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Cytokinesis is emerging as a control system defined by interacting biochemical and mechanical modules,
which form a system of feedback loops. This integrated system accounts for the regulation and kinetics
of cytokinesis furrowing and demonstrates that cytokinesis is a whole-cell process in which the global
and equatorial cortices and cytoplasm are active players in the system. Though originally defined in

Actin Dictyostelium, features of the control system are recognizable in other organisms, suggesting a universal
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mechanism for cytokinesis regulation and contractility.

© 2010 Elsevier Ltd. All rights reserved.

Contents

Actin crosslinkers ...........oovviiiiiii i
Myosin—ACLP interactions...........cceeeeeeiuieeeennnnenn.

Biochemical-mechanical feedback loops: integrating the modules

S2O0NUAWN =

- O

Conclusions

ACKNOWIEdZeMEeNTS. ... ettt ettt eie et iee e iaeeeannns
ReferenCes ..oouet et e

Myosin and myosin force generation..............cccoeeevuuniiiiinn.

Mechanosensing module activated during cytokinesis.................
Regulation of the mechanosensory response by RacE..................

Cylinder-thinning model ...t it

1. Introduction

Cytokinesis, the final step leading to the physical separation of a
mother cell into two daughter cells, is often depicted as a linear pro-
cess regulated by pathways that initially emanate from the mitotic
spindle [1-3]. In actuality, because cytokinesis is a process medi-
ated by biochemical interactions as well as the physical parameters
of the cell and mechanical inputs, it is regulated by several parallel

* Corresponding author at: Department of Cell Biology, Johns Hopkins University
School of Medicine, Baltimore, MD 21205, USA. Tel.: +1 410 502 2850;
fax: +1 410 955 4129.
E-mail address: dnr@jhmi.edu (D.N. Robinson).

1084-9521/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.semcdb.2010.08.003

yet congruent pathways that intersect to form a complex cytokine-
sis network. This network is an interdependent array of separately
regulated circuits and feedback loops that can be broken down into
functional modules [4]. Here, we will examine the individual com-
ponents that work in concert to drive the cytoskeletal remodeling
of cytokinesis.

Traditionally, cytokinesis is viewed as occurring through the
constriction of the cleavage furrow by a contractile ring composed
of anti-parallel actin bundles interdigitated by the force-generating
protein, myosin I, whose accumulation at the furrow is presumed
to be mitotic spindle mediated [5-7]. The circumferential array
of actin and myosin II is found in a number of organisms from
Schizosaccharomyces pombe to Hela cells [6,8,9]. However, there
are plentiful examples of organisms that do not have a distinctive
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ring structure, such as adherent mammalian fibroblasts and Dic-
tyostelium [10-12]. In these cell types, actin polymers and myosin
II are arranged in a contractile meshwork [11]. These two distinct
structural observations imply that the actomyosin organization
may be the result, not the cause, of contractility. We suggest that
the core principles of cytokinesis — the mechanical and biochem-
ical parameters - are common among organisms and that it is in
the regulatory mechanisms where the organismal differences lie.
How a cell generates and responds to internal mechanical stress is
dependent upon the structure of the cell and force-sensitivity of the
protein players involved in cell division. Although the list of pro-
teins involved in cytokinesis is extensive [7,13], we will focus on
the integral players which individually define structural and func-
tional modules: the plasma membrane, actin filaments, myosin II,
and actin-crosslinking proteins.

2. Membrane and membrane dynamics

At first glance, cytokinesis is a physical process by which the
surface of a cell is severely deformed to promote furrow ingres-
sion, bridge formation, and ultimately two new daughter cells. In
order for these various characteristic cell shape changes to occur,
the plasma membrane must be rapidly remodeled to accommo-
date cytoplasmic volume conservation, without rupturing under
the internal stress associated with those shape changes, and while
increasing the final total surface area by ~26% [14-16]. Membrane
dynamics are regulated in part by endocytosis and exocytosis — two
processes involved in engulfing membrane and depositing lipids,
respectively, to remodel plasma membrane. Genetic mutants of
proteins involved in these processes generate cells with cytokinesis
defects. Additionally, lipid composition may play a role in mem-
brane and cytoskeleton regulation, since the lipid composition of
the furrow region and of the poles are different [17-19]. Whether
or not membrane remodeling actively promotes cleavage furrow
ingression or passively affects cell shape change by altering surface
area to accommodate stress changes currently remains unclear.

