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before fixation. Wandering third instar female larval 
imaginal discs were dissected, fixed, blocked, incubat- 
ed with antibodies, washed and mounted as de-
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and the dilutions at which they were used were: 
rabbit antibody against p-galactosidase (Cappel or 
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Physical Properties Determining 

Self-Organization of Motors 
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In eukaryotic cells, microtubules and their associated motor proteins can be 
organized into various large-scale patterns. Using a simplified experimental 
system combined wi th  computer simulations, we examined how the concen- 
trations and kinetic parameters of the motors contribute t o  their collective 
behavior. We observed self-organization of generic steady-state structures such 
as asters, vortices, and a network of interconnected poles. We identified pa- 
rameter combinations that determine the generation of each of these struc- 
tures. In general, this approach may become useful for correlating the mor- 
phogenetic phenomena taking place in  a biological system wi th  the biophysical 
characteristics of its constituents. 

A central question in biology concerns the ori- 
gin of complex macroscopic structures. Two 
fundamentally different mechanisms can ac-
count for the generation of large-scale struc- 
tures from random mixtures of small molecules. 
One mechanism is self-assembly near thermo- 
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dynamic equilibrium (1, 2). A very different 
mechanism is self-organization in energy-dissi- 
pating systems. Although they do not reach 
thermodynamic equilibrium, these systems can 
reach steady states; kinetic parameters can in- 
fluence or determine the fmal structures (3, 4). 
In eukaryotic cells, organization of the intracel- 
lular architecture is largely determined by the 
collective behavior of the ensemble of proteins 
that constitute the cytoskeleton (5, 6). A re- 
markable property of the cytoskeleton resides in 
the versatility of all patterns that can be pro- 
duced. Indeed, similar sets of components are 
found to be organized into very different assem- 
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blies, depending on the cell type and cell cycle 
stage. Motor proteins and filaments play an 
important role in determining the final structure 
(7-9). How their concentrations and the com- 
bination of plus- and minus-end motors con- 
tribute to morphogenetic processes is not un- 
derstood. Moreover, other parameters like the 
speed of different motors, their processivity, or 
the time they spend bound at microtubule (MT) 
ends may strongly influence the patterns gen- 
erated at steady state. 

Here, we analyzed the contribution of 
multiple parameters to the formation of 
steady-state patterns generated by MTs and 
soluble motor complexes. Plus-end motors 
and MTs can self-organize and create struc- 
tures such as vortices and asters when these 
motors are multimeric (10). The structures 
emerge within 10 to 20 min after the addition 
of kinesin complexes to purified tubulin in 
the presence of adenosine 5'-triphosphate 

Time (8) 
b 

Fig. 1. Kinetics of aster formation by multimeric kinesin complexes as observed in vitro by 
dark-field microscopy or as reproduced in numerical computer simulations. Experimental condi- 
tions are as in Fig. 2, and simulation parameters as in Fig. 3. 

One matar 

- 
tration (pM) Motor concen 

KinesinlNcd ratio * 

I : 
Ned 3 

localization 

I 1  
MT polarity 

Kinesin localization 
Fig. 2. MT patterns organized in vitro by the action of multimeric motor 
complexes. (A) One species of motor complex: Variation of the concen- 
tration of multimeric kinesin complexes (a to  c) and of multimeric Ncd 
complexes (d to f). MTs are visualized by dark-field microscopy. The 
concentrations of the monomeric motors are indicated. The kinesin 
(monomer)/streptavidin (tetramer) ratio was maintained at 16, and the 
CST-Ncd (monomer)/anti-CST ratio at 5.3. Tubulin concentrations were 
26 y M  in kinesin experiments (a to  c) and 23 y M  in Ncd experiments (d 
to  f). MT orientation in Ncd asters is shown with tetramethylrhodamine- 
labeled polarity-marked MT seeds (g: darkfield, h: fluorescence). The 
bright part of the seeds indicates the minus end. Motor localization is 
shown in asters organized by tetramethylrhodamine-labeled Ncd com- 

