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Large-scale vortex lattice emerging from collectively
moving microtubules

Yutaka Sumino *, Ken H. Nagai®, Yuji Shitaka 3, Dan Tanaka®{, Kenichi Yoshikawa °, Hugues Chaté® & Kazuhiro Oiwa 7

doi:10.1038/nature10874

Spontaneous collective motion, as in some flocks of bird andsmoothness and isotropy of motion reflect the fact that relatively
schools of fish, is an example of an emergent phenomenon. Suamany, randomly oriented, dyneins were attached at any time to a given
phenomena are at present of great interésfand physicists have microtubule.
put forward a number of theoretical results that so far lack experi-  Using microtubules at a concentration ofmF *, which is a few
mental verificatior®8 In animal behaviour studies, large-scaletimes greater than in conventional as$yse found the density of
data collection is now technologically possible, but data are stillattached microtubules to be 018572 2 (there were five microtubules,
scarce and arise from observations rather than controlled experi45.66 7.3mm in length (mea s.d.,n5 257), per 106m?). On
ments. Multicellular biological systems, such as bacterial colonieaddition of ATP (at 0 min), we observed many aligning collisions
or tissue§™, allow more control, but may have many hidden (discussed further below) that gradually led to streams along which
variables and interactions, hindering proper tests of theoreticaldozens of microtubules moved in both directions. The size of a stream
ideas. However, in systems on the subcellular scale such tests magreased intime (by more than fén in width and more than 106m
be possible, particularly inin vitro experiments with only few in length) (12 min; Fig. 1a). The streams started to meander over the
purified components***Motility assays, in which protein filaments surface typically after 10 min. At 10...20 min, some vortices appeared
are driven by molecular motors grafted to a substrate in the presencél7 min; Fig. 1a and Supplementary Movie 1) and eventually covered
of ATP, can show collective motion for high densities of motors the flow cell almost entirelgxcept for the area less than 5@ away
and attached filaments. This was demonstrated recently for thérom the boundaries (Fig. 1b). The shape of the vortices gradually changed
actomyosin systedt'S but a complete understanding of the over time but their diameters were almost constant, at#®Qmajor
mechanisms at work is still lacking. Here we report experimentsaxis, 448 64mm (s.d.n5 40); minor axis, 396 59mm (s.d.n5 40)).
in which microtubules are propelled by surface-bound dyneins. InAt this late stage, the vortices showed a tendency to arrange their
this system it is possible to study the local interaction: we find that positions into a hexagonal lattice, although not perfectly. A given vortex
colliding microtubules align with each other with high probability. consists of a sparse core and a dense peripheral annulus inside which
At high densities, this alignment results in self-organization of the microtubules move both clockwise and anticlockwise in small streams
microtubules, which are on average 1Bn long, into vortices with  and slide past each other (Fig. 2 and Supplementary Movie 2). That is,
diameters of around 40@m. Inside the vortices, the microtubules the streams show nematic rather than polar order. Microtubules were
circulate both clockwise and anticlockwise. On longer timescalegjever trapped in a vortex: they would circulate inside one vortex for
the vortices form a lattice structure. The emergence of these strucsome time before moving to a neighbouring one or travelling farther
tures, as verified by a mathematical model, is the result of theand starting to revolve around a more distant core.
smooth, reptation-like motion of single microtubules in combina-  As the first step in understanding vortex formation, we examined the
tion with local interactions (the nematic alignment due to colli- interactions between microtubules. We decreased their density to 0.5...
sions),there is no need for long-range interactions. Apart from 1ngmP *to focus on pair interactions between isolated microtubules.
its potential relevance to cortical arrays in plant celfs'”and other We examined 393 pair collision events. No significant interaction was
biological situations, our study provides evidence for the existenceletected until the pair collided, indicating that long-range, *hydro-
of previously unsuspected universality classes of collective motiodynamice effects are negligible. On collision, strong interactions due
phenomena. to volume exclusion occurred overwhelmingly (80% of events),
Our experimentain vitro motility assay consisted of dynein motoileading either to alignment or anti-alignment (70%; Fig. 3a, b) or to
proteins grafted to a glass surface at a density of 750...2,500 molecutegmtoppage of one microtubule to prevent it from hitting the other
square micrometre and to fluorescently labelled, stabilized microtub&96; Fig. 3c). In the remaining fraction of events (20%), the micro-
(details can be found in Supplementary Methods). We used inner-arbules crossed each other with little effect on their trajectories
dynein subspecies ¢ (dynein c) purified fr@hlamydomonaftagella. (Fig. 3d, e; see also Supplementary Movie 3). In aligning and anti-
This drove the microtubules, with their plus ends leading, at a meaigning collisions, the trajectory of one microtubule undergoes a sharp
velocity of 12mm < tin vitro at 23uC in the presence of 1 mM ATP, turn (Fig. 3a, b) and alignment was observed to be near perfect. We
while rotating them around their longitudinal axis in a clockwiskelieve that this is due to the leading end of the microtubule being
direction as viewed from their minus eA#¥ (+Pluse and *minuse hereelatively free from attached dyneins by comparison with rest of it: on
refer to microtubule polarity.) When introduced in a flow cell, theneeting an obstacle, the tip of the microtubule can then bend more
microtubules did not move and bound to the dynein-c-coated glasssily. Thus, the outgoing angle is near Qoan aligning events,
surface in the absence of AT# On addition of 1 mM Mg...ATP, theyirrespective of the value of the incoming angleln stoppage and
started moving smoothly on the surface at a fairly constant speed.d¥assing events, the orientations of both microtubules remain roughly
preferred direction of isolated microtubule motion was observed. Tinechanged. (During stoppage events, one microtubule simply swaitse
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Figure 1| Emergence of vortices of microtubulesFalse-colourimages.  Figyre 3| Collision between microtubules. zc, Three different types of

