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Background: How cytoskeleton architecture is established within the confining boundary of the cell membrane is not
understood.
Results: Together, spatial constraints and cross-linking motor activities determine distinct motor/microtubule organizations in
a biomimetic system.
Conclusion: Characteristic microtubule architectures result from basic design principles.
Significance: Spatial confinement plays an important role in cytoskeleton organization.

The correct spatial organization of microtubules is of crucial
importance for determining the internal architecture of eukary-
otic cells. Microtubules are arranged in space by a multitude of
biochemical activities and by spatial constraints imposed by the
cell boundary. The principles underlying the establishment of
distinct intracellular architectures are only poorly understood.
Here, we studied the effect of spatial confinement on the self-
organization of purified motors and microtubules that are
encapsulated in lipid-monolayered droplets in oil, varying in
diameter from 5–100 �m, which covers the size range of typical
cell bodies. We found that droplet size alone had a major orga-
nizing influence. The presence of a microtubule-crosslinking
motor protein decreased the number of accessible types of
microtubule organizations. Depending on the degree of spatial
confinement, the presence of the motor caused either the for-
mation of a cortical array of bent microtubule bundles or the
generation of single microtubule asters in the droplets. These
are two of the most prominent forms of microtubule arrange-
ments in plant and metazoan cells. Our results provide insights
into the combined organizing influence of spatial constraints
and cross-linking motor activities determining distinct micro-
tubule architectures in a minimal biomimetic system. In the
future, this simple lipid-monolayered droplet system character-
ized here can be expanded readily to include further biochemi-
cal activities or used as the starting point for the investigation of
motor-mediated microtubule organization inside liposomes
surrounded by a deformable lipid bilayer.

The correct architecture of the microtubule cytoskeleton in
living cells is essential for correct organelle positioning, cell
division, and cell differentiation. The spatial organization of
microtubules is determined by biochemical activities, for exam-
ple from nucleators, microtubule dynamics regulators, cross-
linkers and molecular motors, but also by the presence of the
cell boundary (1–3). The principles underlying the establish-

ment of distinct intracellular architectures are only poorly
understood. This is largely due to the complexity of the reper-
toire of activities involved and due to an underrepresentation of
studies directly addressing the effects of spatial confinement.

In vitro reconstitution approaches are useful for the investi-
gation of the design principles of simpler model systems of
known composition that consist of small sets of well character-
ized purified components. Previously, in vitro experiments with
purified microtubule cross-linking and sliding motors showed
under which conditions motors organize microtubules into
bundles, asters, or networks of focused poles in quasi-two-di-
mensional unconfined environments (4 –7). The interplay
between a confining boundary and growing microtubules was
first studied in vitro for individual microtubules that were
encapsulated in small liposomes produced by a freeze-thaw
method (8, 9) and, later, in microfabricated chambers (10).
Depending on geometrical constraints, straight microtubules
either deformed the membrane or the microtubules were bent
by the curved membrane (8, 9) or the hard boundary of the
microchamber (10). The positioning of asters consisting of
multiple microtubules that were grown from microtubule-or-
ganizing centers was investigated in microchambers (11, 12).
Geometrical constraints imposed by microtubule length and
the size of the undeformable chamber as well as the dynamic
properties of the microtubules determined the positioning of
the asters in the microchamber (11, 12).

Micrometer-sized droplets in oil are an alternative system to
encapsulate biochemical reactions (13) and to study the effects
of confinement. Such droplets can be produced easily, and they
can have lipid-monolayered boundaries that mimic the inner
surface of the plasma membrane. Lipid-monolayered droplets
can then be transformed into liposomes (14). This method has
been used recently for the reconstitution of an active actin cor-
tex inside liposomes consisting of a defined set of purified pro-
teins of the actin cytoskeleton (15, 16). Comparable experi-
ments for encapsulated active motor/microtubule assemblies
produced with purified proteins are lacking. The droplets-in-
oil method has been used to investigate self-organized micro-
tubule assemblies in encapsulated Xenopus egg extract, an
experimental system of a highly complex composition (17).
When the microtubule stabilizer paclitaxel is added to such
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Xenopus egg extracts in the absence of confinement, microtu-
bule asters are generated by a set of microtubule cross-linking
and sliding activities, including the motor protein dynein (18,
19). Aster formation in encapsulated extract has been shown to
depend on confinement size. Spatial constraints led to micro-
tubule bundling and bending in small droplets (17). A system-
atic investigation, however, of how microtubules arrange in
droplets of different sizes in the absence of any other proteins,
and how the presence of a purified and well characterized
microtubule sliding motor changes these arrangements, is cur-
rently lacking.

Here we have studied the effect of confinement on the self-
organization of purified motors and microtubules that are
encapsulated in lipid-monolayered droplets in oil. We observed
that a relatively large variety of microtubule arrangements is
accessible in the absence of a microtubule cross-linking motor
and that, in this case, droplet size had the major organizing
effect. The bundling and sliding activity of a motor protein
restricted access to several arrangements and, additionally,
opened the motor-dependent pathway for aster organization,
provided the droplets were of sufficient size. These results pro-
vide insight into the combined ordering effects of spatial con-
straints and cross-linking motor activities on microtubule orga-
nization in a minimal biomimetic system.

