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We review modeling studies concerning cytoskeletal activity of fission yeast.
Recent models vary in length and time scales, describing a range of phenomena
from cellular morphogenesis to polymer assembly. The components of
cytoskeleton act in concert to mediate cell-scale events and interactions such as
polarization. The mathematical models reduce these events and interactions to
their essential ingredients, describing the cytoskeleton by its bulk properties. On
a smaller scale, models describe cytoskeletal subcomponents and how bulk
properties emerge. [DOI: 10.2976/1.3385659]
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The cell interior faces disorder from
homogenizing Brownian motion. But
life requires order. Cells need to control
their shape, direct their motion, polar-
ize, and divide. The cytoskeleton com-
prises the filamentous networks that
provide scaffolding for internal order
(Hayles and Nurse, 2001). Powered by
ATP and GTP hydrolysis, the polymers
and motor proteins of the cytoskeleton
organize spontaneously into varied net-
works. These cytoskeletal structures
span several orders of magnitude in
length. The structural building blocks,
nanometers across, may be a thou-
sandth the size of the largest structures
they form. Cytoskeletal dynamics span
several orders of magnitude in time as
well. A single polymer subunit may
diffuse across the cell in seconds, a ten-
thousandth of the cell’s division time.

Fission yeast is one model organism
for the study of subcellular organi-
zation mediated by the cytoskeleton
(La Carbona et al., 20006). Fission yeast
undergoes simple and reproducible cell
shape changes. Additionally, the ease
of genetic manipulations and micro-
scopic imaging make the organism
ideal for quantitative studies. A grow-
ing body of theoretical work examines
cytoskeletal organization in asymptotic
regimes of space and time (Mogilner

et al., 2006b). These theoretical models
support reduction of a system to essen-
tial components by matching the emer-
gent behavior in the model with the ob-
served behavior from experiments.
Where model behavior differs from ex-
perimental results, these models moti-
vate further investigation. Recently,
modeling contributed to understanding
the role of the cytoskeleton in fission
yeast cell polarization and mitosis.

POLARIZED GROWTH

Fission yeast grow along one axis.
Their shape is simple: to first approxi-
mation, two hemispheres of constant
radius cap a cylinder of increasing
length (see Fig. 1). When the length has
doubled from birth, a contractile ring
halves the cell (Bathe and Chang, 2010;
Pollard and Wu, 2010). Growth occurs
at the tips. When growth starts, only
the old end—the end not created by the
previous division—grows. This mo-
nopolar growth eventually gives way
to bipolar growth; this is called new
end take-off (NETO) (Mitchison and
Nurse, 1985). Two components of the
cytoskeleton, actin filaments and mi-
crotubules, mediate growth. These cells
mark their tips for growth with the help
of microtubules and execute growth
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Figure 1. Images of yeast cells (Jian-Qiu Wu, Ohio State Uni-
versity) and yeast growth pattern. (A) Images of the actin cytosk-
eleton in cells expressing GFP-CHD which binds to the sides of
actin filaments. Actin cables and actin patches are seen distributed
in monopolar and bipolar patterns. (B) In cells expressing GFP-atb2,
microtubule bundles run across the cell. (C) Cartoon showing the
redistribution of the actin cytoskeleton during the cell cycle. Prior to
cytokinesis, actin accumulates at growing tips; during mitosis it ac-
cumulates in the middle; daughter cells start to grow in a monopolar
manner and transition to bipolar growth at new end take-off.

with the help of actin filaments (Martin, 2009; Piel and Tran,
2009; Toli¢-Nerrelykke, 2010).

Microtubules polymerize toward both tips. Stable ends
anchor close to the nucleus in bundles while the dynamically
unstable ends explore the interior near the cell tips (see
Fig. 1) (Chang and Martin, 2009; Piel and Tran, 2009; Sawin
and Tran, 2006). Although individual microtubules are short-
lived, they collectively provide a directed track to the cell
tips. The microtubules contribute to tip growth indirectly—
motor proteins follow them to transport landmark proteins to
the cell tips (Mata and Nurse, 1997).

