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The mitotic spindle is a fascinating protein machine that
uses bipolar arrays of dynamic microtubules and many
mitotic motors to coordinate the accurate segregation
of sister chromatids. Here we discuss recent mathemat-
ical models and computer simulations that, in concert
with experimental studies, help explain the molecular
mechanisms by which the spindle machinery performs
its crucial functions. We review current models of
spindle assembly, positioning, maintenance and elonga-
tion; of chromosome capture and congression; and of
the spindle assembly checkpoint. We discuss some
limitations of the application of modeling to other
aspects of mitosis and the feasibility of building more
comprehensive system-level models.

Puzzles of the spindle
Mitosis is the process by which sister chromatids carrying
identical copies of the replicated genome are moved
to opposite ends of the cell before cell division. This
important process depends upon the action of the mitotic
spindle (Figure 1), a molecular machine assembled
from microtubules (MTs) and motor proteins [1-3]. Spindle
morphogenesis begins during prophase and prometaphase
when MTSs, motors, chromosomes and centrosomes self-
organize into the bipolar metaphase spindle (Figure 1), in
which chromosomes are aligned at the spindle ‘equator’
facing opposite ‘poles’. Then, during anaphase, sister
chromatids are moved to opposite poles (anaphase A)
while the poles themselves separate (anaphase B).
Several problems have to be addressed to understand
how this molecular machine can use stochastic and
transient MT-motor assemblies to drive steady, accurate
movements. How do apparently random MT dynamics
lead to MT attachment to the kinetochores? How do the
attached chromosomes congress to the spindle equator?
How does the bipolar spindle self-assemble and what
determines its size? To answer such questions, students of
mitosis must address the complexity of the spindle
machinery (Figure 1), recognize that mitotic mechanisms
vary in different systems, and use a combination of
molecular and quantitative approaches to identify and
describe general principles of spindle behavior.

Why modeling?

Our current understanding of mitosis is largely the result
of reductionism, which has provided an inventory of the
relevant molecules, their localization and key inter-
actions, and estimates of the relevant forces and rates of
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mitotic movements [4]. Although great progress has been
made, more needs to be done: one could argue that a
crucial test for full comprehension is the reconstitution of
a complex molecular machine from its component parts
either in vitro using biochemistry or in silico using
modeling [4]. In such a model, proposed molecular
interactions can be formulated in mathematical language
and the system’s behavior can be examined and compared
with experimental data, serving as a ‘reality check’ for our
understanding of biological phenomena.

Generally speaking, modeling can be mathematical
and computational (Boxes 1,2 and Table 1). In the
former, model assumptions are formulated in terms of
equations that are solved analytically or numerically
using traditional mathematical methods [5]. Such
models can provide insight by examining links between
the model assumptions and the system’s behavior.
Mathematical modeling, however, often relies on sig-
nificant simplifications and requires mathematical
sophistication. Computational models are based on
computer simulations of large ensembles of molecules
that interact in silico, obeying sets of rules that reflect
the model assumptions. Such models are often less
esoteric than mathematical models, and their results
can be presented as snapshots of molecular assemblies
that look similar to experimental images. One has to be
aware of their limits, however: clear links between
assumptions and behavior are sometimes lacking, and
often significant supercomputer time is required, so the
sheer volume of calculations, rather than the complex-
ity of the model, is limiting. A combination of both
types of modeling usually provides the best results.

The modeling of mitosis has a chequered history, and in
the past modeling often suffered from groundless specu-
lations (e.g. see [6], in which the authors attempted to
explain chromosome movements by nanoscale electro-
statics) and unnecessary sophistry. Now, however, because
of the increased use of quantitation in cell biology, there
has emerged a closed theory—experiment loop, in which
the model makes predictions that are experimentally
tested and the newly acquired data are used to refine the
model. Here, we review several models that are beginning
to make a positive impact on our understanding of mitosis.