plexes (i: dark-field, j: fluorescence). (B) Simultaneous action of multi- 
meric kinesin and multimeric Ncd: Variation of the motorltubulin ratio 
(without changing the Ncdlkinesin ratio) (a to  c). The concentrations of 
kinesin, Ncd, and tubulin were 1.2, 4.0, and 28 p M  (a); 1.5, 4.9, and 28 
y M  (b); and 1.7, 5.6, and 26 y M  (c), respectively. Variation of the 
kinesin1Ncd concentration ratio (d to  f). Kinesin and Ncd concentrations 
were 1.2 and 5.6 y M  (d), 1.7 and 5.6 y M  (e), and 2.0 and 4.6 y M  (f), 
respectively. The tubulin concentration was 28 yM. The localization of 
kinesin in MT networks is shown with the use of fluorescein-labeled 
kinesin (g dark-field, h: fluorescence, i: overlay; conditions as in c). 
Images were taken 10 to  20 min (A) or 25 to  30 min (B) after the start 
of MT polymerization. For methods, see (72, 28). 
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(ATP) and guanosine 5'-triphosphate (GTP) ends were concentrated in the center (14). In 
(Fig. I). As an example of a multimeric both kinds of asters, the motors accumulated 
minus-end motor, we prepared a complex of 
glutathione-S-transferase-nonclaret disjunc- 
tional (GST-Ncd) fusion proteins (11) bound 
to antibodies to GST (anti-GST) and com- 
pared directly the effect of the oligomeric 
kinesin and Ncd constructs on MT organiza- 
tion (Fig. 2A) (12). At low motor concentra- 
tions, MTs remained randomly oriented. 
When the concentration was increased, kine- 
sin formed MT vortices at intermediate con- 
centration and asters at higher concentration. 
Vortices and asters appear to be true steady- 
state structures (13). At no time did we ob- 

in the aster center, as revealed by the use of 
fluorescently labeled motor complexes. 

We then investigated whether structures 
with new topologies could form by mixing 
the two motor complexes of opposite polarity 
(Fig. 2B). We started with low motor concen- 
trations corresponding to the regime in which 
kinesin alone would form MT vortices and 
Ncd alone would form small MT asters. This 
resulted in the assembly of a pattern contain- 
ing Ncd asters and kinesin vortices. Increas- 
ing the total motorltubulin ratio without 
changing the motor/motor ratio led to local 

serve the transformation of a vortex into an alignment of MTs and, at higher ratios, to a 
aster. In contrast to kinesin, Ncd did not form network of poles connected by aligned MTs. 
vortices at any of the concentrations tested. 
As soon as the Ncd concentration was high 
enough to organize MTs, asters formed. As- 
ters organized by Ncd or kinesin looked sim- 
ilar, but the MT orientation was different. In 
Ncd-organized asters, the minus ends of the 
MTs pointed toward the center (as revealed 
by the orientation of added MT seeds), 
whereas in kinesin-organized asters, the plus 

The network formed when the kinesinmcd 
ratio was about 0.3. If this ratio was de- 
creased or increased by about 30%, one of the 
motors won the competition, resulting in the 
generation of either Ncd or kinesin asters. 

Using labeled kinesin complexes, we 
found that kinesin localized to every second 
"pole" of the network (Fig. 2B). Thus, the 
MTs were uniformly oriented in the struc- 

Fig. 3. Numerical com- 
puter simulations. (A) 
Schematic representa- 
tion of the model used 
for the simulations. Un- 
less otherwise stated, 
simulations were per- 
formed with kinesin- 
like parameters: bind- 

A First binding Second binding 

Diffusion Poff8end 
D 

ing rate p,, = 50 s-', 
unbinding rate p,, = 
0.5 s-1, maximum 
spyed V,,, = 1 p m  
s- , maxlmum force 
F,,, = 5 pN, diffusion 
coefficient D = 20 
pm2 s-'. For other pa- 
rameters and the de- C 120 
tails of the model and 
the numerical simula- 
tions, see (76, 77) and 100 
supplementary materi- I? 
al(75). (B) Effect of the w m 
motor density on the 2 80 
intensity of aster orga- .- c 
nization by one kind of 

60 motor complex. Asters - 
3 generated by simula- P 

tions in a periodic box s 
40 of 50 pm by 50 p m  

with an average MT g 
density of 0.05 pm-* 
and average motor iz 20 

densities M of 0.05,0.5, 
and 2.0 pm-2 (125 
MTs and 125, 1250, 0 

0.062 0.125 0.25 0.5 1 2 
and 5000 motors, re- 
spectively). The un- Motor density ( pm" ) 
binding rate from MT 
ends was pow = 2.5 s-I. (C) Variation of kinetic parameters. The total average number of MTs in the 
three largest'asters characterizes the intensity of aster organization and is plotted as a function of the 
motor density. The simulated time was 500 s. Parameter sets [V (s-I), Po, (s-I), and P, ,,, (s-')I are 
as follows: ( 0 4 )  1, 0.5, 2.5; (0) 1, 1, 2.5; (x) 1, 5, 2.5; ( 0 - 0 )  O.2,0.5, 2.5; (A) 0.2, 0.5: 0.5; (+) 0.2, 
0.5, 0.05. 

tures, with one pole made of minus ends and 
the other of plus ends. Plus- and minus-end 
poles alternated throughout the network, and 
the MT ends touched each other in a minus- 
minus or plus-plus manner. The network con- 
tained no antiparallel MT overlaps. 