Actin polymerizes near growing tips. Regulating proteins
organize actin filaments into two major structures: cables and
patches (Moseley and Goode, 2006; Pollard and Cooper,
2009). The formin For3p associates with tip markers where it
nucleates and polymerizes actin cables (Martin and Chang,
2006). Cables wind from the tips through the cell body; mo-
tor proteins transport secretory vesicles and organelles along
cables to the cell tips. The Arp2/3 complex nucleates actin
patches near growth sites for endocytosis (Sirotkin et al.,
2005). In patches, short actin filaments form dense, highly
branched networks.

These individual cytoskeletal structures are transient and
disordered compared to the lifespan and order of the whole
cell. Yet somehow they self-organize into a system robust
enough to provide cells with a simple pattern of cell growth.
These coupled growth processes, from a pool of structural
components and regulator proteins, provide flexible and reli-
able scaffolding for the order required by living cells.

Models of polarized cell growth and NETO
The simple growth pattern of fission yeast provides an oppor-
tunity to model how cells develop order. For instance, a
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model of NETO may reveal basic mechanisms responsible
for polarity. Several lines of evidence indicate that NETO de-
pends on cytoskeletal dynamics (Marks ef al., 1986; Martin
and Chang, 2005). For example, some strains of yeast switch
out of the monopolar state into the bipolar state after tran-
sient treatments with Latrunculin A (LatA), a drug that pre-
vents actin polymerization by sequestering actin monomers
(Rupes et al., 1999). Microtubules in monopolar cells are
symmetrically distributed but the actin filaments and the
formin nucleators concentrate at the growing old end. As the
cells grow longer, they undergo NETO—transition to a state
of symmetric growth, with symmetric actin and microtubule
distributions. What could be the process responsible for the
asymmetry in the actin distribution before NETO? And what
triggers NETO?

A recent modeling study of NETO contains promising in-
sights (Csikasz-Nagy et al., 2008). The authors cast the prob-
lem in the language of nonlinear dynamics. According to
their model, as cells elongate the state of asymmetric poly-
merization, or monopolar growth, becomes unstable. The
cell assumes a stable symmetric polymerization state—
bipolar growth. The model implicates length-dependent in-
stability as the cause of NETO. This model belongs to a well-
studied class of models called reaction-diffusion models
(Meinhardt and Gierer, 2000; Turing, 1952).

In the model of Csikasz-Nagy and others, microtubules
transport a continuous field of dynamic landmarks toward
the cell tips symmetrically, as suggested by experiments
(Martin and Chang, 2005). These markers contribute to
conversion of a fast-diffusing substrate into a slowly diffus-
ing polymer. Likely candidates for the substrate and polymer
are actin monomers and actin filaments, respectively. Dy-
namic landmarks activate autocatalytic actin polymerization:
presumably, actin filaments in cables and patches further re-
cruit actin nucleators. This could be consistent with experi-
ments suggesting positive feedback in the polarization sys-
tem (Terenna et al., 2008). Autocatalytic polymerization
amplifies local noise, polarizing the cell and breaking sym-
metry. Autocatalytic growth at the growing tip depletes the
cytoplasmic actin-monomer pool and prevents growth at the
other tip. As cells grow, the diffusion limits flow of actin
monomers to the growing tip (Fig. 2), the concentration of
actin monomers at the new end increases, and the new end
takes off. For some lengths, stable monopolar and bipolar
states coexist, consistent with switching between states after
transient LatA treatment (Rupes ef al., 1999)—a major suc-
cess for the model.

Riveline (2009) approaches the problem differently. Ac-
cording to his scaling arguments, asymmetric end curvature
determines the post-division growth pattern. The new end
has a higher radius of curvature after septation; he proposes
that this inhibits growth and argues NETO occurs when tur-
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Figure 2. Polymer (f) and substrate (g) concentration gradients
across the long axis of a growing cell (distance x, total cell
length L). [Data generated with the model of Csikdsz-Nagy et al.
(2008), online content with default parameters (http://www.
cellcycle.bme.hu/morphopaper/).] Monopolar cell is 8.50 um and bi-
polar cell is 14.0 um. Both concentrations in arbitrary units using the
same scale on both axes.

gor pressure deforms the new end, decreasing its curvature.
This model predicts that length at NETO increases with cell
radius—this has not yet been tested.

These models do not directly contradict each other but
they do suggest different dominating factors. According to
Csikasz-Nagy and others, bipolar growth depends on diffu-
sion limitation, unaccounted for by Riveline; according to
Riveline, monopolar growth depends on a difference in tip
curvature, unaccounted for by Csikasz-Nagy and others. It
remains unclear whether both mechanisms could coexist.