The parts that build the machine: microtubules and
motors

During the past two decades, many studies were aimed at
understanding the dynamics of two main components of
the mitotic machinery — MTs and motors — in a
quantitative framework [7]. MTs display a fascinating
type of behavior, dynamic instability [8], characterized by
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Figure 1. Spindle length regulation. The metaphase spindle length can be regulated by extrinsic factors, such as depletion of tubulin subunits (i), motor forces at the cortex (ii),
or hypothetical ‘spindle matrix’ forces (iii), and intrinsic factors, such as motor forces at the kinetochores (iv), overlapping MTs (v), or MT dynamics (vi) [58]. Spindle length
can be modeled mathematically by solving differential equations for S(t) and L(t) [21,26] or computationally by simulating motors and MT dynamics (Box 2) [23,26]. S,

centrosome separation; L, overlap length.

switches between periods of growth and shortening
(Figure 2), which is crucial for MT organization in the
spindle. Much modeling was done to understand and
simulate this behavior [9-12], as well as the
force generation by polymerizing and depolymerizing
MTs [13-15]. Most of the mathematical modeling of
molecular motors, which are crucial force generators in
the spindle [3,16], has focused on cytoplasmic dynein [17]
and kinesin-1 (which drives intracellular transport and is
not a mitotic motor) [16,18,19]. Gathering quantitative

Box 1. Estimating the search-and-capture time

data and modeling of other mitotic motors of the kinesin
superfamily would be useful.

Force balance models of spindle assembly, maintenance
and elongation

Spindle morphogenesis proceeds via two pathways, a
centrosome-directed assembly pathway or an anastral,
chromosome-directed pathway [2,3]. In the former, the
MTs are nucleated and their minus ends are kept focused
on the centrosomes, and then two MT asters interact via

Many mitotic questions can be analyzed using both mathematical and
computational tools. One good example in which both modeling
approaches were used are the estimates of the search-and-capture time
[31,32]. To estimate the average time, 7, to capture one kinetochore by
one MT (Figure 2, main text), let p be the probability of a successful
search, and ts and t, be the average times of successful and
unsuccessful searches, respectively. To calculate the search time
we need to calculate an infinite sum over the number of unsuccessful
searches, each term being equal to the total times of unsuccessful
and one successful search weighted by the corresponding probabil-
ities: 7= pt; + (1 —p)p(ts + t,) + (1 —p)?p(ts + 2t,) + ... = t; + 1%” t,. The
probability that a search is successful is small, p«1, so r = t,/p. Duration
of an unsuccessful search is of the order of the average MT length, |/,
divided by the growth rate, V;: t,//V,. The probability of the successful
search is the product of two factors: probability to grow in the right
direction, g, and probability not to catastrophe too early, before
reaching the kinetochore, p*: p= gp*Finally, the probability not to
catastrophe too early is an exponentially decreasing function of the
distance between the kinetochore and centrosome: p* = e ¥[63]. Asa
result, we obtainthe estimate: 7 = ’9—\2' Asimple calculus exercise shows
that there exists the optimal value of / minimizing =: /= d. Indeed, if / is
small, then 7 is very large: while the time of the search is short, MT
catastrophes before reaching the target. But if / is large,r is still large,
because unsuccessful searches become longer. This very intuitive
conclusion would be hard to reach without this simple mathematics.
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To further extend this analysis to the more complex case of multiple
MTs searching for multiple targets, simple mathematical analysis is
not sufficient and further computational tools are necessary. This can
be done by simulating positions of MT plus ends and at each time step
testing whether they capture a kinetochore. A simple algorithm that
stems from this idea is:

(i) Choose the kinetochore positions randomly.

(ii) Setinitial MTs characterized by a small length, random directions
from the minus to plus end, and state (growing or shortening)

(iii) Repeat the following computational steps until all chromo-
somes are captured:

For each MT, depending on its state, generate randomly a
catastrophe or rescue event, and change (or not) the MT
states accordingly.

On the basis of the MT state and growth/shortening velocity, update
plus end positions.