EXPERIMENTAL PROCEDURES

Protein Biochemistry—Pig brain tubulin was purified and
labeled with Atto633-N-hydroxy succinimidylester (Sigma)
using standard methods (20, 21). In all experiments, the final
labeling ratio of the tubulin mixture was adjusted to 0.1 fluoro-
phores/tubulin dimer. Concentrations and labeling ratios were
measured by absorbance at 280 and 629 nm using the appropri-
ate extinction coefficients. Tubulin concentrations are tubulin
dimer concentrations throughout.

mCherry-tagged Xenopus laevis kinesin-14 XCTK2
(mCherry-kinesin-14) was produced essentially as described
previously (4, 22) with the following modifications. Insect cells
with baculovirus-overexpressed His6-mCherry-kinesin-14
were homogenized manually in buffer A (50 mM NaPO4 buffer,
300 mM KCl, 1 mM MgCl2, 1 mM EGTA, and 2.5 mM 2-mercap-
toethanol (pH 7)) supplemented with 30 mM imidazole, 0.5 mM

ATP, and complete EDTA-free protease inhibitors (Roche).
The protein was eluted from Protino nickel-tris(carboxymeth-
yl)ethylene diamine) beads (Macherey-Nagel) using buffer A
supplemented with 300 mM imidazole and 0.05 mM ATP. The
buffer was then exchanged to buffer A supplemented with 0.05
mM ATP using a PD 10 desalting column (Fisher Scientific).
The His tag was cleaved off by AcTEV protease (LifeTechnolo-
gies) overnight at 4 °C, producing mCherry-kinesin-14. The
free His tag was removed using Protino nickel-tris(carboxy-
methyl)ethylene diamine beads, followed by gel filtration of the
protein in buffer A supplemented with 0.05 mM ATP. The pro-
tein was concentrated using membrane ultracentrifugation
(VivaSpin, molecular mass 30,000 Da), and aliquots were
shock-frozen and stored in liquid nitrogen. The kinesin con-
centration was determined by Bradford (Bio-Rad) using a BSA
standard. The successful cleavage of the His tag was verified by
an anti-histidine Western blot analysis.

Generation of Lipid-monolayered Droplets in Oil—To gener-
ate lipid-monolayered droplets, we emulsified a solution con-
taining proteins in a lipid/oil mixture (similar as in Refs. 14, 15).
For the lipid/oil mixture, a total of 10 mg of purified lipids
dissolved in chloroform (Avanti Polar Lipids) were mixed in a
25-ml round bottom glass. The following lipid mixtures were
tested (Fig. 1): 100% 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC);3 90% DOPC and 10% 1,2-dioleoyl-sn-glycero-3-phos-
phoglycerol (DOPG); 65% DOPC and 35% 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE); and 55% DOPC, 35%
DOPE, and 10% DOPG (all are mole percent).

The chloroform was allowed to evaporate under nitrogen
flow, and the lipid mixture (see below) was redissolved in 200 �l
of cyclohexane, frozen in liquid nitrogen, and lyophilized at
�80 °C in a freeze dryer (Labconco) for at least 12 h to remove
all solvent. The dried lipids were then dissolved in 10 ml of
mineral oil at a total concentration of 1 mg/ml by sonicating in
an ice-cold water bath for 30 min. Exposure to air was mini-
mized by filling the flasks with nitrogen gas. The lipid/oil mix-
ture was left to cool at room temperature for another 30 min
and stored at 4 °C for a maximum of 2 days.

To generate the final emulsion, 20 �l of a protein-containing
solution (see below) was clarified by centrifugation for 3 min at
13,000 � g at 4 °C. 1.3 �l of clarified solution was added into 450
�l of lipid/oil mixture (prechilled to 4 °C) and sheared gently by
pumping with a Microlance needle (Scientific Laboratory Sup-
plies) fitted to a 1-ml glass syringe (Roth).

For initial optimization experiments (Fig. 1), the protein-
containing solution consisted of 40 �M Atto633-labeled tubulin
in droplet buffer (44 mM PIPES, 10.3 mM MgCl2, 2.8 mM EGTA,
3 mM GTP, 5 mM ATP, 40 mM 2-mercaptoethanol, 50 mM KCl,
1 �M paclitaxel, 20 mM glucose, 1 mg/ml glucose oxidase (Serva,
catalog no. 22778), 0.5 mg/ml catalase (Sigma, catalog no. C40),
0.5 mg/ml BSA, and 0.25 mg/ml �-casein (pH 6.8)) without or
with 10% (v/v) glycerol.

For all remaining experiments (Figs. 2–7), the lipid mixture
was always 55% DOPC, 35% DOPE, and 10% DOPG, and the
protein-containing solution typically consisted of 40 �M

labeled Atto-633 tubulin in standard droplet buffer (droplet
buffer supplemented with 10% (v/v) glycerol, and 10% (v/v)
XCTK2 gel filtration buffer) (Figs. 2– 4). In some experiments,
the tubulin concentration was changed to 30 and 50 �M (Fig. 4,
C and D), and in self-organization experiments, 200 (Figs. 5–7)
or 400 nM mCherry-kinesin-14 was added to the protein-con-
taining solution.

Imaging of Microtubule Polymerization and Self-organiza-
tion in Droplets—Coverslips were sonicated in 50% (v/v) etha-
nol, rinsed with MilliQ-water, blow-dried with nitrogen gas,
immersed in Rain-X� (Shell Car Care International Ltd.), and
dried in air before being fitted with PDMS matrices.

The matrices were prepared from PDMS (Sylgard 184, Dow
Corning) gels using a 10:1 ratio (v/v) of elastomer:curing agent.