Modeling studies of NETO raise questions for experi-
mentalists and theorists. Does NETO depend on the exis-
tence of a growing actin-monomer concentration gradient?
So far, the actin-monomer concentration profile remains un-
measured in yeast. What new experimental evidence will
emerge regarding the connections between cytoskeletal po-
larization and cell growth (Baumgértner and Toli¢-
Norrelykke, 2009)? What other models of bistable behavior
are possible? Physical models of collective phenomena such
as NETO are necessarily coarse-grained. How can such
coarse-grained models be tested using advanced genetics op-
erating at the molecular level?

Related models of polarization for budding yeast
Much recent modeling of polarization focuses on another
yeast. Budding yeast draws its name from a polarity process.

124

Wild-type cells mark their previous division site but experi-
ments suggest that cells select a site for budding in the ab-
sence of these markings. Onsum and Rao (2009) recently re-
viewed modeling work on symmetry breaking in budding
yeast. According to these recent Turing-type models, cells
amplify a cortical Cdc42p signal and pick a spot on a homo-
gencous surface (Altschuler ef al., 2008; Goryachev and
Pokhilko, 2008; Hawkins et al., 2009; Howell et al., 2009;
Marco et al., 2007; Ozbudak et al., 2005; Slaughter ef al.,
2009). These studies describe varied causes of autocatalytic
amplification, both actin-dependent and actin-independent,
and global inhibition. Actin contributes to the local amplifi-
cation required by Turing models of budding-yeast symme-
try breaking: Cdc42p sites nucleate actin cables that facili-
tate further Cdc42p delivery to those sites.

Fission yeast Cdc42p acts similarly. With other proteins,
it activates actin-cable-nucleator For3p and therefore affects
cytoskeletal organization (Chang and Martin, 2009; Martin
et al., 2007). If a reaction-diffusion model best explains
NETO, some substrate such as a signaling molecule may
limit growth. Cdc42p and related proteins constitute a rea-
sonable pool of suspects for this substrate. As in budding
yeast, Cdc42p clustering and actin-dependent transport may
contribute to autocatalytic assembly at the tips. Unlike in
budding yeast, the actin cytoskeleton appears to mediate
growth at sites defined and maintained by microtubules. Fis-
sion yeast maintains a polarized growth state throughout but
budding yeast grows outward symmetrically during the first
growth phase. Perhaps this lessens budding yeast’s need to
maintain growth locations and therefore reduces microtu-
bules’ importance. Future experimental and theoretical stud-
ies should examine how different cytoskeletal components
adapted to achieve slightly different tasks.

Models of interphase cytoskeletal subcomponents:
actin
Quantitative studies of the individual cytoskeletal subcom-
ponents—microtubule bundles, actin cables, actin patches—
explore links between molecular components and cell struc-
ture. Recent models describe these subcomponents.
Fission-yeast formin For3p nucleates cables from cell
tips. For3p molecules attach to cell tips, nucleate actin fila-
ments, dislodge from cell tips, travel into the cell along actin
cables, and travel back to the cell tip (Martin and Chang,
2006). Wang and Vavylonis (2008) modeled coupled For3p
and actin cable turnover (see Fig. 3). In their model, a
continuous pool of actin monomers and a discrete pool of
For3p molecules diffuse through the cell. The formins bind
to cortical sites at the cell tips. Once bound, formins aid local
actin polymerization until dissociation. Essentially, this
model augments the mechanism proposed by Martin and
Chang with rate constants, diffusion coefficients, and quan-
tified localization.

Cytoskeletal dynamics in fission yeast: | T. Drake and D. Vavylonis
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Figure 3. Model of actin cables in fission yeast (Wang and
Vavylonis, 2008). (A) Schematic showing the basic processes of
the model. (B) 3D computational lattice model (http://athena.
physics.lehigh.edu/research/actin_cable_applet.html) accounting for
the small number of For3p which are treated as discrete units. (C)
Qualitative dynamical phase diagram describing the morphology
of the actin cable system as a function of actin and For3p con-
centration.