For each MT test whether its length is zero. If so, change its growth
angle at random.

For each MT, test whether its plus end co-localizes with a
kinetochore. If so, ‘freeze’ this MT.

This algorithm is very straightforward to implement on a
computer. The problem is that simulation time can be very long
and to generate large enough sample runs for statistical analysis, a
combination of the mathematical and computational approaches is
needed [32].
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Box 2. Estimating the stable anti-parallel MT overlap in the bipolar spindle

Another example of combined mathematical and computational
modeling is the estimate of the stable anti-parallel MT overlap in the
bipolar spindle [23]. The overlap of the anti-parallel MTs shown in
Figure 3b (main text) can be described mathematically with the
following differential equation: u%: f_—kLf., where p is the effective
coefficient of resistance to MT aster movement, f_ is the force
developed by one ‘plus-end-sticky’ motor, f is the force developed by
one ‘hetero-complex’ motor (Figure 4, main text), k is the number of
‘hetero-complex’ motors per urklfjt length of the overlap. This equation
is easily solved: L:k%+ Ce +' providing information about the
stability of the steady overlapping length (f_/kf,) and its dependence
on the motor forces. This mathematical analysis is overly simplified
because it does not include many spindle features such as MT
elasticity, stochastic fluctuations of MT-motor dynamics and so on.
The shortcomings of mathematical analysis are overcome in the
study by Nedelec [23], which is an example of sophisticated

computer simulations of a bi-polar spindle aster (Figure 3b, main
text). In this work, MTs are treated as growing and shortening linear
chains of short segments connected by angular springs, so realistic
elastic forces are accounted for. The motors crosslink MTs and exert
either plus- or minus-end-directed forces that depend on local
movement rates and angular order. The motors also associate to
and dissociate from MTs with rates dependent on several model
parameters. At each computational step, positions, states and
orientations of MTs and motors are updated according to laws of
mechanics. Thousands of coordinates restrained by multiple
physical conditions have to be updated at each computational
step, requiring sophisticated numerical codes and fast computers.
Thus, the simple mathematical analysis helps to build intuition and
understanding of the system, whereas the computational analysis
deepens this understanding by allowing more complex assumptions
to be tested.

Table 1. Spindle-related models

dynamics and sister-chromatid cohesion, but robust against
alterations of microtubule sliding force.

Model Model type Model outcome Refs
MT dynamics or entry into Computational and experimental Changes in MT transition frequencies alone can explain changes in [9]
mitosis MT dynamics between interphase and mitosis.

Early spindle elongation Computational and mathematical A force balance between motor generated outward and inward [21]

(1st generation) forces can explain the spindle elongation and steady state during
prophase.

Early spindle elongation Computational, mathematical and A force balance between motor generated outward and inward [22]

experimental (2nd generation) forces and nuclear elasticity can explain spindle elongation to
achieve the steady state during prophase. The motor forces are
coupled to actin dynamics and regulated.

Spindle assembly Computational Stable bipolar spindle can be maintained as a result of a force [23]
balance generated by motor ‘hetero-complexes’.

Spindle elongation Computational, mathematical and The rate of anaphase B spindle elongation is robust and depends [26]

experimental only on the free sliding rate of the motors driving outward ipMT
sliding and the suppression of ipMT flux.

Search and capture Mathematical One centrosomal MT can capture one chromosome in realistic time- [30]
scales.

Search and capture Mathematical Dynamic instability is a viable strategy for chromosome search and [31]
capture, provided MT dynamics parameters are optimized.

Search and capture Computational, mathematical and For realistic numbers of MTs and chromosomes, even optimal [32]

experimental dynamic instability is too slow to account for the observed search-
and-capture time. MT dynamics biased by a gradient of RanGTP can
bring down the search and capture’ time to realistic values.

Search and capture Computational and experimental Activity gradients of RanGTP and importin-f§ determine the spatial [35]
distribution of MT nucleation and stabilization around chromo-
somes that are essential for the self-organization of MTs into a
bipolar spindle.

