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Modelling microtubule patterns

Eric Karsenti, Francois Nédélec and Thomas Surrey

The cellular cytoskeleton is well studied in terms of its biological and physical properties, making it an attractive subject for
systems approaches. Here, we describe the experimental and theoretical strategies used to study the collective behaviour of
microtubules and motors. We illustrate how this led to the beginning of an understanding of dynamic cellular patterns that

have precise functions.

Cell organization results from the collective behaviour of molecules.
Therefore, knowing the sequence of whole genomes will prove useless in
the absence of an understanding of the dynamics of molecular interac-
tions and of how these are related to cell organization. In fact, the emer-
gence of patterns and complex functions derive from dynamic networks
of molecular interactions'. In this article we describe how a systems
approach (theory) has been applied to the study of the self-organization
of one subcellular compartment, the microtubule cytoskeleton, and how
this provides a guideline to understand cell morphogenesis as a whole.

The main function of the cytoskeleton is to organize space on a scale
much larger than individual proteins (typically several micrometers to a
millimetre). The highly dynamic nature of most cytoskeletal structures
requires the use of tools allowing the description of spatio-temporal
processes. The polymers that constitute the cytoskeleton have remarka-
ble mechano-chemical properties that facilitate transformation of chemi-
cal energy into order. To understand this, the effects of forces, transport
and diffusion must be considered. None of these concepts are in the
traditional curriculum of biologists and recently the field has benefited
greatly from the contribution of physicists. Mixing temporal and spatial
properties of the system certainly complicates the analysis. However,
help is at hand: theoretical techniques have been developed in the past
30 years to address very similar problems — found especially in soft-
condensed matter physics (polymers, gels, liquid-crystals). In addition,
high-resolution video light-microscopy techniques are now routinely
used with specific fluorescent tags to obtain quantitative spatio-temporal
data about cellular processes. Consequently, the field is rapidly expand-
ing on the premise that theoretical methods can be applied to cell biology
that are guided and validated by quantitative data.

These approaches are new to biology and will probably be the key to
our understanding of cell organization and behaviour. One important
aspect of cells is that they represent the boundary of the molecular scale.
Considering that molecules are subject to random thermal motions, how
can a cell become organized and fulfil its biological function? To address
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this question, it is essential to understand the importance of stochastic
effects (such as diffusion) and how a ‘coherent’ behaviour can emerge
from such effects. The difficulty in approaching these problems is that
causality implies that emergent properties all depend on each other in
successive steps in scale, from molecules to cells and tissues (Fig. 1).
However, it is impossible to build a single model spanning even a couple
of scales. One problem is that we are unlikely to ever know the exact
characteristics of all cellular components with high precision. Another
problem is that at each scale, the theoretical description can be so com-
plex as to preclude combining different scales. Therefore, theoreticians
must choose a specific level of complexity and/or scale, define relevant
assumptions and apply an appropriate theoretical method considering
the available experimental data. Different types of data and methods are
required at different scales.

In this review, we explain how experimental work carried out on the
microtubule cytoskeleton has lead to the beginning of a vision of how
to deal with such problems. We discuss how abstracting the complex
properties of a system at one scale can be used to describe the next level
of complexity, without incorporating all the details of the underlying
levels. The important lesson is that to understand emergent properties
from dynamic biophysical interactions, it is essential to precisely define
the ‘graining’ of the model and to use the appropriate combination of
theoretical tools and data.

FROM TUBULIN TO DYNAMIC TUBES

The problem of scales in studying the formation of large and com-
plex biological structures is illustrated in Figure 1. The elucidation
of the structure of the tubulin molecule has helped to understand
the dynamic instability that occurs on the assembled microtubules.
Microtubules are long tubes (up to 50 um) with a diameter of 25 nm
that are built of tubulin protofilaments with structural polarity (see
Box 1). A key organizational property of microtubules is dynamic
instability?. Individual microtubules nucleated either from a centro-
some or randomly in the cytoplasm of living cells grow and tran-
sit stochastically between growth and shrinking phases®. Stochastic
dynamics can be regulated by force**, which allows microtubules to
orient in cells. Because microtubules collapse when they contact the
edge of the cell, their length automatically adjusts to cell size. However,
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Figure 1 Different levels of modelling the microtubule motor system. The
microtubule cytoskeleton is studied at different levels, ranging from the
analysis of the three-dimensional structure of tubulin and motor proteins, to
the intracellular architecture of living cells. As the scale and the complexity
of the system under study increase, different modelling approaches, and
different experimental techniques, have to be applied. At each level, models
aim to explain the emergence of features of the cytoskeleton from the
knowledge of the essential properties at the previous level.