3 The abbreviations used are: DOPC, 1,2-dioleoyl-sn-glycero-3-phospho-
choline; DOPG, 1,2-dioleoyl-sn-glycero-3-phosphoglycerol; DOPE, 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine; PC, phosphatidylcho-
line; PG, phosphatidylglycerol; PE, phosphatidylethanolamine; PDMS,
polydimethylsiloxane.
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Both components were mixed extensively for 1 min in a 50-ml
Falcon tube, centrifuged at 4000 � g at 4 °C for 1 min to remove
air bubbles, and then poured into a Petri dish (Falcon BD). The
polymer was subsequently cured for 1 h in an oven at 75 °C,
followed by 10 h at room temperature. Using a punch, round
holes of 5 mm in diameter were stamped into the 3-mm-high
gel. With a scalpel, 10 � 15 mm squares were cut out of the
PDMS, each containing two holes separated by not more than
1.5 mm. A PDMS matrix was positioned in the middle, perpen-
dicular to the long edge of a cleaned and Rain-X�-treated cov-
erslip, and pressed gently onto it, allowing no gap between the
glass and the PDMS gel. The PDMS chambers were placed on
an ice-cold metal block, and 20 �l of the emulsion was added
immediately into the wells after mixing. Droplets in oil were left
to settle at 4 °C for 4 min before the sample was put under the
microscope.

Images were acquired with a spinning disk confocal micro-
scope (3I, Intelligent Imaging Innovations) comprising a Laser-
StackTM (containing 488 nm, 50 milliwatt; 561 nm, 50 milliwatt;
and 640 nm, 40 milliwatt) Yokogawa CSU M1 on a Zeiss Axio
Observer Z1 with a �63 1.4 numerical aperture oil immersion
objective (Zeiss) and a charge-coupled device camera (Orca-
Flash4.0 LT). The microscope was equipped with an environ-
mental chamber (OKOlab) that was heated to 32 °C. Time-
lapse imaging was started immediately after placing the slide
into the heated environment box. To minimize alterations of
the measured fluorescence intensities because of a lensing
effect caused by the diffractive index mismatch of the droplet
buffer and the oil, the droplets were imaged close to their equa-
torial planes. For microtubule polymerization assays, images at
four to six different positions were recorded every 60 s with
300-ms exposure times (640 nm excitation, 30% laser intensity)
for 20 min. For self-organization assays, images were recorded
for 25 min using multipoint acquisition every 60 s with 300-ms
exposure times for Atto633 (640 nm excitation, 30% laser inten-
sity) and 400-ms exposure times for mCherry (561 nm excita-
tion, 50% laser intensity). End state images of one focal plane
per position or three-dimensional image stacks were taken
immediately after the time course. Stacks were acquired in z
steps of 500 nm (exposures as above for Atto633 and mCherry).
All images were acquired using 2 � 2 pixel binning.

Unconfined Microtubule Polymerization and Self-organization—
For control purposes, microtubule polymerization and self-or-
ganization assays in bulk were performed in 10-�l flow cham-
bers assembled from a poly-L-lysine-PEG-treated (SuSoS) cov-
erslip and a glass slide using double-sided sticky tape (23). The
chamber was placed on an ice-cold metal block and filled with
5% (w/v) Pluronic F-127 (Sigma). After 3 min, 30 �l of flow
chamber buffer (40 mM PIPES, 0.5 mM EGTA, 0.5 mM MgCl2,
and 1 mg/ml BSA (pH 6.8)) followed by 20 �l of clarified assay
solution were flowed through the chamber. Clarification was
achieved by centrifugation for 3 min at 13,000 � g and 4 °C in a
tabletop centrifuge. For microtubule polymerization assays
(supplemental Movie 1), the final assay solution contained 20
�M Atto633-labeled tubulin in droplet buffer. For motor/mi-
crotubule self-organization assays (supplemental Movie 8), the
final assay solution contained 7 �M Atto633-labeled tubulin
and 100 nM mCherry-kinesin-14 in standard droplet buffer.

The chamber was sealed with a 1:1:1 (w/w) mixture of VALAP
(Vaseline, lanolin, and paraffin wax, Sigma) and used immedi-
ately used for imaging.

Imaging was done as described for droplets in oil, with the
following modifications. A 40 � 1.3 numerical aperture oil
immersion objective (Zeiss) was used without multipoint
acquisition. For microtubule polymerization assays (supple-
mental Movie 1), images were recorded every 20 s with an expo-
sure time of 100 ms (640 nm excitation) for 20 min. For self-
organization assays (supplemental Movie 8), images were
recorded every 20 s with 300-ms exposure times (561- and
644-nm excitation) for 20 min. Binning and laser intensities
were as described above.

Image Processing—All confocal microscopy images were
acquired using Slidebook software (3I, Intelligent Imaging
Innovations). For optimal visualization, they were processed
(signal levels and contrast adjustment before conversion from
16- to 8-bit using ImageJ (Research Service Branch, National
Institutes of Health, http://rsb.info.nih.gov/ij). Three-dimen-
sional projections and XZ plane pictures of droplets in oil were
rendered from stacks in Imaris (Bitplane AG).

For movies, time-lapse confocal microscopy images were
corrected for bleaching by adjusting the mean intensity of each
frame using the correct_bleach ImageJ macro. Time stamps
and scale bars were added after processing using the ImageJ
plugins.