a, Formation process of vortex pattern: 0 min corresponds to the time of - cqjlision between two microtubules.dandb, microtubule 2 collides with the
injection of ATP. Streams appeared around 5min after this injection. At sjde of microtubule 1 and changes its direction of motion abruptly, leading to
12 min, streams started to meander. Vortices started to appear around 17 gjipost perfect alignmeng) or anti-alignment b). In ¢, microtubule 2 stops

when meandering streams contacted one another. Once vortices had forag microtubule 1 has passed. Scale banmiQd, Probability of each

they_grew steadily (22 min). Scale bar, ®00b, Large-scale lattice of Vorticesinte_raction type as a function wf(see right-most images &.c). We analysed
Vortices can be observed everywhere on the surface of the flow cell. Thregg@jlevents. Red lines represent alignment (solid) and anti-alignment (dotted)
bu_bbles inthe flow cell can be seen distinctively owing to their greater size @jéhts: blue dotted lines represent stopping events; yellow solid lines represent
thicker edges. Scale bar, 2mm. crossing-over events, Total number of observations in each angular bin.

until the other has passed (Fig. 3c).) Given that the outcome of each _ o _ _

type of collision is well defined, we represented the complete collisiofronstant-speed particles aligning nematically in the presence of
statistics in terms of the probability of each collision type as a functigfise have been studied recently in mathematical models of self-
of wonly (Fig. 3d). We observe an overall symmetry aronfdp/2, propelled rods, which were shown to give rise to unexpected collective
with alignment and anti-alignment occurring mainly for smalk(0) ~dynamics but not to vortical structufés Our motility assay has

and large (w p) angles, respectively, whereas stoppage and crosBiigperties not present in simple models of colliding rods. One such
dominate forw< p/2. Thus, we conclude that near-perfeematic feature is the nature of the motion of isolated microtubules: as already

alignment is induced by direct collision. mentioned, their reptation-like movement yields smooth but con-
stantly turning trajectories, unlike both straight ballistic motion and
the ragged behaviour of random walkers submitted to rotational dif-
fusion, the individual dynamics adopted in rods motfel& We
analysed the trajectories of isolated microtubules for durations of up
to 350 s (Fig. 4a, left). Here we further decreased their concentration, to
48ngmt’. The speed (tangential velocity) of the microtubules
fluctuated intime, withamean g§5 8.75mm &1 We also measured

the direction of motionh (whereh5 0 andp/2 correspond to the
direction of thex andy axes, respectively), and the instantaneous
angular velocity, and found them to have no significant correlation
with the instantaneous speed. This allowed us to neglect the speed
fluctuations and focus oh.