To explore how the physical properties of 
motors and microtubules determine the gener- 
ation of asters, vortices, and networks, we per- 
formed numerical computer simulations (15- 
17). We modeled the motor complexes as two 
identical motors, which could be bound to one 
or two MTs or diffuse freely in solution (Fig. 
3A). Motors bind and unbind stochastically 
from MTs and move along them in a force- 
dependent manner. Upon reaching the MT end, 
motors detach with a finite off-rate pow,,,,. 
Motor complexes bound to two MTs exert a 
force on the MTs, causing them to move. This 
is the ultimate reason for self-organization in 
this system. MTs are in a state of growth, but 
approach a finite length owing to subunit de- 
pletion. Because of the stochastic nature of the 
model, structural details are not fully deter- 
mined by the initial conditions of a simula- 
tion-e.g., the exact number of MTs per self- 
organized aster can vary. But in most cases, the 
characteristic features of the generated steady- 
state patterns arise in a deterministic manner, 
just as in the experiments. We can compare 
meaningfully the predictions of the theoretical 
model with experimental results because of the 
minimal composition of our experimental sys- 
tem. The present biophysical characterization 
of its components provides most of the model 
parameters. 

We first examined the effect of motor 
concentration on aster formation by perform- 
ing simulations, using the kinetic parameter 
set for kinesin at various motor densities 
[because simulations are two-dimensional 
(2D), 3D concentrations are replaced by 2D 
densities]. Although at very low density no 
ordered structures emerged, asters formed at 
higher motor densities (Fig. 3B). Increasing 
the motor density led to an increase in the 
incorporation of MTs into the generated as- 
ters, i.e., to an increase in the "intensity of 
aster formation." Decreasing the processivity 
(vlp,, )-i.e., the average distance a motor 
moves along a MT before detaching-re- 
duced the intensity of aster formation at all 
motor densities (Fig. 3C) (18). An increase in 
motor density could-within limits-com- 
pensate for a decreased processivity. Kinetic 
parameters could also compensate for chang- 
es in other kinetic parameters. This explains 
why motor constructs with different kinetic 
properties, like kinesin and Ncd, can generate 
similar asters in our in vitro system. Chang- 
ing the rnotor density, speed (v), and unbind- 
ing rate (p,,) did not induce a transition from 
aster to vortex, i.e., did not affect the topol- 
ogy of the self-organized structures. 

In addition to these quantitative chang- 
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es, some parameter variations also caused 
cpalitative transitions between structures of 
different topologies. Increasing p,ff.,n,l to 
70 s-I or more (i.e., decreasing the average 
motor residence time at MT ends to 15 ms 
or less in the background of kinesin-like 
parameters) induced the formation of vor- 
tices (Fig. 4A). We did not observe a vor- 
tex-to-aster transition in simulations by 
changing the value of another parameter 
and keeping poff,,,,, constant [for a compar- 
ison of this result with experimental results, 
see (19)l. Thus, the residence time at MT 
ends plays a crucial role with regard to the 
capacity of motors to focus MTs to a pole 
(because motor links between MT ends and 
other MTs can eventually bring MT ends 
together, if these links are stable). The residence 
time has not yet been determined for any motor 
protein. However, in our experimental system, 
p,,,,, appears to be higher for the kinesin 
construct than for the Ncd construct (la), be- 
cause kinesin, in contrast to Ncd, is capable of 
forming vortices. 

We performed simulations of 1 : 1 mixtures 

One motor complex 

of two motors with identical kinesin-like prop- 
erties but with opposite directionalities. At high 
motor densities, when each of the individual 
motors alone formed asters, a mixture of two 
such motors generated an irregular network of 
connected poles (Fig. 4B) similar to the one 
observed in the experiment (Fig. 2B). Decreas- 
ing the motor density from 0.5 to 0.03 p.mP2 in 
such a mixture caused the generation of isolated 
asters of both polarities (Fig. 4C). We then 
studied a 1 : 1 mixture of an aster-forming motor 
complex (long residence time at MT ends) and 
a vortex-forming motor complex (short resi- 
dence time at MT ends) with opposite direc- 
tionality of movement. At low motor densities, 
mixtures of asters and vortices did form, where- 
as at higher motor densities asters of one polar- 
ity were formed by one of the motors, while the 
other one induced the formation of curved MT 
bundles between these asters (Fig. 4C). Net- 
works of connected poles did not form [for a 
comparison of these simulation results with ex- 
perimental results, see (19)l. This demonstrates 
that the formation of these networks is also 
sensitive to the residence time of the motors at 

low rotor demity high rotor density motor 

b 
8 
&!- e 
3 

Fig. 4. Numerical computer simulations of different MT 
patterns generated by one kind of motor complex and two 
kinds of motor complexes with opposite directionalities 
(represented by blue and green colors). (A) The aster-to- 
vortex transition in the presence of one species of motor 
complex is governed by the probability that motors will fall 
off from MT ends. Examples are shown for two end- 
unbinding probabilities and two motor densities. Values for 
the low and hi h end-unbinding probability are f- 2.5 and 70 s- , respectively, and for the Low and high 
motor density (M) are 0.03 and 0.5 prn-', respectively. (8) 
Two motors with opposite directionality (represented by 
blue and green colors) but otherwise identical parameters 

