP215-His was 200 nM. (f) Graph of the average growth
velocities of locally nucleated microtubules on functionalized patterns
with different XMAP21S densities, as measured by TIRF microscopy.
XMAP215-His concentrations used for loading as indicated. Red bar
on the graph indicates the growth speed of nucleated microtubules
outside the 200 nM XMAP215-His functionalized surface. (g) Average
fluorescence intensity of CyS-tubulin bound to XMAP215-function-
alized micropatterns, as measured by TIRF microscopy, as a function
of the CyS-tubulin. The XMAP215-His concentration used for
immobilization was 500 nM. The red line is a fit to the data using a
hyperbolic function yielding a dissociation constant of 0.64 yM.
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Figure 2. Motor protein mediated transport of locally nucleated microtubules. (a) Sequence of time-lapsed TIRF microscopy images showing Mal3-
GFP-labeled microtubules (green) nucleated on a round XMAP215- and kinesin-1-double-functionalized area of a micropattern. Arrows point to two
microtubules being transported by the immobilized motors from the center of the functionalized area to its periphery. Concentrations were 500 nM
XMAP215-His and 50 nM kinesin-1-His for immobilization and 18.5 4uM CyS-tubulin (red) and 85 nM Mal3-GFP (green) during imaging. The
indicated times are times after start of nucleation. (b) Left: Examples of freshly nucleated microtubules moving across a rectangular XMAP215- and
kinesin-1-double-functionalized area of a micropattern. Right: Example kymographs of two freshly nucleated gliding Mal3-GFP microtubules as
observed under conditions as in panel a. The tilted slope and the lateral widening of the microtubule signal indicate simultaneous directional motility
and growth, respectively. (c) Histogram of gliding speeds of locally nucleated microtubules on micropatterns under conditions as in panel a. The red
line shows a Gaussian fit to the data. (d) Graph with average gliding speeds of prepolymerized, GMP-CPP stabilized CyS-microtubules on a glass
with only immobilized kinesin-1-GFP (50 nM for loading) and of locally nucleated microtubules in the presence of 18.5 M CyS-tubulin and 85 nM
Mal3-GFP on a glass with coimmobilized XMAP215-His (500 nM for loading) and kinesin-1-His (50 nM for loading). (e) Average gliding speeds of
CyS-labeled GMP-CPP-stabilized microtubules on micropatterns with constant kinesin-1-His densities (50 nM used for loading) and varying
coimmobilized XMAP215-His densities. The red curve is a fit to the data using a model assuming protein friction exerted by the immobilized
XMAP215 (see Methods).

solution.>** This provides further evidence for immobilized much CyS-tubulin (measured by fluorescence intensity) was
XMAP21S having retained the characteristics of the soluble bound to XMAP215 micropattern-areas at different CyS-
enzyme and shows that the growth velocity of surface-nucleated tubulin concentrations and obtained a dissociation constant
microtubules is affected by the presence of the immobilized in the micromolar range (Figure 1g). This result agrees with
polymerase. previous qualitative determinations of XMAP215’s binding

The next parameter we measured was the effect of the activity.”” We then monitored how the density of Mal3-GFP
tubulin concentration on local microtubule nucleation triggered decorated microtubules nucleated from XMAP215-function-
by surface-immobilized XMAP21S5. First, we investigated how alized areas varied in response to the presence of different
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tubulin concentrations. Interestingly, increasing the tubulin
concentration in the regime of saturated tubulin binding to
surface-immobilized XMAP215 still stimulated nucleation and/
or microtubule stability (Figure Slad, Supporting Informa-
tion). This demonstrates that, under our conditions, the
efficiency of local microtubule generation is not limited bgf
XMAP215’s ability to catalyze microtubule polymerization.>”