The plasma membrane is also an integral component of a phys-
ical parameter essential for cell shape change - cortical tension.
Cortical tension is defined as the force in the cell cortex and over-
lying plasma membrane that serves to minimize the surface area
(demarcated by the membrane) to volume ratio and it is comprised
of all of the mechanical stresses that act at the surface of the cell
[20,21]. Cortical tension affects cleavage furrow ingression dynam-
icsinamultitude of ways: it originally opposes the forces deforming
the mother cell, while later acts in the furrow region to aid in push-
ing out the cytoplasm from the bridge region into the two daughter
cells [22]. Concurrently, the cortical tension in the new daughter
cells works to withstand and accommodate the cytoplasmic move-
ment from the bridge. How cortical tension affects a dividing cell is
dependent not only upon the boundary forces put in place by the
plasma membrane, but also on the plasticity of the cytoskeleton.

3. Actin

The primary structural component of the contractile cytoskele-
ton is the actin polymer (Fig. 1). These filaments are semi-flexible,
meaning that their mechanical characteristics are dictated by two
length-scales defined by the polymer contour length (L) and the
persistence length (Lp) [23,24]. L¢ is the length of the polymer,
whereas Lp is the distance between two points on the poly-
mer where those points behave independently of each other. The
relationship between L. and L, partly describes the mechanical
properties of a polymeric network. When L¢ > Lp, a polymeric net-
work will stiffen upon the application of large forces. When L. <Lp,
then the network properties are dominated by polymer concentra-

tion and crosslinkers [25,26]. Because the L, for actin is 10-17 um
and polymer lengths are much shorter (up to 100-fold shorter) than
Ly in living cells [8,11], the properties of the living actin network
will be primarily dominated by actin concentration, the lifetime of
the actin polymers, and the density, properties and lifetimes of the
proteins acting upon and/or crosslinking the actin polymers.

4. Myosin and myosin force generation

The major active force generator of cytokinesis is myosin II
(Fig. 1). The functional unit of myosin Il is the bipolar thick filament
(BTF), comprised of hexameric monomers (M), consisting of two
heavy chains, two essential light chains (ELCs), and two regulatory
light chains (RLCs) [27]. Myosin Il monomers assemble into bipolar
thick filaments (BTFs) with most mammalian nonmuscle myosin
IIs assembling into BTFs containing 10-30 monomers and in Dic-
tyostelium, into BTFs of up to 70 monomers [28,29]. Dictyostelium
BTF assembly is thought to occur first through a nucleation pro-
cess in which parallel dimers (D) assemble from two monomers
(M), and then two parallel dimers assemble into an anti-parallel
tetramer. Subsequent elongation occurs through dimer addition.
The assembly of BTFs is regulated by myosin heavy chain kinases
(MHCKs), which in Dictyostelium phosphorylate three threonines
in the tail of the heavy chain downstream of the assembly domain
[30,31]. Phosphorylation of these sites puts the myosin Il monomer
in an assembly incompetent state. Importantly, the phosphomimic
(3x Asp) mutant myosin cannot assemble into BTFs and cannot
accumulate at the cleavage furrow cortex. Conversely, the unphos-
phorylatable (3x Ala) mutant overassembles into thick filaments,
over-accumulates at the cleavage furrow cortex and has severely
impaired BTF assembly-disassembly dynamics in the cell cortex
[15,30,31]. For mammalian nonmuscle myosin II, in addition to
heavy chain phosphorylation, RLC phosphorylation helps modulate
BTF assembly [32-35]. RLC phosphorylation of assembled myosin
Il also increases the actin-activated ATPase activity, which is likely
due to freeing the motor so that it is more able to bind an actin
filament [36-38].

Cell shape dynamics are modulated in large part by the tension
produced by myosin Il on the actin cytoskeleton. Myosin generates
force as it goes through its conformational changes and generates
work as it moves relative to the actin filament [27]. The number of
myosin Il motor heads bound to actin at any one time is dictated by
the motor’s duty ratio and the total number of available myosin II
heads. The duty ratio is the ratio of time that the motor is strongly
bound to the actin filament (the “strongly bound state time”) to the
length of the entire ATPase cycle. Of the myosin binding cycle, the
force-sensitive step occurs during the conformational changes that
precede the ADP-bound, post-stroke conformation. Consequently,
resistive tension is generated as the lever arm swings through its
power stroke as long as the actin filament is stably anchored by
actin linking/crosslinking proteins. This tension results in strain on
the lever arm, constraining the lever arm’s swing and ensuring that
the motor remains bound in the load-bearing transition (isometric)
state for a longer period of time (i.e. increasing the duty ratio of the
motor).