0 t(s) M A closer look at a representative trajectory (Fig. 4a, right) reveals
small-amplitude transverse oscillations, which might be caused by the
microtubules were all stained fluorescent but approximately 0.1% of _rOtatlon ofthe mlcrOtu_bUIe around its aXisAfter an a_ppropnate f"ter._ .
microtubules were stained to be more fluorescent than thear@pse-up of N9s based onthe Savitzky...Golay method, to eliminate these oscillations

vortex. Scale bar, 2@n. b, Spatiotemporal diagram of a magnified region of th€SUpplementary M_ethods)_, we obtained the_variation of curvature,
vortex shown ire. Yellow lines indicate microtubules travelling from top to k5 dh/ds as afunction of distancgalong the trajectory and calculated
bottom, and blue lines indicate microtubules travelling from bottom to top.its autocorrelation (Fig. 4b). (With this definitiok,can be positive

il o

Figure 2| Nematic order inside a vortex streamin this experiment, the
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""" whereg, ande, are respectively unit vectors in tkendy directions,
E  DS0o- € j(t) is a Gaussian white noise with zero mean and variance
> b1.000- = s%~ gsi=t~ 23s2=g, and v o5 VKo is the preferred non-zero
D10 - angular velocity induced by the mean curvatlge;This ensures that
D1,500 all correlation properties of the curvature measured in the experiment
L b20r | . ] arereproduced (Supplementary Methods).
P2.00%00 0 500 1,000 200 200 These equations must be complemented with an interaction term.
x (m) x (m) Only the nematic alignment collisions are modelled (because stoppage
b c and crossings do not substantially modify the microtubule orienta-
! L 15 N tions). As they were observed to induce much sharper turns in the
z N Hin trajectories (Fig. 3a, b) than the spontaneous curvature changes of free
go.s- N 1 § 1w 5’; - microtubules (Fig. 4a), these collisions are modelled as a nematic
g L 1 2 o “ alignment term acting directly on the particle orientatignthat is,
g 03 N 5 A in equation (1), and not on the angular velocity, Following previous
8 RS S 5f / ‘\ 7 studie&?, we replaced explicit pair collisions by an effective alignment
] . /’ { \ within an interaction range, which is naturally chosen to be the
01 | | | | 0 &_4;& i.@w_ typical microtubule length. Equation (1) is thus replaced by
0 400 800 £0.01 0 0.01 dx
s( m) N (m®) d—t'~ Vo(ec coshiz g sinhy)
Figure 4| Motion of isolated microtubules. aLeft: trace of an isolated X 3P
microtubule. Right: enlarged image of boxed area on left. The green and blue % ~V:z ~a sin@2(h{ h))
filled circles correspond to the start and end points of the observation. The open dt : n;(t) i e

blue dots represent the position of the microtubule, and the red solid line

corresponds to the smoothed curlseAutocorrelation of the trajectory

curvaturek, with respect to the distance along a trajects(yed solid line).

The green dotted line is an exponential fit with the correlation length

%5 5426 4mm. ¢, Distribution ofk values observed (bars) and Gauss
(dashedblue line): meadp52 7.13 167 *mm? %;s.d.sc 5 1.83 1073 mm? ™.

(anticlockwise motion) or negative (clockwise motion).) Fitting t
result with the exponential function ex§'s), we found the persist-
ent length s, of curvature to be of the order of 50M. The distri-
bution of k values observed is roughly Gaussian with
ko52 7.13 10* *mm? *and standard deviatios, 5 1.83 107 rm?

ian fi
1

wherea is a parameter and the sum is over thi) particleg within
distancd of particlei at timet.