Next, we tested whether these locally nucleated microtubules
could be transported by motor proteins. We coimmobilized
both unlabeled XMAP21S5-His and unlabeled His-tagged
kinesin-1 (kinesin-1-His), a plus-end directed motor pro-
3% on Tris-Ni-NTA-PEG areas of micropatterned glass
and added CyS-tubulin, GTP, ATP, and Mal3-GFP as a
microtubule marker. We observed that locally nucleated and
dynamic microtubules were indeed transported by the
immobilized motors (Figure 2a). Kymographs of individual
freshly nucleated microtubules demonstrated that these micro-
tubules simultaneously elongated and moved (Figure 2b). The
lagging microtubule plus end had typically more Mal3-GFP
accumulated than the leading minus end, as expected.17 The
gliding speed was unimodally distributed, as is typical (Figure
2c). However, the mean velocity was significantly reduced by
about 55% (Figure 2d, red bar) in comparison to the speed
measured in a classical gliding assay. In such an assay,
preformed microtubules were stabilized by the nonhydrolyzable
GTP analogue GMP-CPP and were transported by immobi-
lized kinesins in the absence of coimmobilized XMAP215
(Figure 2d, black bar).*

The slowdown of locally nucleated microtubules did not
depend on the tubulin concentration (Figure S2b, Supporting
Information). It was also not a characteristic feature of surface-
nucleated microtubules in contrast to preformed microtubules
because microtubules elongating from short GMP-CPP micro-
tubules experienced a very similar tubulin concentration-
independent slowdown on mixed kinesin-1-His/XMAP21S-
His surfaces (Figure S2c, Supporting Information). Instead, the
reduction of the transport velocity could be demonstrated to
depend on the density of surface-immobilized XMAP215
(Figure 2e). XMAP21S is known to not only bind soluble
tubulin but also all along microtubules.”® This slowdown is
therefore most likely due to protein friction®® generated when
motors transport microtubules over an XMAP21S surface.
Supporting this hypothesis, a model assuming protein friction
could be well fitted to the data (Figure 2e, red curve). In
controls, we showed that the surface density of the immobilized
oligo-histidine-tagged motor was not affected by immobilizing
increasing amounts of XMAP215-GFP-His (Figure S2de,
Supporting Information) or GFP-His (Figure S2f, Supporting
Information). These experiments represent the first micro-
tubule gliding assays with locally nucleated and dynamic
microtubules. They further support our previous conclusion
that microtubules locally nucleated in XMAP21S areas are fully
functional and show that the density of surface-immobilized
microtubule binding proteins is a convenient control parameter
for the speed of locally nucleated microtubules.

Finally, we combined local XMAP215 pattern-controlled
microtubule nucleation with motor-microtubule self-organiza-
tion. Microtubule cross-linkin; and sliding motors can organize
microtubules in solution.” >’ Here, we have shown that local
nucleation centers can also control the spatial arrangement of
microtubules. To test the outcome of the combination of both
spatial organization strategies, we immobilized XMAP215-His
on Tris-Ni-NTA-PEG micropatterns and added an mCherry-
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labeled microtubule minus-end directed microtubule cross-
linking motor (Xenopus kinesin-14 XCTK2 that did not carry a
His-tag). We observed that the soluble motor colocalized with
the nucleated microtubules, serving in this experiment also as
microtubule marker, and connected microtubules growing
beyond different nucleation zones (Figure 3a). This resulted
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Figure 3. Motor protein-mediated large-scale organization of micro-
pattern-nucleated microtubules. (a) Sequence of time-lapsed TIRF
microscopy images of large-scale organization of microtubules that
nucleate locally from a XMAP21S-functionalized micropattern in the
presence of 100 nM of the soluble minus end-directed microtubule-
cross-linking and sliding motor mCherry-kinesin-14 (red) and 18.5
UM CyS-tubulin (green). Microtubules are visualized by the bound
mCherry-tagged motor, and the XMAP215-functionalized areas are
visualized by bound CyS-tubulin. Loading concentration of XMAP215-
His for immobilization was 500 nM. Times after start of the
experiment are indicated. (b) TIRF microscopy image of a larger area
of an mCherry-kinesin-14 organized network of microtubules that
were locally nucleated from a XMAP215-functionalized micropattern
as observed under conditions as in panel a. The image was taken 20
min after the start of nucleation. (c) Schematic of the molecular
mechanism leading to the large scale-network in panels a and b. The
cyan part of the otherwise red microtubule indicates an imaginary
fiduciary mark.

in regular patterns of bundled, straight microtubules connecting
all nucleation zones preferentially along their shortest distance
(Figure 3b). The emergence of this remarkable microtubule
architecture was indicative of motor-mediated pulling forces
straightening the bundles. This is plausible as microtubule plus-
ends grow faster than minus-ends and therefore tend to meet
first when microtubules encounter each other between
nucleation centers. Minus-end directed cross-linking kinesin-
14 motors are then expected to pull on such connections by
walking along microtubules toward the nucleation zones,
thereby stretching the interconnected bundles (Figure 3c).
Coimmobilizing kinesin-1-His with XMAP215-His leads to the
opposite microtubule orientation (microtubules being trans-
ported out of the functionalized areas with their minus ends
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leading), which does not allow kinesin-14 to establish a regular
mesoscale microtubule organization (Figure S3, Supporting
Information).