Frequencies of Microtubule Arrangements in Droplets of Dif-
ferent Sizes—To identify the end state of microtubule polymer-
ization and motor/microtubule self-organization (the time
point of the reaction after which the microtubule arrangement
did not change significantly), time-lapse confocal microscopy
images, taken every minute, were analyzed manually from at
least 10 time courses/condition.

Microtubule arrangements inside droplets were analyzed
and classified by eye on the basis of confocal slice stacks. For
each condition, at least 70 stacks from 20 independent experi-
ments over five different days (minimum) were considered. The
diameter was measured using the distance between highest
Atto633 dye intensities at the droplet rim from one pixel line plot
in a lateral direction over the equatorial planes of the droplets. All
droplets in a field of view with a diameter � 2.5 �m were consid-
ered and assigned to one of the bins, each comprising a 5-�m
diameter range around the indicated central value. For each drop-
let size category, a minimum of 10 droplets was analyzed.

RESULTS

To investigate the self-organization of microtubules and
purified motors in confined environments, we produced drop-
lets of protein-containing solutions dispersed in mineral oil (see
“Experimental Procedures”) (14, 15, 17). In an attempt to mimic
the inner leaflet of the plasma membrane, lipids were added to
the oil so that a lipid monolayer formed at the oil/droplet inter-
face (14, 15, 17). Typical droplet sizes were in the range of
�5–100 �m in diameter, which covered the range of the typical
size of cell bodies of somatic metazoan cells (13). Fluorescently
labeled proteins were imaged using spinning disk confocal
microscopy.
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First, we investigated the conditions under which microtu-
bules nucleated in encapsulated solutions of purified tubulin
and GTP in response to a temperature shift from 4 °C to 32 °C.
A low concentration of paclitaxel was added to the droplet
buffer in all experiments to promote nucleation. Starting with
the naturally highly abundant phospholipid DOPC (24), we
found that microtubule nucleation in DOPC-monolayered
droplets was less efficient in comparison with quasi-unconfined
conditions. Although microtubules readily nucleated within
about 1–2 min in a solution with 20 �M Atto633-labeled tubulin
in a flow chamber of typical dimensions of 16 � 4 � 0.15 mm
(10 �l) (supplemental Movie 1), elevated concentrations of 40
�M Atto633-labeled tubulin were required to achieve visible
nucleation within comparable times in DOPC-monolayered
droplets (data not shown). However, in most DOPC-monolay-
ered droplets, tubulin also formed aggregates or short stubs
that decorated longer polymerized microtubules or microtu-
bule bundles, leading to a “stubby” appearance 20 min after the
temperature shift (Fig. 1A, top panel). Glycerol, a well known
microtubule-stabilizing agent (25), did not prevent this aggre-
gation (Fig. 1A, bottom panel). Previously, actin filaments were
grown from actin that was encapsulated in egg PC liposomes
and where cholesterol was added to the membrane (15). How-
ever, when we added up to 35 mol% cholesterol to the mineral
oil, in addition to DOPC, we still observed tubulin aggregation
in lipid-monolayered droplets (data not shown).

In an attempt to suppress a potential interaction of tubulin
with lipid headgroups that might trigger tubulin aggregation

(26), we added 10 mol% of the negatively charged lipid DOPG to
DOPC. 40 �M Atto633-tubulin inside DOPC/DOPG-monolay-
ered droplets was now soluble, but the nucleation of microtu-
bules was inhibited (Fig. 1B, top panel). Addition of 10% (v/v)
glycerol to the buffer that was encapsulated in DOPC/DOPG-
monolayered droplets efficiently stimulated microtubule
nucleation within 1–2 min without inducing aggregation, even
after 20 min (Fig. 1B, bottom panel). Similarly, no microtubule
aggregation was observed when 35 mol% DOPE, a zwitterionic
lipid that is a prominent component of metazoan plasma mem-
branes (27), was added to the DOPC (Fig. 1C, top panel). The
addition of 10% glycerol was also necessary to allow efficient
microtubule nucleation from 40 �M Atto633-tubulin in these
droplets (Fig. 1C, bottom panel).

The combination of DOPC, DOPE, and DOPG (55, 35, and
10 mol%, respectively), which is somewhat similar to the com-
position of natural plasma membranes, also resulted in the sup-
pression of tubulin aggregation in the droplets and allowed for
controlled and robust microtubule nucleation when glycerol
was added to the buffer (Fig. 1D). We continued our studies
with this lipid composition and with glycerol included in the
buffer. Microtubule growth appeared to reach an end state after
�20 min (supplemental Movie 2). Interestingly, different end
states could be observed that appeared to depend on droplet
size. For example, although larger droplets appeared to be filled
evenly with an unordered array of microtubules (Fig. 1D, bot-
tom panel), smaller droplets often developed a cortical array of
bent microtubules positioned close to the droplet boundary

FIGURE 1. Effect of lipid composition on microtubule polymerization. Lipid-monolayered droplets (in mineral oil) containing 40 �M Atto633-labeled
tubulin, and 3 mM GTP in droplet buffer (see “Experimental Procedures”) with or without glycerol. Images of the equatorial plane of the droplets were recorded
by spinning disk confocal microscopy 20 min after polymerization was triggered by a temperature shift to 32 °C. A, in DOPC-monolayered droplets, tubulin
forms aggregates both in the absence (top panel) and presence of 10% glycerol (bottom panel). B and C, in DOPC/DOPG-monolayered droplets (B) and in
DOPC/DOPE-monolayered droplets (C), tubulin neither aggregates nor polymerizes (top panels). However it polymerizes to microtubules in the presence of
10% glycerol (bottom panels). D, in DOPC/DOPE/DOPG-monolayered droplets, microtubules polymerize in the presence of 10% glycerol. Scale bars � 20 �m.
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(Fig. 1D, top and center panel). Similar observations have been
made previously for microtubules growing from pure tubulin in
microfabricated chambers (10) and for microtubule bundles
growing in Xenopus egg extract-filled droplets (17). Microtu-
bule bending is expected for microtubules that can grow longer
than the diameter of the confining container (Fig. 2, Schemes)
(5, 8, 12, 17, 28, 29).