Comparisons of this actin cable model to experiment sug-
gested a set of parameter values. Due to actin-For3p cou-
pling, actin cable thickness, polymerization speed, and
length vary across parameter space [see Fig. 3(C)]. The actin
cable network must be both robust and highly adaptable—
insensitive enough to be reliable and sensitive enough to be
controllable. In the model, this corresponds to broad but fi-
nite regions of stable behavior. Experiments exploring pa-
rameter space, by varying concentrations and rate constants
genetically and pharmacologically (Gao and Bretscher,
2008; Nolen et al., 2009; Rizvi et al., 2009), will test the
parameter-space structure suggested by this model.

According to the model of Fig. 3, actin cables remove
their own nucleator and undergo retrograde flow. Cable flow
depletes the actin-monomer pool at the tips, causing a
concentration gradient across the cell. More complex actin-
For3p interactions could introduce nonlinearity and there-
fore, potentially, multiple stable tip states. This may lead
to another possible mechanism for NETO (Wang and
Vavylonis, 2008). In such a mechanism, unlike in the model
of Csikasz-Nagy and others, bistability may be due to re-
moval, rather than recruitment, of actin nucleators.

Cables are not the only actin superstructure in the cell.
Fission yeast contains actin patches that contribute to en-
docytosis near regions of membrane remodeling [Fig. 1(A)].
Recent experiments quantify the kinetics of assembly of
coat proteins, Arp2/3 complex, actin, and other cofactors
in patches (Galletta et al., 2008; Kaksonen et al., 2005;
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Sirotkin ef al., 2005), opening the door for modeling studies.
Motivated by such data, Liu et al. (2006, 2009) twice mod-
eled actin-patch mechanics and assembly kinetics in budding
yeast. Their model includes coat-protein assembly at the site
of endocytosis, pushing forces by local actin polymerization,
and phase separation of lipids and membrane proteins at the
vesicle bud’s border driven by membrane curvature. These
processes’ combined effects generate tension around the bud
neck, causing vesicle scission for endocytosis.

Models of interphase cytoskeletal subcomponents:
microtubules

To maintain their shape, fission yeast cells must define their
tips. Throughout growth, proteins follow microtubules and
symmetrically mark both tips. Experimental and theoretical
results suggest a simple mechanism is responsible for micro-
tubule alignment.

According to recent experiments, normal cell shape and
microtubule organization reinforce each other (Minc et al.,
2009; Terenna et al., 2008). The rod shape directs elongating
microtubules to the ends of the cell [see Figs. 1(B) and 4].
Oriented to the long axis of the cell, they provide a path to the
cell tips for polarity-protein deposition. These proteins con-
tribute to further preferential growth at the cell tips, exagger-
ating the linear shape that directs the microtubules. This in-
terplay provides a feedback mechanism between cell shape
and microtubule alignment. This alignment process also al-
lows microtubules to center the nucleus (Daga et al., 2006;
Toli¢-Nerrelykke et al., 2005; Tran ef al., 2001).

A

Figure 4. lllustration and results of the model of Foethke et al.
(2009). (A) Model schematic: microtubules orange, nucleus green,
microtubule organizing centers (MTOCs) brown. Red X indicates
likely catastrophe. The model includes four MTOCs each nucleating
four microtubules. Top: normal alignment, polymerization, depoly-
merization. Middle: likely catastrophe due to force, preventing me-
dially aligned microtubules. Bottom: likely catastrophe due to length,
necessary to center nucleus. (B) Representative image at steady-
state, using online content with default parameters (http://www.
nature.com/msb).
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Microtubules may self-organize by virtue of their con-
finement and dynamics alone but this is difficult to show ex-
perimentally: if one removes everything else conceivably
affecting microtubule dynamics, what is left could not
meaningfully be called a cell. Computer simulation helps
here. A model extending in vitro findings shows it is pos-
sible, at least in principle, for observed organization to
emerge from simple rules (Foethke et al., 2009). Indeed,
simulations show a physical model can reproduce many
measurable traits of interphase microtubule orientation.
Foethke and others capture the essential features of micro-
tubules in vivo, including their ability to center the nucleus,
in a physical model using catastrophe rates dependent on
both force and length (see Fig. 4). As a result, microtubules
that happen to grow with an unfavorable orientation depoly-
merize. Microtubules push the nucleus opposite their direc-
tion of growth. Since shorter microtubules are more stable,
more force comes from the closer tip and the microtubule
system centers the nucleus, as suggested by an earlier com-
putational model (Tran et al., 2001). These results extend
easily to microtubule dynamics in differently shaped cells,
such as those in recent experiments where they are confined
(Minc et al., 2009; Terenna et al., 2008).