5. Actin crosslinkers

The final essential components of the cytoskeleton and con-
tractile system that complete the actin-myosin modules are the
actin-crosslinking proteins (ACLPs). They are tasked with tether-
ing individual actin polymers to each other and to the plasma
membrane, allowing for localized mechanical stress to propagate
throughout the network, and pulling in of the plasma membrane
during cleavage furrow ingression. The presence of ACLPs on the
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Fig. 1. Distinct sets of proteins control equatorial and global cortices. (A) Global proteins are distributed around the cortex but enrich in the polar cortex [11,40,41]. Equatorial
proteins are similarly distributed around the cortex but enrich in the cleavage furrow cortex [15,46]. In other words, these two sets of proteins are found in complementary
concentration gradients. (B) From genetic interactions and cellular distributions, cytokinesis contractility is governed by two modules of proteins, global and equatorial
[11,22,40,41,45]. The global proteins are actin-crosslinking proteins including dynacortin, enlazin (the Dictyostelium ezrin-radixin-moesin-related protein), fimbrin and
coronin. These proteins are regulated by RacE. The principle actors in the equatorial module include myosin II and cortexillin. Because of the overlapping complementary
nature of the concentration gradients, it is worth noting that global myosin II also contributes to the mechanics of the global cortex. (C) Cytokinesis is a mechanical process
that is governed by mechanical features defined by the two modules of proteins. Mechanical features include cortical tension (Teg), elasticity (E), and viscosity (n; which is
a highly non-linear, force-dependent parameter [79]. The relevant parameter for cytokinesis is listed [22].). The E value varies around the cortex and depends on myosin
I (Ewt VS. Emyo) [11]. The mechanical phase angle (8) indicates the solid-liquid-nature of the cortex, where 0° corresponds to a solid and 90° corresponds to a liquid. The
Dictyostelium cortex is viscoelastic and highly solid-like [11,80,81]. The wild-type cleavage furrow ingression can be described as non-linear with an exponential character.
The rate constant k is provided. Along with Laplace pressures generated from surface/cortical tension, the stress differential (Ao’) controls furrow ingression dynamics [22].
Active radial stresses (o) are provided. The local concentrations of proteins, their recovery dynamics assessed by FRAP, and their impact on the cortical tension (relative to
wild-type, which is set at 100%) are provided [11,40,80].

actin filaments also imparts the network’s deformability character- of actin-binding domains, kinetic properties, in vivo concentrations

istics - that is, they dictate how the network responds to internal
or external stresses by defining the time-scale of those responses.
Additionally, some actin crosslinker binding lifetimes may be load-
sensitive due to their inherent molecular flexibility [11,25,39].

As a group, ACLPs are extremely versatile. They can organize
actin filaments into bundles or networks (meshworks) based on
their molecular structures, intermolecular configurations, number

and ratio to actin concentrations. Some actin crosslinkers contain-
ing more than one actin-binding domain (ABD) can monomerically
link actin filaments, whereas others form parallel or anti-parallel
dimers to crosslink the actin network. This flexibility of configura-
tions and characteristics accounts for the different affinities as well
as the different surfaces of the actin filaments to which these ACLPs
bind.
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Actin crosslinkers can be categorized generally into two spatial
networks, based on their localization in a dividing cell and their
role in cytokinesis [11,22,40-44] (Fig. 1). ACLPs that constitute the
equatorial network are found predominantly along the equator of
a dividing cell and prevail in an inverse gradient to those ACLPs
which comprise the global network and are found predominantly
at the cell’s polar cortices. In Dictyostelium, the equatorial network
is comprised primarily of myosin I and two isoforms of cortex-
illin [15,41-43,45,46]. Of the two, the cortexillin I isoform is more
dominant in cleavage furrow contractility and mechanosensory
responses (discussed below) and can anchor the actin network to
the plasma membrane. The major actin crosslinkers in metazoans
and S. pombe cells are respectively anillin and the anillin-related
proteins Mid1 and Mid2. These appear to provide the major orga-
nizational role of the actin network in these systems [47-53]. In
the Dictyostelium system, the global network, constituted of dyna-
cortin, fimbrin, coronin, and enlazin, is regulated by the Rac-family
small GTPase, RacE [41,54-56]. RacE is found to be important in
cell mechanics as severe mechanical defects have been observed
in RacE mutants, and in RacE null cells, dynacortin and coronin
do not accumulate in the cortex [41,55]. Dynacortin and fimbrin
work in conjunction with RacE to slow the rate of cleavage furrow
ingression induced by myosin Il and cortexillin [22].