For a more quantitative study of the effect of droplet size on
the spatial arrangement of encapsulated microtubules, we first
categorized, by visual inspection, the arrangements observed 20
min after the start of nucleation (Fig. 2). In addition to “evenly
distributed” microtubule arrays that fill the entire volume of the
droplet (Fig. 2A) and “cortical arrangements” of microtubules,
where most of the detected microtubule mass is close to the
droplet boundary (Fig. 2B), we observed three other categories
of microtubule arrays: an “opening cloud,” which is similar to
the cortical arrangement but with the main microtubule mass
not as close to the droplet boundary and some microtubules
also present in the droplet center (Fig. 2C); a “ring-like bundle”
of microtubules that looks like a cortical arrangement confined
to only two dimensions (Fig. 2D); and, finally, a “spoke-like
arrangement” of microtubules characterized by straight micro-
tubules having a high density in the droplet center, suggesting
that microtubules with lengths in the range of the droplet diam-
eter were present in random orientations (Fig. 2E).

Inspection of time courses revealed that the arrangements
typically started from microtubules that were distributed
evenly (Fig. 3 and supplemental Movies 3–7). Different path-
ways appeared to lead to different end configurations. In some
droplets, the evenly distributed array stayed intact (Fig. 3A and
supplemental Movie 3), and in others it transformed into a cor-

tical arrangement (Fig. 3B and supplemental Movie 4) or into a
single ring-like bundle (Fig. 3C and supplemental Movie 5). In
other droplets, the evenly distributed array transformed into a
spoke-like arrangement (Fig. 3D and supplemental Movie 6)
that, in some cases, transformed again into an opening cloud of
microtubules inside the lipid-monolayered droplets (Fig. 3E
and supplemental Movie 7).

To better understand the potential mechanisms leading to
these different transformations of the microtubule architec-
tures in a confined geometry, we quantified the frequencies of
these five categories as observed after 20 min in droplets of
different size (Fig. 4A). A clear trend of how the final distribu-
tions of microtubule arrangements changed with droplet size
was evident. The fraction of evenly distributed microtubule
arrangements clearly increased with droplet size (Fig. 4B, red),
suggesting that this arrangement prevails when microtubules
are short in comparison to droplet diameter. In contrast, spoke-
like arrangements and ring-like bundles were most frequent for
the smallest droplets (Fig. 4B, gray and black, respectively), sug-
gesting that these configurations potentially appear as a conse-
quence of microtubules either failing to grow beyond the drop-
let diameter (spoke-like) or growing longer than the droplet
diameter and then bending strongly (ring-like). The opening
cloud and cortical arrangement were most frequent at interme-
diate droplet sizes within the examined range (Fig. 4B, light blue
and dark blue, respectively), suggesting that these arrange-
ments reflect a mild increase of microtubule length over droplet
diameter (see “Discussion”). This overall trend of how arrange-
ments changed with droplet size was insensitive to tubulin con-
centration, as shown by an analysis of the frequencies of the
different microtubule arrangements for a reduced (Fig. 4C) and

FIGURE 2. Categories of confined microtubule arrangements. Categorization of different microtubule arrangements inside lipid-monolayered droplets.
Three-dimensional projections (top panel, top row) and images of the equatorial plane (top panel, bottom row) of Atto633-microtubules inside DOPC/DOPE/
DOPG-monolayered droplets as imaged with spinning disk confocal microscopy 20 min after the polymerization reaction was started. The arrangements at end
state were classified into a network of evenly distributed microtubules (A), a cortical arrangement (B), an opening cloud (C), a ring-like bundle (D), or a spoke-like
arrangement (E). Schemes (bottom panel) show an interpretation for each arrangement type of microtubules (black) inside the lipid-monolayered droplets
(gray). The tubulin concentration was 40 �M.
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an elevated (Fig. 4D) tubulin concentration. However, the dis-
tributions of arrangements were shifted systematically when
the tubulin concentration was varied (Fig. 4, C and D), suggest-
ing that changing the microtubule length-to-droplet diameter
ratio causes the shifted distributions (see “Discussion”).