Directional instability Computational Balance between dynamically unstable MTs interacting with Hill [46]
sleeves at kinetochores and polar ejection forces can explain the
oscillations associated with chromosome congression.

Kinetochore positioning Computational and experimental Tension-dependent dynamic instability alone cannot explain meta- [49]

(1st generation) phase kinetochore clustering in yeast, but models incorporating
spatial gradients of rescue or catastrophe frequencies can.

Kinetochore positioning Computational (2nd generation) The previous model [49] cannot explain the low incidence of [51]
kinetochores crossing the spindle equator in yeast, but a combi-
nation of the tension dependent rescue frequency and a spatial
gradient of the catastrophe frequency can.

Spindle positioning Mathematical and experimental The force imbalance in Caenorhabditis elegans embryos is due to a [62]
larger number of force generators pulling on astral MTs from the
posterior versus the anterior cortex.

Spindle positioning Mathematical Spindle oscillations observed in C.elegans embryo mitosis can be [56]
explained by an interplay between dynamic force generators pulling
on astral MTs and MT elasticity.

Mitotic spindle checkpoint Mathematical Amplifying the checkpoint signal through the release of a diffusible [59]
inhibitory complex can support reliable checkpoint function.

Metaphase spindle length Mathematical and experimental Metaphase spindle length is sensitive to alterations in microtubule [27]
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Figure 2. Microtubule dynamic instability and chemical gradients in the search-and-capture process. A MT with a GTP cap on its plus end grows by assembling GTP-tubulin
dimers. When GTP hydrolysis ‘outruns’ the plus-end growth, the cohesion between MT protofilaments is lost, catastrophe occurs, and the MT shortens until GTP-tubulin
assembly rescues the filament. This process of dynamic instability can be quantified with four parameters: rates of growth (V,) and shortening (Vs) and rates of catastrophe
(far) and rescue (fes) (Box 1). One of the uses of dynamic instability is in the centrosomal pathway of the bi-polar spindle assembly - the search-and-capture process [28] - in
which MTs probe the space randomly and repeatedly until they capture the kinetochores. To capture all kinetochores in a reasonable time frame, the dynamic instability
parameters have to be optimized [31] (Box 1), but even that does not make the process fast enough [32]. One idea as to how the cell could accelerate the search-and-capture is
the use of a RanGTP gradient around the chromosomes to bias MT dynamics [33]. The gradient could be established by diffusion and spatial segregation of RanGEF and

RanGAP [34].

chromosomes and MT-crosslinking molecules. In the latter
pathway, the MTs are nucleated on the chromosomes, and
then their minus ends are crosslinked and focused by
motors. It is possible, in the centrosome-directed pathway,
to monitor progression through mitosis by measuring
changes in centrosome separation as a function of time
(S(t)). In at least some spindles (e.g. in Drosophila
embryos), such measurements reveal a series of transient
steady states (defined as quiescent pauses, when dS/
dt=0; Figure 1), but why do such steady states occur and
what determines spindle length [20]?

We proposed a model for spindle length regulation
during prophase based on a balance of (intrinsic) inward
forces generated by the minus-end directed MT-motor
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(kinesin-14) sliding interpolar MTs (ipMT) together
(Figure 1v), and (extrinsic) outward forces developed by
the pulling action of cortical dynein motors acting on the
astral MTs (Figure 1ii) [21]. In this model, a steady-state
spindle length can be reached provided that the dynein-
generated outward force is approximately constant,
whereas the inward force, proportional to the total anti-
parallel overlap between ipMTs, increases as the poles
separate. This simple model evolved into a rare theory—
experiment loop by suggesting experiments to test its
assumptions. The experimental findings — nuclear
stretching, cortical expansion synchronous with pole—pole
separation and the asymmetry of astral MT distribution —
led to a ‘second generation’ model [22] that implicates
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elastic stress generated by the nuclear stretching as a
significant inward force. The model also suggests that the
outward force is kept constant by two factors: (i) the edge
of the actin cortex, which determines dynein localization,
is maintained at a constant distance from the spindle
poles, and (ii) astral MTs growing toward the equator
become crosslinked, do not reach the cortex and do not
contribute to the outward force. The model emphasizes
that elements other than MTs and motors also have
important roles in spindle morphogenesis.