forces are not the only regulator of microtubule length and the rates of
tubulin assembly, disassembly and state transitions are regulated dif-
ferently in almost every type of cell. For example, the mitotic spindle
has a size that is cell and species specific, thus ensuring that chromo-
somes can be distributed accurately in cells with sizes ranging from a
few microns to millimetres. Most of the components of the spindle are
conserved and the adaptation of its size will have to be explained from
quantitative differences in the reaction rates between components.

BOX 1 MICROTUBULE DYNAMIC INSTABILITY

Molecular basis

REVIEW

Quantitative modelling will be necessary and this raises some interesting
questions about what information a successful model requires: do we
need to consider the three-dimensional structure of tubulin to under-
stand dynamic instability and, in turn, do we need this knowledge to
understand the morphogenetic properties of microtubules?

A detailed understanding of the molecular mechanisms responsible
for microtubule dynamic instability requires knowledge at the atomic-
molecular scale (see Box 1). This means that it is important to know the
three-dimensional structure of tubulin and its intramolecular move-
ments associated with GTP hydrolysis to explain why a growing tube, in
which tubulin subunits are added at the tip, may stochastically switch to
a disassembling mode®’ (Box 1). At present, we do not have a complete
molecular model of dynamic instability; however, this knowledge is not
necessary to understand the formation of complex microtubule pat-
terns, such as the mitotic spindle. This is because microtubule dynamic
instability can be mathematically formalized by modelling the length of
microtubules using two states: growing and shrinking. Although addi-
tional states (such as pauses) do exist, this simplified model is often
sufficient to describe the dynamic behaviour of microtubules, as it can
be observed at the resolution of the light microscope'®'2. Therefore,
computers and a light microscope are often sufficient to describe how
microtubules behave in vitro (Box 1). However, we cannot predict what
types of large-scale microtubule patterns can form from only knowing
the three-dimensional structure of tubulin, as many proteins, in addi-
tion to tubulin, are involved in vivo. These include all the microtubule-
associated proteins that regulate dynamic instability, but also the effect
of cortical contact and the physical confinement imposed by the cell
boundary'. Knowledge of the three-dimensional structure of tubulin
and conformational changes that occur when microtubules are assem-
bled may further our understanding of how microtubule dynamics are
regulated during the cell cycle and cell differentiation by regulatory mol-
ecules. The structural properties of tubulin endow microtubules with
surprising dynamic properties, but this molecular information is not

Although the exact molecular details are still a matter of debate, it is becoming clear that a change in tubulin subunit conformation, coupled with
polymer assembly, is fundamental to dynamic instability. The tubulin molecule is a dimer of approximately 8 nm, with one non-exchangeable
GTP-binding site, and one site in which GTP is hydrolyzed on polymer assembly. Structural studies indicate that, in solution, the dimer isin a
GTP state, with a straight conformation that favours the formation of relatively linear protofilaments®. These associate laterally to form a tube
of approximately 25 nm in diameter. However, during assembly, the GTP is hydrolyzed into GDP, resulting in a more curved conformation of
the tubulin. Because bonds between subunits have formed in the GTP state, constraints imposed during assembly maintain the interactions
between the GDP dimer, but the tube is under tension’. The structure of the tube may be maintained as long as some GTP-tubulin subunits
are being added at the microtubule tip’. If tube closure is faster than GTP-tubulin addition at the tip, the tension built into the tube leads to
explosive disassembly (‘dynamic instability’)*.