Finally, we examined how the addition of a microtubule
cross-linking motor affects microtubule organization in lipid-

monolayered droplets. We used an mCherry-tagged minus
end-directed kinesin-14, which has been used previously to
study motor/microtubule self-organization in a quasi-uncon-
fined situation (in a regular flow chamber) (4). This motor can
organize microtubules into asters by sliding microtubules rela-
tive to each other and by eventually bringing minus ends
together in focused poles (4, 6), somewhat similar to the role of

FIGURE 3. Time course of confined microtubule arrangements: characteristic examples for the different arrangement categories. De novo polymeri-
zation and formation of different arrangements of microtubules inside DOPC/DOPE/DOPG-monolayered droplets. Representative time series of spinning disk
confocal microscopy images of confined microtubules polymerizing from 40 �M Atto633-tubulin in standard droplet buffer in response to a temperature shift
to 32 °C. Examples for the different categories of arrangements are shown: network of evenly distributed microtubules (A), cortical arrangement (B), ring-like
bundle (C), spoke-like arrangement (D), and opening cloud of microtubules (E). Schematics of the arrangements are shown below the experimental data. Scale
bars � 20 �m.
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the motor in spindle pole formation in some cell types (7,
30 –32). In a quasi-unconfined environment, kinesin-14-de-
pendent microtubule organization leads to the formation of
many asters (supplemental Movie 8). Under our conditions,
typical final diameters of these motor-organized asters were in
the range of 40 �m (supplemental Movie 8), similar to previous
observations (4).

Encapsulation of mCherry-kinesin-14 together with
Atto633-tubulin, GTP, and ATP in DOPC/DOPE/DOPG-
monolayered droplets had a dramatic effect on the microtubule
organizations we observed after 25 min, when the process of
self-organization came to an end (Fig. 5 and supplemental Mov-
ies 9 and 10). In large droplets, single self-organized microtu-
bule asters formed that filled the entire volume of the droplets
(Figs. 5, top panel, and 6A, top row, and supplemental Movie 9).
The motor localized weakly along microtubules and concen-
trated strongly in the center of the aster, as expected (4), indi-
cating that the microtubule minus ends were focused into a
pole. In smaller droplets (��35 �m), “cortical bundles”
formed, with the motors associating all along the strongly bun-
dled microtubules (Fig. 6A, center and bottom row, and supple-
mental Movie 10). This indicates that the motor did not suc-
ceed in sorting the microtubules and, probably, that mostly
randomly oriented bundles formed. In very small droplets (�15
�m), again, ring-like bundles were observed preferentially (Fig.
6A, bottom row). No spoke-like arrangements or opening
cloud-like configurations were observed in the presence of the
cross-linking motor, further highlighting its influence on the
accessible microtubule configurations in this system.

Quantitative analysis of the relative frequencies of microtu-
bule arrays in the presence of the motor confirmed a systematic

change of the three organizations as a function of droplet size
(Fig. 6B). Three sizes were found to be particularly selective for
a certain type of microtubule organization: droplets with a
diameter of around 5 �m, 25 �m, and above 40 �m had a very
strong preference for ring-like bundles (Fig. 6B, black), cortical
bundles (Fig. 6B, blue), and asters (Fig. 6B, red), respectively.
The formation of single asters in larger droplets was robust (Fig.
7). Taken together, these results demonstrate the strong selec-
tive influence of confinement size on motor-mediated micro-
tubule organization.

DISCUSSION

Here we have reconstituted for the first time from purified
proteins motor-mediated microtubule aster self-organization
in confined and lipid-monolayered volumes of micrometer
dimensions. We investigated the conditions for optimal micro-
tubule growth and the effect of the boundary on microtubule
organization in the absence and presence of a microtubule
cross-linking motor.

Lipid mixtures containing PC headgroups together with
phosphatidylglycerol (PG) and/or phosphatidylethanolamine
(PE) headgroups allowed microtubule growth, whereas DOPC
alone mostly induced tubulin aggregation. This is potentially
due to a previously reported interaction of tubulin with lipids
having this headgroup (26, 33, 34), possibly causing tubulin
unfolding and aggregation. Changed lipid headgroup interac-
tions in the presence of PE or negatively charged lipids (35) or
electrostatic repulsion by negatively charged lipids can proba-
bly alleviate that negative influence. Interactions of tubulin with
lipids at the boundary could significantly deplete tubulin from
solution, especially in smaller lipid-monolayered droplets (26,

FIGURE 4. Droplet size distribution and frequency of microtubule arrangements over droplet size. A, histogram of the size distribution of observed
DOPC/DOPE/DOPG-monolayered droplets. The bar graph displays the relative frequencies of the categories of formed microtubule arrangements after 20 min
in droplets of different size, containing 40 (B), 30 (C), or 50 �M (D) tubulin in standard droplet buffer. Droplets were assigned to the diameter bins (Ø) as
indicated. Numbers in parentheses indicate the total count (N) of droplets for each size category.
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33, 34, 36, 37). To overcome such boundary-induced effects and
to ensure efficient nucleation and growth of microtubules in
droplets, the tubulin concentration was increased in compari-
son with experiments outside of droplets, and the buffer was
supplemented with glycerol as an additional nucleation pro-
moting agent. The conditions used here allowed us to establish
an experimental system in which microtubule organization in
lipid-monolayered droplets could be studied reliably using con-
focal microscopy.

The probability of observing a certain microtubule arrange-
ment depended on droplet size in a manner that can be ratio-
nalized by considering microtubule length and droplet diame-
ter. The oil/water interface provides a rather rigid boundary for
a microtubule (17). When growing microtubules touch the
boundary with both of their ends, they will either stop growing
or buckle if growth continues. The shorter the microtubule, the
higher the buckling force will be (29, 38). This explains why the
most frequent microtubule arrangement in the smallest drop-
lets of this study (�5-�m diameter) was the spoke-like arrange-
ment. This arrangement has not been reported in earlier exper-
iments with microtubules growing in larger micrometer-sized
confined geometries (10). Spoke-like arrangements apparently
result from halting microtubule growth at the boundary
because the polymerization force is smaller than the buckling
force.