In conclusion, our experiments have demonstrated that
several complementary strategies can be combined to organize
microtubules in space in vitro. Prestructuring a surface with a
chemical functionalization that affords selective immobilization
of a microtubule nucleating protein allows the design of defined
nucleation centers determining where microtubules are
produced. Coimmobilized microtubule motors transport locally
nucleated, dynamic microtubules, whereas soluble microtubule
cross-linking motors cause mesoscale microtubule organization
connecting microtubules growing beyond nucleation centers.
The new experimental system described here and a
complementary assay recently developed for actin filament
networks®® allow the systematic study of the interplay between
spatially preorganized biomechanically active proteins and self-
organizing molecules in solution. These types of experiments
promise to lead to a better understanding of complex
cytoskeleton organizations by allowing the systematic explora-
tion of the biochemical and physical parameter spaces of
reconstituted cytoskeleton systems.

B METHODS

Local Microtubule Nucleation on Functionalized Micro-
patterns. A flow chamber of around S uL was built from one glass
with a Ni-loaded micropattern of Tris-NTA-PEG functionalization
(patterned glass) and one poly-L-lysine (PLL)-PEG passivated counter
glass, separated by two strips of double sticky tape (Tesa, Hamburg,
Germany).'”"" The flow chamber was equilibrated with 20 uL of
BRBS0 (80 mM PIPES, 1 mM EGTA, 1 mM MgCl, pH 6.8) while
positioned on an ice-cold metal block, then with 20 yL of BRB80
containing 1 mg mL™" B-casein for 5 min. Next, XMAP215-His, (200,
300, or 500 nM) was flowed into the flow chamber, followed by
incubation for 10 min. Unbound XMAP215-His, was washed out by
BRB80 supplemented with 300 mM KCI. Then, the flow chamber was
filled with CyS tubulin (13% labeling ratio of CyS per tubulin; 9.25,
13.85, 18.5, or 23.07 uM) and 85 nM Mal3-EGFP in nucleation buffer
(BRB80 supplemented with 3 mM GTP, 14.5 mM MgCl,, and an
oxygen scavenger system (S0 mM glucose, 1 mg mL™" glucose oxidase,
and 0.5 mg mL™" catalase)) on an ice cold metal block and transferred
to the TIRF microscope. Time-lapse imaging was performed at 32 °C.

Motor-Mediated Transport of Locally Nucleated Micro-
tubules on Functionalized Micropatterns. A flow chamber was
prepared with one patterned and one passivated glass and the
functionalized patches of the patterned surface were loaded with
XMAP215-His, by incubating with 500 nM XMAP215-His;, as
described for the nucleation assay. Then, 50 nM Kin612-His,, in
BRB80 was flowed into the chamber followed by 10 min incubation
and then washing out with BRB80 supplemented with 300 mM KCI
The flow chamber was then filled with 18.5 yuM Cy$S tubulin, 85 nM
Mal3-EGFP, and 3 mM Mg-ATP in nucleation buffer and imaged by
TIRF microscopy at 32 °C.

Motor-Mediated Large-Scale Organization of Microtubules
Nucleated from Functionalized Micropatterns. For large-scale
microtubule organization experiments (Figure 3), a micropattern (part
of a flow chamber) of Ni-loaded Tris-NTA-PEG areas was loaded with
500 nM XMAP215-His; as described above and was finally filled with
18.5 uM CyS-tubulin and 100 nM mCherry-XCTK2 in a nucleation
buffer supplemented with 3 mM Mg-ATP. For control experiments,
the functionalized areas were additionally loaded by incubation with S0
nM Kin612-His ), as described above. Local nucleation and large-scale
organization was observed by time-lapse TIRF microscopy at 32 °C.
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