An alternative approach postulates spindle assembly is
driven by purely intrinsic forces. In an earlier compu-
tational model, Nedelec [23] investigated the formation of
stable bipolar spindles from growing asters of MTs
interacting with one another via protein motors similar
to the ipMT interactions shown in Figure 1v. The model
illustrates that a balance of motor-generated sliding forces
can lead to stable bipolar spindles (Figure 3b; Box 2), but
unusual motor complexes, coupled plus- and minus-end
directed motors, would be required for it. The strength of
this study lies in ‘computer screening’: testing plausible
ideas and predicting which motor combinations would be
sufficient to maintain a stable bipolar spindle structure.
Recent experiments [24] support the existence of the
predicted coupled plus- and minus-directed motors.

In the final stages of mitosis, the separation of spindle
poles themselves (anaphase B) contributes to chromatid
separation. In Drosophila embryos, anaphase B occurs
when the depolymerization of the ipMT minus ends is

TRENDS in Cell Biology Vol.16 No.2 February 2006

turned off, which allows bipolar kinesin motors to slide
apart ipMTs and elongate the spindle at a steady, linear
rate [25,26]. Remarkably, fluorescent recovery after
photobleaching (FRAP) experiments reveal that these
ipMTs are highly dynamic, so how do they drive such
steady movements [26]? Modeling [26] suggested the
answer: the ipMTs must have dynamic instability to
account for the rapid tubulin turnover observed, yet
bipolar kinesin motors, working in the unloaded (force-
free) regime throughout, can exert force on the growing
and shrinking tracks to slide them apart and elongate the
spindle at a linear rate. The rate itself is controlled by the
unloaded sliding rate of the motors and the extent of
suppression of flux. Computer simulations based on the
model demonstrate its feasibility and replicate many
experimental observations of anaphase B in this system.
By showing how the spindle can sustain a steady rate of
elongation despite substantial variations in MT number
and dynamics rates, these simulations illustrate how
modeling can be useful for quantitatively exploring the
robustness of mitosis, a property that might not be
experimentally tractable. Subsequently, an adaptation of
this anaphase B force-balance model [26] has been used,
together with high-throughput microscopy, to describe the
maintenance of metaphase spindle length [27].

How do microtubules capture the chromosomes?
During prometaphase, dynamic instability allows astral
MTs to search efficiently in space, ‘probing’ the spindle
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Figure 3. Microtubules and motors self-organize into mono- and bi-polar asters. (a) One of the models [39] explains MT aster formation as a synergistic repetitive action of
minus-end-directed motors (i.e. dynein) and minus-end-crosslinking proteins (i.e. NuMA). Dynein slides one MT relative to another; when their minus ends co-localize, they
get crosslinked by NuMA. (b) In one of the computer screens of the computational model of the bi-polar spindle [23], stable pole separation is explained by the force balance
of 'hetero-complex’ and ‘plus-end-sticky’ motors. The former attempt to move toward plus ends and slide anti-parallel overlapping interpolar MTs apart, decreasing the
overlap. The latter try to move toward minus ends and slide the interpolar MTs together, increasing the overlap. Stable steady state is established because the number of the
hetero-complex (coupled plus- and minus-end directed) motors is proportional to the overlap length, L. When two MT asters are too far apart, L is small, and the ‘plus-end-
sticky’ motors dominate converging the poles, but when the poles are too close together, L is large, and the hetero-complex motors separate the poles.
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volume until they capture chromosomes by binding to
their kinetochores, a process termed ‘search-and-capture’
[28,29] (Figure 2). How such an apparently random
process can lead to the proper attachment and alignment
of all sister chromatids within such a short time-frame
(less than 30 min) remains to be understood. A partial
answer to this question was provided by mathematical
calculations [30,31] demonstrating that there is an
optimal set of dynamic instability parameters that results
in the fastest search; the authors estimated that this
optimal range leads to alignment within the order of ten
minutes or so (Box 1). These simple calculations, however,
were not sufficient to provide an estimate of the time it
would take to capture multiple chromosomes. Using
modeling, it was found, surprisingly, that random delays
increase the estimated time for search and capture to
hours, even under optimal conditions, because the cell has
to ‘wait’ until all chromosomes are captured [32].