Mathematical description

Because of dynamic instability, a microtubule population can, in principle, grow infinitely (ignoring tubulin depletion) or reach a finite size
distribution. This can be predicted mathematically?, as the fraction of microtubules in the shrinking and growing states can be computed from
the frequencies of catastrophe and rescue (f, and f, ). From this, the length variation averaged over the population can be derived, using the
growth and shrinking rates (V, and V). The sign of the resulting flux ] = (V. f, - V£ )/(f  + .,) determines whether the population is either
growing infinitely (J >0) or reaching a steady state (J <0). When J is negative, the length distribution is a decreasing exponential, with an aver-
age steady state length L = V. V/(Vf_ - V/f ). These equations can be derived without knowing the molecular mechanism that determines

microtubule dynamic instability. When details about individual microtubule are needed, stochastic models or simulations should be used.
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necessary to build a model of dynamic instability that can be used to
understand more complex processes involving microtubule self-organi-
zation in larger scale structures.

FROM MOLECULAR MOTORS TO ORDERED MOVEMENT

The microtubule cytoskeleton provides mechanical stability and tracks
for molecular transport by motor proteins. Molecular motors (see Box 2)
use the structural polarity of microtubules for unidirectional movement.
Two structurally different families of motor proteins exist in cells that
move along microtubules: kinesins'* and dyneins'. Most kinesins move
towards the microtubule plus end, whereas some kinesins and the dyneins
move towards the minus end. The size of motors and tubulin are similar.
However, the movement of motors along a microtubule can cover dis-
tances of a hundred times their own size. In addition to the polymeriza-
tion of tubulin, the movement of motors is the second important element
of cytoskeletal dynamics that translates structural and dynamic properties
from the nanometre range into the micrometer range.

Theoretical models have addressed motility at different levels — most
models aim to understand the stepping mechanism of motors. What do
we need to know to understand motor motility at this level? Ideally, a
combination of structural information at atomic resolution and kinetic
information at substep temporal resolution should be incorporated into
a single model. However, not all atomic structures for the states that a
motor encounters during its mechanochemical cycle are known, nor
are the kinetics of all substeps'®'8. The wealth of available experimental
information has, however, already reduced the number of possibilities of
how molecular motors function. Essentially, two classes of kinetic cycle
models have survived on the basis of which essential features of motor
motility can be understood, even without a complete knowledge of all
structural details of a motor (Fig. 2). Whether powerstroke models are
more appropriate than ratchet models is still a matter of debate. Both
types of models derive the overall kinetics of the mechano-chemical
stepping cycle from assumptions about the properties of the transitions
between the individual substates'?2. Given the differences between
various motors, it is likely that, in the future, one type of model will
be more appropriate for some motors, whereas the other model will
better describe the stepping of others. Important outputs of both types
of models are the relationships between the velocity of a motor and the
available ATP concentration, between the velocity and the applied force,
or between the processivity and the applied force.

How much detail about the stepping mechanism is needed to model
the collective behaviour of motors at higher levels (for example, the
transport of microtubules in so-called gliding assays®)? It has been
demonstrated that the details of the individual substeps of the motors
do not need to be considered to capture some of the essential features of
collective motor transport*-?. Duty ratio models, for example, simply
consider the fraction of time a motor is bound to the microtubule dur-
ing its biochemical cycle, yet this is sufficient for the calculation of the
velocity of microtubule transport by several motors®”.

In fact, most of the proposed models that describe collective trans-
port phenomena involving single microtubules, neglect all details of the
biochemical cycle and assume processive motility. Typical elements of
these models are a regular lattice of binding sites, a binding rate, a dis-
sociation rate and a velocity for the motor (Fig. 3). Usually, potential
cooperativity of motor attachment® is not considered. Such assumptions
are suitable to model the occurrence of traffic jams of motors along their
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Figure 2 Models for the motor stepping mechanism. Two different classes

of cycle models describe the stepping mechanism of molecular motors.

Most models assume a powerstroke that is associated with one of the
transitions®792°, The powerstroke is seen as a visco-elastic relaxation process
of a strained molecule when the nucleotide state is changed. During this
power stroke, a mechanical element of the motor is moved into a certain
direction, determining the directionality of the motor. Only a few models
explicitly include geometrical features, by associating different molecular
geometries with different nucleotide states®. In these models, the attribution
of certain transitions to ATP binding, or the assumption that one or several

of the transitions are force-dependent, explains how the steady-state velocity
of a motor depends on the ATP concentration, or on the applied force. A very
different approach is used in ratchet models®°2. Molecular fluctuations due to
thermal motion are not overcome by the motion of the powerstroke, but instead
are a central element of the stepping mechanism. The interaction between the
motor and the microtubule is described as a periodic potential representing
the binding sites for the motor, in which the effect of external forces can be
included. Specific interaction potentials are attributed to each nucleotide state
of the motor. They alternate as ATP is consumed and this results in directed
movement, if at least one of the potentials is asymmetric. D, ADP; T, ATP.