This braking phenomenon observed in Dictyostelium with
the global actin crosslinkers dynacortin and fimbrin is similarly
observed in other systems. In mammalian systems, a-actinin par-
allels the behavior of dynacortin and fimbrin in that it slows furrow
ingression [44]. Upon overexpression of a-actinin, the rate of
furrow ingression decreases and actin polymers are stabilized. Con-
versely, in a-actinin-diminished cells, actin accumulation at the
cleavage furrow decreases and the furrow ingression rate increases.

6. Myosin-ACLP interactions

While myosin Il is one of the primary force-generating proteins
in cytokinesis, its mechanical impact is dependent upon two inde-
pendent factors: (1) the characteristics of the actin crosslinkers and
how they counter the mechanical forces generated by the cell, and
(2) whether or not the actin network is responding to mechani-
cal stress [11,41,57,58]. All of these components contribute to the
cell’s cortical tension and viscoelastic nature, although to different
degrees. By defining the viscoelastic nature of the network, these
proteins determine how the cortex is remodeled over a variety of
time-scales.

Actin crosslinkers exert different effects in wild-type cells ver-
sus myosin II null (myoll) cells, implying that myosin II affects
the kinetics and perhaps structures of these crosslinkers [11]. This
relationship further suggests that crosslinkers have the unique abil-
ity to respond to force, thereby influencing cell mechanics. Three
prime examples of this type of interplay can be discerned through
the interactions between myosin Il and dynacortin, fimbrin, and
cortexillin I (discussed in Section 7) [11,58].

In the case of dynacortin, the loss of the crosslinker from a
wild-type background reduces viscoelasticity by 50% and cortical
tension by ~25%. The pulling of myosin II against actin filaments
may result in a longer binding time of dynacortin to actin, as dyna-
cortin has a slower off-rate in wild-type cells (450 ms trec), than in
myosin Il heavy chain (myoll) null cells (290 ms Trec). On the other
hand, loss of fimbrin has no effect on cortical tension (measured
on the 1-s time-scale), but a discernable effect on the viscoelastic-
ity of the cell (~50%) (for technical reasons, only measured on the
0.1-100 ms time-scale). However, the cortical tension is affected
in myoll null strains when fimbrin is depleted. This time-scale-
dependency change is likely the result of changing off-rates of
fimbrin in the presence and absence of myosin Il - in wild-type

cells, fimbrin’s Trec is 260 ms, which is faster than the 680 ms mea-
sured in the myoll mutant. Two possibilities are consistent with this
data. In the first, myosin Il may pull on the actin polymers, removing
fimbrin from the actin network. In the second, without myosin II
actively rearranging the filaments, fimbrin may dwell inside larger
bundled networks. Both scenarios are supported by in vitro data in
which myosin Il can pull filaments from fimbrin-crosslinked net-
works [59].

7. Mechanosensing module activated during cytokinesis

All cells can mechanosense - the ability to perceive and respond
to internally or externally derived mechanical stress. Cells have
developed feedback loops by combining force-generating machin-
ery with the ability to sense mechanical stress, a process which
likely evolved from the need of simple cells to respond to chang-
ing environmental cues. These mechanical feedback loops have
been appropriated for a number of complex processes involving
a range of length- and time-scales, including, but not limited to
hearing, blood pressure regulation, and muscle contraction. Dur-
ing cell division, a mother cell must separate appropriately into
two daughter cells under a variety of external environments. There-
fore, a mechanical feedback loop must have evolved to respond to
these internally derived forces, allowing for cross-talk across the
heterogeneous cytoskeletal network to occur. Two observations
in Dictyostelium supported this original hypothesis: (1) dividing
cells that exhibit a cellular asymmetry recruit myosin II to correct
that asymmetry before proceeding through cytokinesis [57] and (2)
dividing cells that are overlaid with an agarose sheet, respond to
that compression with a higher accumulation of myosin II at the
cleavage furrow [60].