In reality, in most situations the cell does not take this
long to capture all its chromosomes. What other mechan-
isms does it use to facilitate capture and can they be
integrated into the model to get a time frame more similar to
the in vivo situation? One predicted possibility is to use a
gradient of RanGTP around the chromosomes to bias the
search [33]: a high concentration of RanGTP can stabilize
MTs, so MTs would grow more frequently towards a
chromosome. Computer simulations showed that indeed
such a biased search is fast enough to explain the data
[32,34], suggesting that perhaps search-and-capture is not
so random after all. Remarkably, a recent study combined
mathematical modeling and fluorescent microscopy and
essentially proved that RanGTP diffusion away from
chromosomes creates an interrelated series of protein
gradients that ultimately promotes two different behaviors
— MT nucleation at chromosomes and stabilization of
growing MTs within the spindle — and spatially guides
mitotic spindle assembly [35]. Another recent work [36]
illustrates the usefulness of modeling by demonstrating that
the cell uses actin—myosin contraction to aggregate chromo-
somes towards the MTs to assist MT-dependent search-and-
capture when the chromosomes are spread initially over
such a large volume that, according to the model [32], even a
biased MT search would not be fast enough.

Self-assembly of MT asters

The spindle consists of two MT asters, in which the minus
ends are focused, and the plus ends extend outwards,
overlapping into the characteristic bipolar shape
(Figure 1). What are the principles of aster formation?
The simplest explanation for the aster’s stability is that it
is assembled by specialized structures: MT minus ends are
nucleated and anchored at the centrosomes [37]. Exper-
iments with extracts and purified components showed,
however, that MTs and subsets of motors can ‘self-
organize’ into asters [38]. The role of modeling was
important in this research as it tested minimal sets of
mechanisms that could account for the observations. The
experiments suggested that minus-end-motor complexes
can focus MT minus ends by simultaneously gliding
toward these minus ends and sliding respective MTs in
space. Computer simulations [38] confirmed that this
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mechanism is sufficient, so long as the motor complexes
are multivalent, allowing a few MTs to associate with and
be moved by one such complex.

Two recent theoretical studies added interesting twists
to this story. First, computer simulations [39] demon-
strated that the action of single, not multivalent, dynein
motors can lead to the formation of MT asters if
complemented by the nuclear mitotic apparatus protein
(NuMA), which crosslinks the minus ends of MTs
(Figure 3a). Second, it was found that treadmilling MTs
can self-organize into asters simply by dynein-mediated
MT nucleation and capping [40]. Experiments are now
needed to test the relevance of these results for the
formation of asters in the mitotic spindle.

Chromosome congression

Movements of chromosomes attached to multiple kineto-
chore MTs (Figure 1) are arguably among the most difficult
phenomena to understand mechanistically [41,42]. Never-
theless, the question of how chromosomes congress to the
spindle equator, and specifically the corresponding balance
of forces, has inspired modeling [30,43].