Another frequently observed configuration in small droplets
was the ring-like bundle. Here the polymerization force was
apparently large enough to allow microtubules to continue
polymerizing, resulting in buckling. Most likely, this difference
to similarly sized droplets with spoke-like arrangements is due

to random differences in microtubule nucleation efficiency, a
parameter that is typically not very well controlled in the
absence of specific nucleating entities such as, for example, cen-
trosomes or axonemes. Therefore, ring-like bundles might
form in droplets where nucleation happens to be less efficient,
resulting in higher remaining tubulin concentrations when (the
fewer) microtubules reach the length of the droplet diameter, in
turn leading to higher polymerization forces at this stage.
Remarkably, the majority of these bent microtubules arrange
into a single bundled ring, possibly because of steric reasons,
reminiscent of mechanisms proposed to cause microtubule
alignment in plant cells (39). Because highly bent microtubules
in very small droplets are expected to be strongly pressed
against the boundary, the microtubules might rather align
instead of crossing each other (39, 40). Such an organization of
confined filaments into rings has been observed previously for
cross-linked actin filaments in liposomes (41).

With increasing droplet size in our experiments, spoke-like
arrangements and ring-like bundles were observed less fre-
quently, most likely because the microtubules could grow lon-
ger until they were confined by the boundary and, therefore,
could buckle more easily and cross each other more easily at the
boundary, possibly because they were not as strongly bent. This
would explain why, in intermediate-sized droplets (�20- to
35-�m diameter), opening clouds and cortical arrangements of
microtubules were observed most frequently; the difference
between the two being largely the degree of microtubule bend-
ing. In comparison, for the reconstitution of cortical arrange-
ments of the more flexible actin filaments in droplets, actin

FIGURE 5. Time course of confined motor-driven microtubule self-organization. Shown is motor-driven microtubule self-organization inside DOPC/DOPE/
DOPG-monolayered droplets of different sizes. Also shown is a time series of characteristic images of motor-driven microtubule organization inside a large
(85-�m diameter, top panel) and a medium-sized (30-�m diameter, bottom panel) lipid-monolayered droplet containing 40 �M Atto633-labeled tubulin (red)
and 200 nM mCherry-kinesin-14 (green) in standard droplet buffer, as acquired with spinning disk confocal microscopy at 32 °C. Schematics of the observed
microtubule (black) and motor (orange) organizations inside droplets (gray) are shown below the experimental data. Scale bars � 20 �m.
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FIGURE 6. Droplet size dependence of confined motor-driven microtubule self-organization. A, different categories of end states. Spinning disk confocal
microscopy images of DOPC/DOPE/DOPG-monolayered droplets containing 40 �M Atto633-labeled tubulin (red in merge) and 200 nM mCherry-kinesin-14
(green in merge) in standard droplet buffer taken 25 min after reaction start are shown. Single channel and merged channel images of the equatorial droplet
plane are shown as indicated. The schematics display the arrangements of microtubules (black) and the localization of the motor protein (orange) inside
lipid-monolayered droplets (gray). The images on the right show three-dimensional projections. Scale bars � 20 �m. B, bar graph displaying the relative
frequencies of the motor-organized microtubule organizations for different droplet diameters (Ø). Numbers in parentheses indicate the total count (N) of
droplets analyzed for each size category.

FIGURE 7. Confined motor/microtubule self-organization into asters. Merged spinning disk confocal microscopy images of large DOPC/DOPE/DOPG-
monolayered droplets containing 40 �M Atto633-labelled tubulin (red) and 200 nM mCherry-XCTK2 (green) in standard droplet buffer taken 25 min after
reaction start are shown. Scale bars � 20 �m.
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binding proteins were linked directly to the droplet boundary
(15, 16).

The above considerations can also rationalize the pathways
along which the different arrangements formed. To produce
cortical arrangements, initially, spoke-like arrangements pro-
gressed into opening clouds (beginning microtubule buckling)
that then transformed to the final cortical arrangement (sup-
plemental Movie 4). Opening clouds were also a prominent end
state, probably in situations when microtubules were not able
to buckle more. Overall, the influence of confinement in the
medium-sized droplets observed here agrees well with previ-
ously established concepts developed in simulations and exper-
iments in microfabricated chambers of the 25- to 35-�m diam-
eter range (10). Finally, in very large droplets (��40 �m),
mostly even distributions of microtubules were observed. This
observation indicates that in large droplets most microtubules
stopped growing before they reached the length of the droplet
diameter. This situation is similar to aster organization in bulk
solution, suggesting that under our conditions at the droplet
size of about �40 �m the organizing influence of the boundary
becomes negligible.

In living cells, molecular motors play an important role for
microtubule organization by cross-linking and sliding microtu-
bules (7, 30 –32). In vitro motile cross-linkers have been shown
in quasi-two dimensional environments to organize microtu-
bules into asters with a focused pole (4 – 6) or into vortices with
bent microtubules positioned around a central hole, depending
on how efficiently the motors can stay bound to microtubule
ends (6). Early motor-microtubule self-organization experi-
ments in microfabricated chambers reported that aster forma-
tion by an artificially oligomerized plus-end directed kinesin-1
construct occurred as an intermediate state, finally leading to
vortex formation (5). Here, using kinesin-14, which has been
shown previously to efficiently organize microtubules into
asters in vitro in the absence of confinement (6), we showed that
purified microtubules and motors can stably self-organize into
astral arrays inside a confined micrometer-sized volume.