To explore whether or not such a feedback system exists in
cells, micropipette aspiration (MPA) was used to apply stress to
the surface of dividing cells equivalent to that experienced at the
cleavage furrow cortex (0.1-1nN/um?) [57,58,61] (Fig. 2). This
MPA-induced external stress leads to a deformation of the cor-
tex over ~10 to 30 wm? of surface area, which is on the scale of
the deformation that the cleavage cortex imposes during furrow
ingression. For comparison, the surface area of the cleavage furrow
cortex at the beginning of cell division is ~200 wm?, which reduces
to 5-10 wm? near the end of division. The applied stress leads to the
accumulation of myosin II, as well as the actin-crosslinking protein
cortexillin [, at the cell cortex inside the micropipette tip. The aug-
mentation of myosin Il and cortexillin I at the site of deformation
is interdependent - neither protein accumulates in the absence of
the other. Additionally, the recruitment of myosin and cortexillin to
the micropipette tip is independent of the global crosslinking pro-
teins fimbrin, dynacortin, and enlazin, suggesting that myosin II
and cortexillin I are unique in delineating a mechanosensory mod-
ule. In this module, cortexillin I would allow myosin II to generate
force and experience tension by anchoring the actin network, lock-
ing the motor into its isometric state. Additionally, the full bipolar
thick filament assembly dynamics are required as either inhibi-
tion of BTF assembly or disassembly kills the mechanosensitive
localization of myosin II. Taken together, these data imply that the
myosin II-cortexillin | mechanosensory module has three elements
required for its cooperative and coordinated response to mechan-
ical stress: (1) mechanosensitive myosin Il mechanochemistry, (2)
myosin Il BTF dynamics, and (3) cortexillin [-mediated actin fila-
ment stabilization.

To determine if myosin II was the active element of the sen-
sor, the pressure-dependencies of the mechanosensory response
of wild-type myosin Il and mutant myosin Il proteins with altered
lever arm lengths were measured and compared (Fig. 2B). To this
end, three mutants were generated: the 2x ELC mutant with an
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Fig. 2. Mechanical stress directs myosin Il and cortexillin accumulation. (A) Cortexillin accumulates in response to applied mechanical stress. (B) After the cell escapes from
the applied pressure, the cell proceeds through cell division. For A and B, green, GFP-cortexillin I; red, RFP-tubulin. (C) The myosin II lever arm length sets the pressure-
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provides an anchor so that the myosin motor can generate tension, stalling at the isometric state. Mechanosensitive accumulation also depends on the myosin II bipolar thick

filament assembly dynamics. Panels modified from references [57,58].

extra essential light chain, 13 nm lever arm and 4 pm/s unloaded
actin sliding velocity; the ABLCBS mutant with both light chain
binding sites deleted, containing a 2nm lever arm and 0.6 pum/s
unloaded actin sliding velocity; and the S456L mutant with a
wild-type lever arm and ATPase activity but a 10-fold slower
unloaded actin filament sliding velocity. For comparison, wild-type
myosin I has a 9nm lever arm and a 3 pwm/s unloaded actin slid-
ing velocity. The two lever arm mutants have full actin-activated
ATPase activity, imparting fully phosphorylated wild-type myosin
Il characteristics. The longer lever arm mutant 2x ELC was more
responsive than wild-type, while the shorter lever arm mutant
ABLCBS was less responsive, requiring much higher pressures
to generate the mechanosensitive accumulation of myosin I and
cortexillin I. The S456L lever arm mutant showed a near wild-
type mechanosensitive response. These data clearly imply that
myosin II’s mechanochemistry is the active element of the myosin
II-cortexillin I mechanosensitive module, given that myosin’s Fpax
is inversely related to the lever arm length. The implication of this
lever arm-length dependency is that as myosin Il produces force, it
also experiences tension by pulling against an anchored actin fila-
ment. Consequently, the motor stalls at the isometric state, which
further causes the myosin Il motor to dwell tightly bound to the
actin filament (Fig. 2C).