One of the most intriguing properties of the kineto-
chores is their ability to alter the dynamics of MTs
attached to them. In some cells, attached metaphase
chromosomes undergo directional instability [42], charac-
terized by switches between persistent polewards and
anti-polewards movements of chromosomes around the
spindle equator (Figure 4a). Several semi-quantitative
models [44,45] suggested possible explanations for direc-
tional instability. The most developed mathematical model
[46] is based on the idea of ‘Hill sleeves’, which are
hypothetical protein complexes of tubular geometry on the
kinetochore in which a MT can be inserted and attached by
weak interactions between the sleeve wall and tubulin
dimers [30] (Figure 4a). The structure of the recently
discovered Dam1l protein complex suggests that this
complex might function as the Hill sleeve, although
other mechanisms are also possible [47]. The model
proposes that tension forces can lead to directional
movement of chromosomes simply by driving all depoly-
merizing MTs out of the sleeves of the trailing kinetochore,
and inserting all (polymerizing and depolymerizing) MTs
deeper into the sleeves of the leading kinetochore
(Figure 4a). Computations demonstrated that such
structures, coupled with dynamic instability, can quanti-
tatively explain directional instability, provided that the
growth and shrinkage rates of kinetochore-bound MTs are
very slow. According to this model, the ‘polar ejection’
forces caused by MTs impinging on chromosome arms stop
the poleward movement of the leading kinetochore,
allowing the trailing kinetochore to gain more MTs and
reverse direction. Using very slow MT dynamics
parameters, the model adequately explained the observed
durations and rates of chromosomal excursions [48].

Recent work combines experiments and computation to
understand metaphase kinetochore positioning in the
budding yeast, where, unlike in most other systems, a
single MT is attached to each kinetochore, making this
system ideal for studying kinetochore-MT interactions
[49-51]. In this series of studies, the positions of the tips of
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Figure 4. Oscillations during mitosis: directional instability and spindle positioning. In some organisms, the chromosomes experience transient directional instability (upper
half of the figure) in prometaphase, during the course of which they repeatedly make excursions to the opposite spindle poles. According to one model [46], this behavior can
be explained by a balance between stabilizing polar ejection forces (PE) and destabilizing Hill sleeve motor action. Although very different biologically, the mechanical
principles underlying mitotic spindle oscillations during unequal cell division (lower half of the figure) are similar: a balance of stabilizing MT polymerization force and
destabilizing action of pulling dynein motors on the cell cortex is a plausible mechanism for the oscillations [57]. In both cases, to cause oscillatory behavior, the motors’

velocity and association/dissociation kinetics have to be load dependent.

the dynamic kinetochore—MTs, or equivalently the kine-
tochores, are computed and compared with experimental
data. In the initial study, Sprague et al. [49] examined
several scenarios for the regulation of MT dynamics, and
concluded that simple dynamic instability of MTs or
dynamic instability of MTs regulated by kinetochore
tension alone cannot explain the observed spatial distri-
bution of kinetochores, whereas spatially regulated
dynamic instability with or without tension-dependent
regulation could account for the observed positioning of
kinetochores. As new data became available, however, the
authors continued to question the viability of the models
that survived their initial screening, and models were re-
selected. In a recent study [51], the authors suggest that
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the new data (i.e. the low incidence of kinetochores
crossing the spindle equator in yeast) can only be
reproduced by a refined model in which the MT rescue
frequency is regulated by tension, whereas the cata-
strophe frequency is spatially regulated.

Positioning of the mitotic spindle

Proper positioning of the nucleus before mitosis is
important in many cell types, because it determines the
position and orientation of the spindle, which in
turn determines the position of the cleavage plane.
Mathematical models of nuclear positioning in cells by
microtubules with or without motors have been developed
and used to determine the key factors that control this
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process in various organisms [52,53] as well as in vitro [54].
The models show that, in the absence of motors, growth of
MTs into the cell boundary and the subsequent develop-
ment of polymerization forces and buckling [55] are crucial.
When the nucleus or aster moves away from the center of
the cell or chamber, MTs at the side closer to the boundary
are shorter and develop a larger buckling force than the
longer MTs impinging on the opposing side. This force
drives the nucleus or aster towards the center until forces
from all sides equilibrate. When motor proteins are present
and distributed asymmetrically at the cell cortex, the
larger buckling forces generated by short and growing MTs
can be overcome by pulling MT-motor complexes at the side
where more motors are present, resulting in an asymmetric
positioning of the nucleus [56].