tracks if exclusion of a motor from an already occupied binding site
is taken into account®**! — either the motors are treated as individual
particles and their movement is simulated in Monte-Carlo type simula-
tions (sometimes treating unbound motors simply as a homogenous
reservoir), or, in less refined approaches, the behaviour of a popula-
tion of motors is modelled at steady state using conservation equations
(differential equations computing local concentrations depending on
binding and/or unbinding rates and fluxes, with the constraint that the
total number of motors is constant). To model the transport of cargo
by multiple motors®, or the extraction of membrane tubes from large
vesicles by multiple motors®, the effects of mechanical force on some of
the rates need to be included in the model (for example, the velocity of
the motor and its dissociation rate depend on the force; Fig. 3). These
examples illustrate that, at this level of collective motor motility, the
motors are modelled by simplified relationships that are relatively easy
to handle. This is also true for modelling higher levels of organization.

FROM COLLECTIVE TUBE DYNAMICS TO PATTERNS

Several invitro and invivo experiments, and an increasing
number of theoretical and simulation studies have addressed the
organization of microtubules in space (or even in outer space!™).
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Figure 3 Standard model elements. Standard assumptions are used to
describe microtubules and associated motors when the focus of the study

is on the collective aspect of many such objects. Motors attach at a single
position on the microtubule (the stepping is ignored) and move smoothly.
They are linked to their load through springs, often of zero-length at rest, so
that force fis linearly related to extension &: f = k§, where k is the stiffness
of the spring. The motion of kinesin is very well characterized® and its speed
vvaries linearly for a small (plain line) force fas v= v, _(1-f/f ), where v,_is
the unloaded speed and £ the stall force, and saturates for higher forces
(dotted line). The dissociation rate k_, varies as k. = k; exp(Ifi/f), where

the force £ is commensurate to the stall force . Most authors use these
relationships for all motors, adapting the parameters to model dynein, Ncd
or Egb, for example. Microtubule dynamic instability is described with a
simple two-state model with stochastic rescues and catastrophes. Shrinkage
occurs at constant speed and growing can be proportional to the amount

of free tubulin, or depend on the force antagonistic to the polymerization.

In the simplest models, the transition rates are constant, but this may be

an oversimplification (for example, transition may depend on length®3,

or microtubules may pause). Microtubules are usually thin lines rather

than tubes. They mechanically behave as homogeneous elastic beams

with known elasticity (k). If the shape of the microtubule is not explicitly
included, the buckling force can still be considered as an upper limit of the
pushing force. The discrete lattice of tubulin is often ignored — motors may
bind everywhere. They neither compete for binding sites, nor collide with
obstacles or other motors. In special cases, where many motors bind to a
microtubule, the lattice of binding sites may be included in the model. Note
that individual studies usually only consider some of the elements listed,
following an investigator’s intuition. The simplifications that are made are
often not rigorously justified.

Patterning phenomena involving many microtubules can be generated
in vitro with pure tubulin®. Patterning is faster in the presence of mul-
tiheaded motors that can crosslink, move and orient microtubules. It
was observed that microtubule asters could form in cellular extracts®,
and in vitro experiments have shown that purified motors and micro-
tubuless are indeed capable of organizing microtubules into large-scale
patterns*’-**. Mixtures of fibres and motors are now described as ‘active
gels) because they are crosslinked networks of polymers (gels) in which
the crosslinks are motors (active). Stochastic simulations have been used
to study the pattern formation and they emphasized the non-intuitive
consequences of some kinetic parameters. The standard assumptions on
which such simulations are built are illustrated in Figure 3. Despite all
the simplifications, the approximately 15 parameters and slow execution
precluded a thorough exploration of the possible regimes at the time.
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Figure 4 Mean-field methods. The mean-field approach is based on the same
concepts that are used to model the dynamics of chemical reactions. In kinetic
theory, the variables considered are the concentrations of the different species
as a function of time. For microtubule-associated motors, two concentrations
are usually sufficient: the concentration of bound and unbound motors. The
positions or orientations of individual particles are ignored, but concentration
may still be a function of position, if the system is inhomogeneous in space