Our results demonstrate that, for droplets in the range of
�40 –100 �m, motor-mediated self-organization is an efficient
method to generate exactly one aster in a confined volume (Fig.
7). Alternatively, single microtubule asters can also be pro-
duced in micrometer-sized volumes by coencapsulating puri-
fied centrosomes or artificial nucleating centers (11, 12). How-
ever, currently it is not easy to precisely control the number of
centrosomes or nucleation centers in micrometer-sized con-
fined volumes.

We observed that self-organized asters formed only when the
droplets were large enough, the requirement apparently being
that the droplet diameter must be at least twice the typical
length of the microtubules. Occasionally, slightly distorted
asters with bent microtubules were observed when the con-
tainer size was apparently slightly too small (Fig. 7). In much
smaller volumes, motors failed to organize microtubules into
asters and only bundled the microtubules, emphasizing again
the contribution of confinement toward organization. We have
not observed pronounced vortex formations, most likely
because the motor we used has a strong tendency to bring

microtubule ends together, strongly favoring aster over vortex
formation (4, 6).

Interestingly, the combined constraints of motor sliding and
geometric confinement did not only allow a new self-organized
state (the aster) in comparison with the situation without the
motor, but, at the same time, also reduced the total number of
accessible microtubule arrangements. Most likely, due to the
bundling activity of the motor, opening clouds and cortical
arrangements were replaced by cortical bundles, i.e. highly bun-
dled, bent microtubules. Remarkably, no spoke-like arrange-
ments were observed in the presence of the cross-linking motor
(Fig. 6). This is probably due to motor-mediated microtubule
bundling and sliding of antiparallel microtubules in the bun-
dles contributing an additional force (in addition to the
polymerization force) that can increase bundle length and
lead to bundle buckling when bundles reach the length of the
droplet diameter. This indicates that microtubule sliding
also has an organizing influence in small droplets where
asters cannot self-organize.

Our results obtained with a small set of purified components
are in line with the previously observed microtubule arrange-
ments in egg PC-monolayered droplets filled with Xenopus egg
extract. In such an extract, the dynein complex, together with
several other proteins (e.g. dynactin, Lis1, or NuMA), focuses
microtubule minus ends into poles (18, 19, 42). In that system,
radial asters formed predominantly in droplets larger than �30
�m, whereas distorted asters with one pole pushed toward the
droplet boundary were observed at intermediate droplet sizes
of �10 –30 �m. Such mispositioned asters were less frequently
observed in our experiments, probably because the microtu-
bules were not dynamic because of the presence of stabilizing
agents such as paclitaxel and glycerol (25, 43), which we added
to promote efficient microtubule nucleation. In contrast,
microtubules in Xenopus egg extract nucleate efficiently and
are highly dynamic because of the presence of a multitude of
microtubule nucleation and dynamics regulating proteins (3).

Similar to our experiments with purified components, in pre-
vious Xenopus egg extract droplets, only cortically arranged
microtubule bundles were observed when the droplet diameter
was less than �10 �m. The absence of spoke-like arrangements
and opening clouds in Xenopus egg extract droplets is readily
explained by the presence of the bundling and sliding activity of
motors. Therefore, the predominant microtubule organiza-
tions, asters and cortical bundles, observed in an encapsulated
egg extract with a complex protein composition can be recapit-
ulated faithfully in a well defined in vitro system containing
encapsulated tubulin and a cross-linking motor only.

These two types of microtubule organization forms are also
prominent in living cells. Cortical arrangements are typical for
many plant cells. Microtubule buckling as a consequence of
spatial constraints as well as microtubule cross-linking by spe-
cific motors together with steric alignment have been proposed
as organizational principles (8, 17, 28, 29, 39). In elongated
plant cells, additional control mechanisms are needed to deter-
mine the preferred orientation of the microtubule bundles with
respect to the long axis of the cell (10, 44 – 47).

Microtubule asters are typical for many differentiated meta-
zoan interphase cells, e.g. human fibroblasts, and for dividing
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metazoan cells around spindle poles. Naturally, either centro-
somes and/or minus-end-directed motor proteins like kine-
sin-14 or dynein are needed for astral microtubule array forma-
tion in cells (30 –32). Our in vitro system has incorporated the
organizing activity of kinesin-14 as a strong morphogenetic fac-
tor, whereas control of nucleation was achieved by adding
microtubule stabilizing agents. In the future, it will be interest-
ing to add natural nucleators and microtubule dynamics regu-
lators to mimic the natural situation more closely. In addition,
local regulation of dynamic microtubule properties at the
boundary (48) and motor-dependent sliding or positioning of
the assembled array by pulling forces at the boundary (49) are
some of the other important activities that were still absent in
our minimal in vitro system.

In conclusion, using lipid-monolayered droplets in oil, we
established an experimental system that allowed the study of
the self-organization of motors and microtubules in three-di-
mensional volumes in the size range of tens of micrometers,
similar to the size range of living eukaryotic cells. Droplet size
determined whether minus end-directed, microtubule cross-
linking motors organized microtubules into asters or into cor-
tical bundles, two characteristically different microtubule orga-
nizations found in different living cells. Our system can be
extended directly using the reverse emulsion method (14) to
transform the current lipid-monolayered droplets in oil into
liposomes with a deformable lipid bilayer membrane, mimick-
ing more closely the boundary of a living cell.
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