In the model mentioned above, Foethke and others as-
sume that microtubules overlap and form stable antiparallel
bundles near the nucleus. A similar model describes how
they self-organize—with nucleators, crosslinkers, and motor
proteins—into such bundles (Janson et al., 2007). Microtu-
bules slide across each other but grind to a halt and form
steady-state bundles when motor proteins cannot overcome
friction due to crosslinkers.

DIVIDING THE CELL

The simple growth pattern of fission yeast suggests a robust
cytoskeletal system. It also rapidly adapts for division. Cells
dramatically disassemble both microtubule and actin inter-
phase cytoskeletal systems during mitosis and each performs
a major task in cell division. Microtubules mediate nuclear
division, actin filaments mediate cytoplasmic division.

To finish division, an equatorial ring contracts and
separates the daughter cells. This ring, the contractile ring
[Fig. 6(A)], is a narrow bundle composed of actin filaments,
myosin motors, and other proteins. A broad band of cortical
nodes, made up of myosin and other proteins, tightens and
becomes the contractile ring, apparently by self-organization
(Pollard and Wu, 2010).

Assembly of the contractile ring

Successful contractile ring assembly depends on the initial
node distribution. One recent experimental and theoretical
study provides quantitative insight into the positioning of
node scaffolding component Midlp (Padte ef al., 2006). In
their one-dimensional reaction-diffusion model (Fig. 5), an
active form of Mid1p associates with the inner plasma mem-
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Figure 5. Results of model of positioning of Mid1p in nodes in
the middle of the cell and experimental images (Padte et al.,
2006). The nodes are precursor components of the contractile ring.
The model involves activation of Mid1p in the nucleus, deactivation
near cell tips (dashed line), and binding of active Mid1p to the mem-
brane. Top graph shows simulated distribution of membrane-bound
Mid1p (solid line) as a function of position along the cell. Bottom
graph shows membrane-bound Mid1p in cells lacking one of the
polar inhibitors, Pom1p. Micrographs show the corresponding ex-
perimental images. Images reproduced with permission.

brane and the inactive form cannot. Activation occurs in the
nucleus, deactivation occurs in the cytoplasm. Padte and oth-
ers report that localized activation of Mid1p by the nucleus is
insufficient to position Mid1p within a band in the center of
the cell—active Midlp diffuses across the cell before bind-
ing to the cortex. To match observed behavior, they introduce
deactivators at the cells tips. This leads to a sharper Mid1p
profile centered in the middle. Additionally, they identify
some of the inhibitory interactions involving Pom1p. Some
inhibitors may remain unidentified—cells lacking PomIp
still exclude Mid1p from one cell tip.

At least two recent experimental studies reveal further
coupling of node distribution to the cell cycle (Martin and
Berthelot-Grosjean, 2009; Moseley et al., 2009). Both stud-
ies argue that physical elongation causes Pomlp depletion
near the cell’s equator. Cdr2p signaling, inhibited by Pom1p
in short cells, triggers cell-cycle progression in long cells.
The proposed mechanism provides a physical sensor within a
signaling pathway. These studies further illustrate that cy-
toskeleton assembly couples with cytoplasmic gradients, lo-
cal activation, and deactivation mechanisms to regulate inter-
nal organization in fission yeast.

Cortical nodes attach firmly to the membrane, effectively
restricting their movement to two dimensions. On this sur-
face, the nodes condense, becoming a ring. Myosin motors in
the nodes exert the force responsible for this condensation.
The motors act on a dynamic meshwork of actin filaments
nucleated by formin Cdc12p, another node protein (Coffman
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et al.,2009). Once actin filaments polymerize within the me-
dial band, nodes move in ~20 s bursts at velocities of
~30 nm/s, starting, stopping, and changing direction. They
condense into the contractile ring in 10 min (Vavylonis ef al.,
2008).