(it is then a field of mean values, or a ‘mean field’). To represent fibres, a
concentration and an orientation field are needed. The latter is a vector field
representing the local direction in which microtubules are aligned. If the fibres
are not homogenous in length, another field may be introduced to represent
their mean length. The power of the approach comes from the fact that these
variables can be linked by equations that predict either the steady state of the
system, or its dynamics. Motor binding and dissociation kinetics are modelled
from the law of mass action, with parameters k  and k  characterizing the
speed of each reaction. The flux due to diffusion of free motors is modelled
using Fick’s law, with diffusion coefficient D. The motion of attached motors
creates a flux proportional to the transport speed v. The conservation equations
link temporal variations with the divergence of the fluxes and binding and/or
unbinding kinetics. Oligomeric motors affect fibre orientation, but there is no
agreement on how this should be described mathematically. As an example*3,
the orientation field is linked to the local concentration of bound motors, so
that a high concentration of motors promotes a local alignment of the fibre,
using an effective parameter y.

Less refined theories were thus developed in which the variables are aver-
age quantities, such as local filament orientations and local concentra-
tions™*. As illustrated in Fig. 4, these theories are called ‘mean field  in
physics, because they share a formalism in which differential equations
are written that govern the averaged quantities. These equations can then
be solved (analytically or numerically) to obtain an overview of the pos-
sibilities of the system (or in a physicist’s words, a phase diagram).
When choosing a particular theoretical approach®, it is important to
consider the scale of the problem. The strongest limitation of mean-field
theories is that if there are few fibres, fluctuations may have an impor-
tant role and average quantities may not faithfully represent the sys-
tem. This is often the case for microtubules in simple eukaryotes — for
example, the yeast Schizzosaccaromyces pombe only has approximately
20 microtubules in interphase, and methods in which the stochastic
transitions are explicitly considered (for example, simulations) would be
more appropriate than mean-field methods. The future probably lies in
composite approaches: for example, tubulin, or other molecules found
in large quantities, can be treated as a concentration field. Similarly, in
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BOX 2 THE MECHANO-CHEMICAL CYCLE OF MOLECULAR MOTORS

A molecular motor is a mechano-chemical enzyme transforming the chemical energy of ATP hydrolysis into mechanical work”. During
its biochemical cycle, a motor passes through a series of different nucleotide states, each having a different conformation and microtubule
affinity. Conformational changes cause mechanical elements in the motor molecule to move their position and to change their flexibility.
Therefore, while going through the biochemical cycle, a motor also goes through a mechanical cycle that can produce mechanical force.
Processive motors are able to perform consecutive steps after binding to a microtuble, whereas non-processive motors detach from the
microtubule after one step.

Several experimental approaches have provided information on the stepping mechanism of motors. Spectroscopic methods have been
used in the past to measure the kinetic behaviour of ensembles of motors and classic steady-state enzyme parameters, such as k_ and K,
values, were first measured. ‘Synchronisation’ of the activity of the motors in the ensemble, by stopped flow or uncaging methods, yielded
information on the transition rates between the individual states of a motor’s biochemical cycle®®®'. Light microscopy has facilitated con-
necting biochemical rates with mechanical properties — in particular, single molecule imaging and optical interferometry have provided
valuable information about the stepping mechanism®-%. Without the need for ensemble synchronisation, single molecule experiments
provide detailed information about the kinetics of individual motors steps, as well as about the produced forces®. Distributions, in addition
to ensemble averages, can also be measured. Single molecule measurements have thus provided strong constraints for models of the step-
ping mechanism — for example, the long-standing debate about whether conventional kinesin walks by an inchworm or a hand-over-hand

mechanism could be solved in favour of the latter mechanism!*¢7:%,

large cells, the actin network could be represented with mean fields,
while microtubules are modelled as stochastic entities. Such hybrid
models should be computationally efficient; however, their mean-field
description will need to include filament turnover (disassembly and
nucleation). Moreover, filament branching will need to be considered
to model actin organization in motile cells and dynamic instability will
need to be considered to model the mitotic spindle.