Numerical simulations of equations (2) and (3) using experimentally
bbtained parameters (Supplementary Methods) show the emergence,
from disordered initial conditions, of large-scale vortices with a diameter
of the same order as those observed in experiments (Fig. 5a and Sup-

k]ﬁementary Movie 4).

Inside vortices, the simulated particles revolved both clockwise
and anticlockwise, with the majority moving clockwise, as expected

ME&dm the non-zero value of , used. The number of vortices increased

over time and saturated, leading eventually to a regular hexagonal

(Fig. 4c). We note that these numbers correspond to length scalesfigte structure. As in our experimental observations, vortices did

are rather large and of the same order as the vortex diameter, and fag

tform at low densities. To see this more clearly, we calculated

the small negative value & indicates a preference for clockwisg?(n), the variance of the local density in small boxes containing
turning in single-microtubule trajectories, which is probably a coparticles on average, as a function of the rescaled average density,
sequence of the clockwise rotation around of the microtubules aroyfge actual density multiplied bi?; Supplementary Methods), the
their axes while in motiofi. A detailed molecular-level Study shoul ther parameters being kept fixed (F|g Sb) Fé}f 0:4, the system

confirm this.

remains disordered and?(n)/n, is almost constant, indicating the

We constructed a mathematical model for the collective motion giisence of density structures (Fig. 5b, right, images (i) and (ii)).

microtubules in our experimental motility assay by incorporating th@owever, u?(n)/n, increased withr , for r w 0:4, indicating the

few ingredients uncovered in our analysis of the trajectories of singigearance of a density pattern, which we checked visually to be a
microtubules and of pair collisions. A deliberate choice of minimaliprtex lattice (Fig. 5b, right, images (iii) and (iv)). This result is con-
was made, to stress that with only these very few features all obsesigént with our experimental observation that the vortex pattern dis-
collective phenomena are reproduced, and to allow for numerical sifagpears when the density of microtubules is halved (compare with
lations of millions of objects: forinstance, the dynein motors driving tiSipplementary Fig. 1). We also performed numerical simulations in
microtubules are not modelled explicitly; the hydrodynamic intewhich we varied the rescaled correlation tiing, vgt /| (Supplemen-
actions induced by the fluid are neglected, in agreement with eary Methods), but kept all the other parameters fixed. Global nematic
observation that only direct contact modifies the microtubuless moti@rder without a density pattern was observed for60, but the system
The microtubules themselves are not represented as flexible polynsérswed vortex formation fdr. 60 (Fig. 5¢). Thus, the large persist-
here, in the spirit of ref. 6, they are identical point particles movingetce length and time of single-microtubule motion is necessary for the
constant speedy (the speed fluctuations are also neglected). In diresthergence of the vortices. Further information on the phase diagram
agreement with the observations reported in Fig. 4, the free motiorobbur mathematical model can be found in Supplementary Methods
particlei, with positionx; and orientationh;, is a biased Ornstein..and Supplementary Fig. 2.

Uhlenbeck process;,;(t), with correlation timet 5 s/Vvo, acting on The study of our mathematical model thus shows that smooth
the particless instantaneous angular velocliydt trajectories of single microtubules and their direct collisions inducing
sharp bends and nematic alignment,both experimentally observed,,
are sufficient, when associated with self-propulsion, to account for all

d_x~ Vo(e, coshiz g, sinhy)

dt 81 observed collective properties. In particular, there is no theoretical
dh _ v reason to invoke, nor is experimental evidence of, long-range ¢hydro-
dt : dynamice interactions or other ecollective effectse in our system. By
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a inside them distinguish them from the polar, small-scale vortices
formed by swimming sperm cells confined in quasi-two-dimensional
condition$* Their stability in time, and their well-defined diameters
also distinguish them from the unstable swirling patternse reported in
the actomyosin assdyFrom a theoretical viewpoint, we are not aware
of other models showing a large-scale vortex pattern of the type found
here. In our model, the crucial feature introduced is the combination of
smooth, reptation-like motion and sharp nematic alignment. This