On the basis of these observations, Vavylonis et al.
(2008) proposed a stochastic mechanism for self-assembly.
According to their model, nodes search, capture, pull, and
release (see Fig. 6). Nodes search the cortical surface by
nucleating actin filaments, which elongate in random direc-
tions along the cortex. Nodes capture each other by binding
to filaments with myosin-II. Nodes pull each other because,
once bound, myosin-II exerts a tensile force and reduces
separation. Finally, nodes release as myosin-II dissociates
and actin filaments disassemble. The Monte Carlo simula-
tions of this model—search, capture, pull, and release—
reproduce the start-stop motion of nodes and generate con-
tractile rings within a range of parameter values consistent
with experiments. Varying parameter values lead to discon-
nected clumps, consistent with observations of Cdcl2p-
defective cells (Hachet and Simanis, 2008). A recent theoret-
ical work further quantifies requirements for clump
formation (Ojkic and Vavylonis, submitted).

This mechanism further illustrates how random growth
of filaments can establish transient connections between dis-
tant parts within the cell. The success of this unassisted ran-
dom search and capture process suggests a reason for inher-

A

B

600 s

Figure 6. Search, capture, pull, and release model of contractile
ring assembly. (A) Contraction of a broad band of myosin nodes
into a narrow ring in fission yeast. (B) Processes in the model. (C)
Simulated images of condensing broad band of nodes as a function
of time (seconds). The y-axis in each simulated image is the arc
length around the cylindrical body of a cell of radius R. The x-axis
shows 4.5 um along the long axis of the cell. Nodes are shown in
red, actin filaments in green. Using parameter values measured in
experiments, nodes formed an equatorial ring within a time consis-
tent with experiment
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ent randomness—it may confer resistance to rupture or
relaxation during deformation, endowing assembly with a
measure of robustness.

According to another proposed mechanism, actin fila-
ments for the contractile ring may originate from a single
spot as a leading actin cable (Bathe and Chang, 2010; Mishra
and Oliferenko, 2008; Roberts-Galbraith and Gould, 2008).
No quantitative models yet describe this mechanism.

Several studies abstract contractile ring formation, postu-
lating a mechanism shared among several organisms. One
hypothesis couples myosin-induced cortical filament flow
to filament alignment (Salbreux et al., 2009). According to
this hydrodynamic approach, an active gel of filaments
self-organizes in response to an inhomogeneous myosin dis-
tribution. In an earlier work, another group also employs
the continuum modeling to explain ring formation with ac-
tive gel theory (Zumdieck et al., 2005). This differs from
the model of Salbreux and others because a ring is one
among many patterns—such as a state with four rings and
another with two oscillating rings—emergent from instabil-
ity of a homogeneous state rather than reactive to myosin in-
homogeneities.

In addition to cytoskeletal effects, membrane modifica-
tions assist motor proteins during ring formation and con-
traction. The cell’s repertoire of membrane-associated pro-
teins sense and affect curvature, anchor proteins to the
membrane, and mark membrane regions (Frost et al., 2009).
In particular, fission yeast Cdc15p contains BAR domains,
making it sensitive to local curvature (Aspenstrom et al.,
2006). Nodes contain this protein, which may link them to
sterol-rich domains in the middle of the cell (Takeda ef al.,
2004). One group supposes that interplay between contrac-
tion and curvature may cause ring formation in many cell
types (Shlomovitz and Gov, 2008). According to their model,
a contractile network develops a ring due to instability of
uniformly distributed membrane-bound protein clusters,
such as of Cdc15p.

The general models discussed above have the advantage
of providing physical insight and offer qualitative frame-
works for describing ring formation. Quantifying physical
properties—measuring rate constants, flow velocities, inter-
action strengths—may eliminate or support these models. At
present, they depend on many unmeasured quantities and de-
scribe ring formation phenomenologically.

Modeling ring constriction

Following formation, the contractile ring constricts around
the cell’s equator and a septum forms. Several models
describe actin filaments and myosin motors in contractile
steady-states (Carlsson, 2006; Kruse and Jiilicher, 2003;
Larripa and Mogilner, 2006; Liverpool and Marchetti,
20006). But contractile rings exchange proteins with the cyto-
plasm during constriction. One model describes ring con-
striction in nematode embryos (Zumdieck ef al., 2007) and,
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according to the authors, may apply to fission yeast. Their
model includes dynamic exchange between ring and cyto-
plasm. This description identifies possible sources of the
contractile stress needed to cleave the cell, including depoly-
merization of filaments cross-linked by end-tracking motor
proteins. This model may inform a future model specific to
fission yeast but details—magnitudes of forces, identities of
proteins, inclusion of nodes—will necessarily differ.