The mitotic spindle is a very striking manifestation of microtubule
organization and it is, not surprisingly, the focus of many modelling
approaches” — to date, mainly using stochastic methods. Currently, it is
not possible to model the full spindle structure through the different mitotic
stages, from prophase to metaphase and anaphase. Models have addressed
one cell-cycle stage at a time, and only aspects of the structure that can be
isolated: chromosome capture in prophase***’; kinetochore positioning™,
kinetochore-microtubule interactions®'-*, anti-parallel overlaps®*** and
pole formation®** in metaphase; and spindle elongation® and chromo-
some transport® in anaphase. The goal is to combine such studies in the
future, aiming to fully reconstitute spindle function. For example, in a
simulation one could combine several alternative assembly pathways to
study the functional redundancy of the mitotic spindle. In this context, a
major challenge is to reproduce, in a model, the surprising ability of mitotic
spindles to recover from perturbations or obstructions.

Modelling approaches have also been used to study the interphase
organization of microtubules in several cell types and cell states (for
example, in plant cells® %, in fish keratocytes® *, or ciliated cells*’). In
the early embryo of the nematode worm Caenorhabditis elegans, pronu-
clear migration®” and anaphase transverse oscillations® were modelled
with stochastic methods. The oscillations were described as a tug-of-war
between processive motors, similar to gliding assays with two motors of
opposite polarity®”. Another positioning mechanism can be obtained
from microtubules pushing on the boundary of a cell, as demonstrated
in vitro with purified components”, and theoretically’>. This mechanism
is thought to be sufficient to position the nucleus in interphase in fission
yeast”. From these studies, a major goal is to categorize and analyse all the
mechanisms by which positioning could be achieved in cells™.

POTENTIAL PITFALLS AND FUTURE DIRECTIONS

Cell organization arises from networks of kinetic interactions between
molecules and theoretical approaches are essential to understand such
phenomena. Mathematics will be required to determine whether a model
is coherent, given the wealth of quantitative information produced by
modern biology. Citing many studies of the microtubule system, we have
described a classic pattern of scientific investigation: experiments provide
information and quantitative measurements, and theories are used to
understand how new properties ‘emerge’ from the interacting agents.
A certain level of experimental knowledge is used, both to check the
output of models addressing the lower scale, and to generate others at
a larger scale. Conversely, once a problem of interest has been defined,
finding the appropriate level of assumptions on which to build a model
usually comes naturally. Individual models work only in a narrow range
oflevels of complexity, and inevitably make (a lot of ) approximations. The
resulting inaccuracies would accumulate if models were carelessly linked,
thus, making the whole construction very unreliable. To avoid this, every
model has to be based on sound biological knowledge, powered by accu-
rate physics and, most importantly, should provide predictions that are
experimentally validated. Only then can we hope to link the different
organizational levels outlined in Fig. 1, and thereby understand cellular
organization comprehensively. As we have shown, this goal is being pur-
sued with some success in the case of the microtubule system.

The power of theory traditionally lies in simplicity: a model is suc-
cessful if it can reproduce a lot of facts using few simple assumptions.
Models with many free parameters are often suspicious, because their
values may have been chosen to obtain the desired output. Reducing
the number of parameters is not easy in biology, because most cel-
lular processes involve diverse components and many parameters are
necessary to characterize their interactions, all of which have their
own specific rates. This pitfall can be avoided if the parameters can
be directly constrained by measurement, or if their values have been
fitted with confidence from previous independent studies. When this
information is available, only a few free parameters will remain, and
it will be possible to methodically evaluate their effect on the systems
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and to identify the most important ones. This may provide fitted val-
ues that could be used for the next model, but foremost, it will indi-
cate what should be measured next experimentally. Most importantly,
models can predict the parameter space within which a given behav-
iour will be stable®®. This will certainly be of utmost importance to
understand how evolutionary processes have been constrained within
a world of ‘possibles.