A more complex phenomenon is the transient oscil-
lations of the spindle in the direction transverse to the
spindle axis during asymmetric cell division [52,56,57]
(Figure 4b). Current data [52,56] led to the first generation
model [57] of this phenomenon, which assumes that MT/
motor dissociation rate increases with the rate at which
MTs are being pulled away from the motors. Thus, the
faster the pole moves, the greater the force misbalance is,
because fewer and fewer MT-motor complexes are
maintained at the side from which the pole is moving
away. Eventually, the movement stops when sufficient
numbers of MTs grow and impinge on the cell wall towards
which the spindle pole is moving, and buckle, increasing
the restoring force towards the center. Once the direction
is reversed as a result of the increased buckling force the
cycle repeats itself. This model generates testable predic-
tions on the dependence of parameters that characterize
the oscillations on molecular concentrations. It is striking
that the model is mathematically very similar to the model
of directional instability [46] (Figure 4), although the
modeling styles are very different.

Looking to the future: the devil is in the details

We have focused largely on modeling the mechanical and
kinetic aspects of the MT-motor spindle machinery
because they are more amenable to modeling, which
might be due, in part, to the long history of relevant work
on the biophysics of biological motion and enzyme kinetics
[7]. The relative paucity of useful models of other aspects
of mitosis, such as checkpoints and chromosome cohesion,
is one of the main reasons that modeling remains a part of
the reductionism agenda, rather than a tool of the system-
level approach. A comprehensive model of the entire
mitotic process cannot be assembled from theoretical
modules of sub-processes because most of the modules
are still lacking, partly because of incomplete information
about mitotic regulatory pathways and about molecules
other than MTs and motors, such as the still hypothetical
spindle matrix [58] (Figure 1).

In fact, modeling can be especially useful when
information is incomplete. For example, the first quanti-
tative model of the mitotic spindle checkpoint [59] was
developed to examine plausible mechanisms of (i) main-
taining a tight inhibition of the molecular complex by an
unattached kinetochore, which is necessary for maintain-
ing cohesion between the sister chromatids, and (ii) rapid
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removal of this inhibition once the final kinetochore is
attached, which leads to degradation of the cohesin.
Without specifying the exact biochemical pathway, Doncic
et al. [59] solved reaction—diffusion equations describing
classes of such pathways and discovered that the only way
to both maintain and rapidly remove the tight inhibition is
by kinetochore-catalyzing formation of an inhibitory
complex that diffuses and inhibits a molecule ultimately
responsible for cohesin degradation. These authors, like
Nedelec [23], screened plausible theoretical scenarios that
will help guide future experiments.

A complete understanding of complex mitotic processes
will inevitably require multi-disciplinary efforts, of which
modeling will undoubtedly be a major part. Three aspects
of modeling will be crucial for success. First, the iterative
character of the model-experiment loop will allow models
to be adapted and improved. Although the initial models
proposed will probably not survive experimental scrutiny,
the development of first, even relatively crude, models is
essential for the emergence of second generation models.
Second, modeling will become more comprehensive and
powerful through the combination of mathematical and
computational approaches. Also, detailed mechanistic
models will have to be combined with informatics-type
models to deal with incomplete and sometimes noisy data
of high-throughput studies [60]. Third, simplistic models
might have to become very detailed. On the one hand,
Dennis Bray wrote: ‘The devil was always in the detail.
But as we accumulate more ... quantitative data on living
cells, those diabolical details become increasingly finicky
and numerical’ [61]. On the other hand, there are network
models in which the output is sensitive only to the network
topology and is robust to changes in many interaction
parameters [62]. Which way mitotic models will turn out is
unclear, but the great challenge is to build adequate
models of mitosis without making the models as complex
as the mitotic spindle itself.
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