Modeling the mitotic spindle

As the ring constricts, the spindle apparatus ensures both
compartments contain the proper genetic material. One
study describes how microtubule cross-linkers and sliding
motors regulate spindle elongation during mitosis (Fu et al.,
2009). They present a computational model to describe their
experimental results. In the model, microtubule bundling
protein Aselp, after dephosphorylation, recruits dephospho-
rylated kinesin motors to the spindle. These motors control
the overlap distance of antiparallel microtubules and, accord-
ingly, the spindle length. This mechanism ties spindle length
to the cell cycle.

Most modeling studies of the spindle address other or-
ganisms. Reviewing efforts to understand mitosis, Mogilner
et al. (2006a) stress the role of modeling in understanding
how dividing cells form, maintain, and position their mitotic
spindle. And they describe the progress, highlighting models
that led to experiments that further led to refined models.

One such loop starts with a theoretical study of the bud-
ding yeast spindle during metaphase (Sprague ef al., 2003).
The authors model how microtubules emanating from the
spindle pole body position kinetochores—the protein com-
plex that attaches them to chromosomes. Their models gen-
erate images of simulated kinetochores and spindle pole bod-
ies, which they compare statistically to corresponding
images of live budding yeast. This rules out several models.
Their models, which included dynamic instability of micro-
tubules, failed to match their data with rescue and catastro-
phe frequencies independent of distance from the spindle.
With this dependence included, simulated microtubules
behaved as observed. This model did not include effects of
kinetochore tension on microtubule dynamics. But more
data emerged (Pearson et al., 2004). This led Gardner and
others to refine the earlier model and conclude that a model
with tension-dependent regulation better fits experimental
data (Gardner et al., 2005). Continuing this line of inquiry,
Gardner ef al. (2008) modeled how kinesin motor proteins
may allow cells to raise the catastrophe rate of longer micro-
tubules. Another group employed image analysis to quantify
the relationship between microtubules and kinetochores in
budding yeast (Dorn et al., 2005).

The models reviewed by Mogilner ef al. (2006a) consider
the spindle apparatus as it functions in many organisms. But
animal cells, budding yeast, and fission yeast solve this prob-
lem differently. The solution evolution found for fission yeast
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may differ due to cell geometry, chromosome count, and the
closed nature of mitosis, among other factors. Efficient or-
ganelle positioning by microtubules depends on cell shape
(Toli¢c-Nerrelykke, 2008). Pushing forces predominate in
short and symmetric cell interiors such as the fission-yeast
nucleus. Pulling forces are more complex but more capable
in asymmetric or large interiors. Future quantitative models
may support this distinction.

Meiosis

The fission-yeast spindle pole body oscillates during meio-
sis. Selecting this system since oscillations often signal col-
lective behavior, Vogel et al. (2009) propose a minimal
model to capture the cause of spindle pole body oscillations.
They focus on the collective behavior of dynein motor pro-
teins. According to their study, dynein may self-organize and
pull dynamic microtubules toward the tips of the cell. In the
model, a large-scale behavior, oscillations across the cell,
arises from simple interaction at the molecular level.

CONCLUSIONS AND OUTLOOK

Healthy fission yeast depends on many systems and mecha-
nisms. Modeling them individually provides progress toward
a piecemeal mathematical description of the whole, to be re-
fined according to experimental findings. Although the cur-
rent description may seem more patchwork than quilt, recent
models exhibit some overlap. Models of polarized growth as-
sume cells define their tips and models of microtubule orga-
nization explain how cells could define their tips. Accumu-
lating accurate quantitative models of cytoskeletal
components reveals new questions about how they fit to-
gether and the extent to which this modular approach can
provide an integrated description of a living cell.

To apply these models to more complex organisms, they
will almost certainly require modifications. But the need for
modifications will inform us. Cytoskeletal elements and
regulators are often strongly conserved. In some cases, ask-
ing why the models must be adjusted despite this may lead to
insight about the organism—may reveal why the organism
required the adjusted mechanism. To confidently address
these complex questions, we must first demonstrate the accu-
racy and predictive power of modeling simpler biological
systems. The studies described in the review provide first
steps toward this demonstration. Fission yeast provides, at
least, a testing ground for modeling methods—a foundation
for modeling more complex organisms.
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