A prerequisite for a successful model is, therefore, a minimum knowl-
edge of the molecular composition of the system under study and of
the relevant biophysical and kinetic parameters — and herein lies the
advantage of in vitro approaches. However, practical issues still limit
the number of purified elements that can be mixed in a reconstituted
self-organizing system. The key to understanding the in vivo situation
will be to have an almost complete picture of the relevant players in
the cellular context. Systematic inhibition studies promise to provide
knowledge about the complete set of in vivo players””®, while new

REVIEW

fluorescence microscopy-based methods will have to be used to meas-
ure their in vivo interactions, their affinities and kinetic properties”.
This knowledge can then be used as the basis for more complete theo-
retical models to explain how complex cytoskeletal patterns emerge
in vivo from the collective behaviour of many components, and their
regulators. The present period is very exciting, as we still do not know
the approximations that can be made, or which are the best theoretical
methods, when it comes to modelling the microtubule cytoskeleton.
Many methods are currently in use, but we should expect that a con-
sensus will emerge in the not too distant future. It may take the form of
standardized methods valid ated on a set of quantitatively precise ‘classi-
cal’ problems. Although day-to-day stimulation of experimental work is
sufficient to justify spending some of our resources on theory, the field
is heading towards a more ambitious goal: predicting the cytoskeletal
response to new situation will be the first real test of the understanding
gleaned from experiments. O

Table 1 Glossary

Active gels source to walk along the fibres.

Such gels were constructed using oligomeric motors that can bind two or more cytoskeletal filaments, which use ATP as the energy

Conservation equation

Equation expressing the conservation of a certain quantity, for example, the number of molecules in a closed system.

Catastrophe

Transition from a growing to a shrinking microtubule; the opposite of rescue.

Centrosome

Organelle found at the spindle poles that have the ability to nucleate microtubules.

Cytoskeleton

Fibres and associated molecules that establish the internal organization of the cell and most of its mechanical properties.

Duty ratio model of transport by many motors.

Model of molecular motors where the fraction of time spent bound to and unbound from the microtubule is used to derive the efficiency

Dynamic instability

Succession of growing and shrinking phases of an individual microtubule that are separated by stochastic transitions (catastrophes and
rescues). On the level of a population, this describes the coexistence of growing and shrinking microtubules under identical conditions.

Emergent properties the properties of component.

Properties that arise from the interactions of many components and that were not apparent (that is, hard to predict) when considering

Linear relationship, derived by Adolf Fick, between the flux produced by diffusing molecules and the gradient of concentration of these

Ficl's law molecules (Fig. 4).
- Microscopic experiment in which motors immobilized on a coverslip propel microtubules on the glass surface. /n vivo, the opposite usu-
Gliding assay . . . ;
ally occurs: motors move along relatively immobile microtubules.
Graining The amount of details considered in a model. A ‘fine-grained’ model has many details; a ‘coarse-grained’ model has few.
Hooke’s law Linear relationship, derived by Robert Hooke, between the magnitude of the force applied to a spring and the resulting stretch (Fig. 3).

Kinetochore

Protein complex formed on the centromeric DNA that connects the chromosome to the microtubules of the spindle. The kinetochore is
an essential mechanical link during chromosome segregation.

Mean field

Quantity representing an averaged property of the system that depends on position, for example, a concentration field.

Molecular motor

before unbinding.

A protein complex whose function is to generate motion (and force) using an energy source. In the cytoskeleton, molecular motors use
two heads to walk along fibres (rotary motors also exist in other cellular modules). The stepping is not perfect and the motor may sto-
chastically miss a step and unbind from the fibre completely. The processivity is the average number of successive steps a motor makes

Monte-Carlo
simulation

Simulation in which the intrinsically random behaviour of the system’s elements (for example, the time of motor stepping, binding and
unbinding) are modelled using random numbers generated by the computer.

Phase diagram

An outline of the regimes in which a system can be found, as a function of its parameters (for example, the information that a motors
movement along a microtubule is fluid or jammed, as a function of the motor concentration).

Power stroke attached head swivels the unbound head forward.

A conformational change of a molecular motor that translates chemical energy into directional movement. The power stroke of the

Structure made of chromosomes, microtubules and numerous associated proteins, which segregates the duplicated chromosomes. To

Spindle physically separate the chromosomes in two equal groups, the spindle adopts a bipolar configuration. In metazoans, the chromosomes
are at the centre of the structure and microtubules minus-ends are focused in two poles, in which the centrosomes are found.

Stall force Amount of antagonistic force needed to stop a motor.

Stochastic Synonymous with ‘random’ and opposite to ‘deterministic’. A stochastic event may not be predicted, but many events of the same

nature can be statistically characterised by a probability distribution.
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