15 60 combination can be seen as the signature of a new class in the emerging
landscape of universality classes of collective motion phenomena.
Returning to the biological relevance of our findings, we believe that
they stress further the message, in variougivo situations and in
0 0 particular in plant cell cortical arralfs”252¢that simple physical
collisions can induce the reorientation of microtubules, creating
large-scale structures even in the absence, here, of crosélittkers

b uA(n)/n, SEN) (ii) (iif) (iv) Furthermore, there is a striking analogy between our analysis of micro-
wE T tubule collisions and that performed in plant cell cotték#?although
; >tos ; i : :
: e there is only treadmilling and no actual displacement of microtubules
10%E LT 106 in the cortex. As shown in Fig. 3d, in our system the probability of
E i) e 104 aligning collisions is high at small incoming angies (0 modp) and
101 () xr++_ (iii) 0.2 0.0* 3.0 decreases monotonically from Qut2, as for zipperinge (positive-end
N B T IR FO

entrainment) of cortical microtubules.

107 o 10° Well-controlledin vitro experiments of the type reported here
¢ w(nyin, s (i) (ii) (iii) (iv) present crucial advantages due to the simplicity of the objects involved
Riy o 1 and the relative ease of collecting large amounts of data: not only can
10 0] (ii)\iﬁ-ﬁ# 47 0.8 theoretical ideas be tested, but such experiments can reveal the import-
102k " —-06 ance of mechanisms previously ignored, and allow for quantitative
f - q04 analysis of features also presenwivo. They are and will remain
Lor R (i) (V) 1o 0-0* 3.0 invaluable tools for our understanding of active matter and biological
Lo oot organization processes.
100 100 102 10°
© METHODS SUMMARY

Figure 5| Collective dynamics of mathematical model of interacting, self- We prepared inner-arm dynein and tubulin using standardized prottc@ig3-
propelled particles. See equations (2) and (8).Spontaneous formation of a labelled microtubules were polymerized from a mixture of Cy3...tubulin and non-
vortex reproduced by our model. Each image is averag@dforl0, wherd  fluorescent tubulin and were stabilized using Taxol. Fractionated dynein ¢ was
is simulation time rescaled Iy, The brightest area corresponds to a densitiluted at various concentrations (27.n@tFP %) in buffer solution containing

of 15 particles per unit area. Green and red respectively correspond to the80 mM HEPES/KOH (pH 7.4), 5mM MgSA mM DTT, 1 mM EGTAand 1 mg

densities of particles moving clockwise, ( 0) and anticlockwiser(. 0). ml? * bovine serum albumin. The flow cell was flushed with the diluted dynein
Yellow regions indicate areas with clockwise and anticlockwise motion in solution, incubated for 5min and then washed using the buffer solution. Solution
approximately equal proportions. The area of the figure i85322 containing microtubules as well as 1mM ATP and 1 mM DTT was introduced

simulation cells. The last snapshotT& 19,900, shows the particle densitiesto the flow cell. Microtubules were visualized on an epifluorescence microscope.
without differentiating between clockwise and anticlockwise motion, to maKke vortex pattern, binary collisions and individual trajectories were observed
comparison with experimental results edsyslobal nematic order parameter,with solutions of microtubules with respective concentrations afg4aF *,

S and variance of the local densin}(n) (calculated over boxes 4 simulation0.5...aymP * and 4.8 ngnflX. For single-trajectory analysis, the position of a
cellsin linear size ardT 5 10), divided by the average density for the Ingx, microtubule was measured evéy5 0.68s.

plotted against ,. Corresponding density distributions are shown in images

(i)...(iv) (each corresponds to a different valug,afs shown, and is a sum overReceived 14 October 2011; accepted 17 January 2012.

5,000 snapshotstaken atinterval®db 1ina256 256 system). Here we set

the rescaled correlation time5 vgt/I, tol 5 100.c, Same ab, but plotted 1. Ballerini, M. et al. Interaction ruling animal collective behavior depends on

; ; B iatrib it ; topological rather than metric distance: evidence from a field study. ~ Proc. Natl
against withr ;5 10. The density distributions correspond to different values Acad. Sci. USALOS, 1232...1237 (2008)
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