- (e.g., high M, = M,, low pa,, ,, - pow,, ) form a 
network of poles connected by'a?iined MT~.  fi Patterns 
generated by mixtures of two species of motors with opposite 
directionalities and identical, low off-rates from MT ends (low 

- - 
powend poff,end,2) (top) or with one low and one high off-rate from 
 ends (paffen, , # pOf,,,,, ) (bottom). Both cases are shown for 
Low and high hotbr dens~t~es (M, = M,). The size of the periodic box 

MT ends (i.e., to p,,,,,). We also simulated 
mixtures of motors with different kinetic pa- 
rameters and found that they would form net- 
works at a given density, as long as both motors 
could, on their own at this density, organize all 
MTs into asters. 

The MT structures classically found in 
cells are asters, bundles, spindles, or more 
complex architectures found in protozoa (20). 
From the results of our simulations, we pre- 
dict that the motor that forms asters in vivo, 
dynein (21), should form processive oli- 
gomers that have a long residence time at 
MT ends, emphasizing the importance of mo- 
tor-MT interactions at MT ends (22,23). The 
other structures observed in this study, vorti- 
ces and networks, do not seem to have 
counterparts in the living world. Yet, in the 
networks formed by two motors, the two 
oppositely oriented sets of parallel aligned 
MTs are reminiscent of the two half-spin- 
dles in a bipolar mitotic spindle. There are 
important differences, however. In the net- 
work, both MTs and motors are entirely 
sorted. In the mitotic spindle midzone, MTs 

Two motor complexes 
1, alone together motor 2, alone 

low motor density high motor density 

is 100 Frn by 100 pm, of which 60% are shown. The simulated time 
is 1500 s or 500 s for the simulation with p,,,,,,, = 2.5 ST' and M = J .  0.5 pm- In (A), because these asters form more rapidly than the 
other structures]. For all other parameters, see supplementary mate- 
rial (75). 
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form stable antiparallel overlaps in which 
motors are present (24-26). It will be in- 
teresting to determine which properties are 
responsible for the stabilization of such 
antiparallel MT overlaps. 

In exploring the generic steady-state pat- 
terns that could emerge from mixtures of MTs 
and one or two oligomeric motors of opposite 
directionality, we have found a limited number 
of patterns: radial MT structures, either asters or 
vortices, or networks of poles connected by 
aligned MTs. Using computer simulations, we 
found that changes in the value of many param- 
eters did not affect the topology of the pattern, 
whereas changes in other parameter values 
did. Those parameters are potential key tar- 
gets for regulation. Many complex biological 
structures are also collective out-of-equilibri- 
um assemblies. In the past, they have been 
described mainly by attributing qualitative 
"functions" to some of their constituent mol- 
ecules. Here, we have used kinetic parame- 
ters describing the properties and interactions 
of the molecules to deduce the structures 
produced by the ensemble. 
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Potl, the Putative Telomere 

End-Binding Protein in Fission 


Yeast and Humans 

Peter Baumann and Thomas R. Cech* 

Telomere proteins from ciliated protozoa bind t o  the single-stranded C-rich 
DNA extensions at  the ends of macronuclear chromosomes. We have now 
identified homologous proteins in  fission yeast and in humans. These Po t l  
(protection o f  telomeres) proteins each bind the C-rich strand of their own 
telomeric repeat sequence, consistent with a direct role in  protecting chro- 
mosome ends. Deletion of the fission yeastpot?' gene has an immediate effect 
on chromosome stability, causing rapid loss of telomeric DNA and chromosome 
circularization. It now appears that the protein that caps the ends of chromo- 
somes is widely dispersed throughout the eukaryotic kingdom. 

Telomeres, the protein-DNA complexes at 
chromosome ends, protect chromosomes from 
degradation and end-to-end fusion, and they 
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serve as substrates for extension by telomerase. 
The telomeric DNA terminates with a single- 
stranded overhang of the G-rich strand in cili-
ated protozoa ( I ) ,  yeast (2, 3), and mammalian 
cells (4-6). In budding yeast, the Cdcl3 pro- 
tein binds to this single-stranded DNA, Protect- 
ing the chromosome end (7, 8)  and recruiting 
telomerase (9). In the h~~otrichousciliate 
Oqtricha nova, an a-p protein heterodimer 
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