Structure-function analysis revealed that the BTF assem-
bly/disassembly dynamics were essential for mechanosensitive
localization. Therefore, to determine where the sensitive step in the
assembly pathway might exist, kinetic simulations were conducted
using measured kinetic or equilibrium constants for each step of
the assembly pathway [58]. These simulations revealed two inter-
esting properties. First, BTF sizes will be dispersed exponentially,
with the minimal BTF (BTF3 where the BTF contains three dimers)
the most frequent size. This distribution occurs if the population
of 80% free assembly incompetent (heavy chain phosphorylated)
monomer (M) is maintained. Second, the major rate-limiting step
is the conversion of My to the assembly competent monomer (M).
These characteristics suggest that one of three possible assem-
bly mechanisms occurs during the mechanosensitive response. In

the first mechanism, assembly is initiated upon the activation of
a heavy chain phosphatase. In the second possibility, assembly is
driven by the local inactivation of MHCK. In the third scenario,
assembly is promoted by cooperative interactions of smaller BTFs
with the actin polymer. Here, the mini-BTFs are stabilized by force
locking the motor in the isometric state, which leads to the local
accumulation of more myosin Il monomers, promoting their inser-
tion into the pre-existing BTF.

The final element of the mechanosensory module is the inter-
action between cortexillin I and myosin II, leading to their
stabilization on the actin polymer network. This interaction likely
occurs through cooperative binding to the actin filament. Myosin I
motors alone cooperatively bind to actin filaments and this coop-
erativity appears to depend on the isometric state of the myosin
motor, the heterologous proteins associated with the actin poly-
mer, or the structure of the actin filament itself [62-64]. In a
complex living system, all three modes of cooperative interactions
between myosin Il motors may contribute to mechanosensitive
localization. The isometric state-dependent mode is strongly sug-
gested by the lever arm length dependency of the mechanosensory
response. For myosin II to be stabilized in the isometric state, the
actin filament must be anchored so that when the motor pulls on
the filament, tension can be generated and experienced by the
motor. To determine if cortexillin I has such characteristics as a
stable actin anchor under the influence of force, cortexillin I-actin-
binding lifetimes were measured using single molecule analyses
[58]. Over a force range of —2 to 2 pN, cortexillin I has an actin-
binding lifetime of 550 ms, significantly longer than myosin II in
either the unloaded or loaded strongly bound state. Thus, cortex-
illin I remains bound to actin filaments long enough for myosin to
generate tension on the filament.

8. Regulation of the mechanosensory response by RacE

The wild-type mechanosensory response during cell division
is more vigorous than during interphase [57,58]. This is possibly
due to the greater deformability of dividing cells as compared to
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interphase cells [11] and/or changes in the localization patterns
of global actin crosslinkers [40,41]. Although wild-type interphase
cells do not readily show the mechanosensitive responses except
under very high pressure-regimes, RacE null mutants show a strong
mechanosensitive localization of both myosin II and cortexillin I
during interphase. These data suggest that the mechanosensitive
response, while operating throughout the cell cycle, is dampened
during interphase by the RacE pathway. RacE, which operates
upstream of the actin crosslinkers (e.g. dynacortin) in the global
network, also affects the cortical tension of the cell — RacE mutants
have a cortical stiffness that is 30% of wild-type cells and a
varied distribution of ACLPs [41,55]. Consequently, RacE activ-
ity may be modulated throughout the cell cycle, constraining the
mechanosensory pathway to cytokinesis by altering the cortical
mechanics of the dividing cell.

9. Biochemical-mechanical feedback loops: integrating the
modules

It is clear now that cytokinesis depends on a network of path-
ways, some of which are defined by their biochemical nature, such
as the kinases that regulate myosin Il assembly and activation
[31,65], and others which are defined by their mechanical nature,
such as the changes in cortical tension due to the interplay between
myosin Il and actin-crosslinking proteins [11]. These modules inter-
sect so that the dividing cell system assumes the form of a classic
control system (Fig. 3).

In this control system view, spindle signals are thought to
modulate equatorial and global mechanics. The global system
feeds through RacE to global crosslinking proteins and myosin II.

(A) Spindle Signals
/ R = hypothetical receptor

RacE

BTF, + R

This establishes the cortical tension of the cell, which acts first
to resist, then assist cleavage furrow ingression [11,22,41]. Con-
versely, the spindle signals that direct contractile proteins to the
cleavage furrow cortex originate, in part, from central spindle
microtubules, which communicate via kinesin-6 proteins - kif12 in
Dictyostelium [66] and MKLP1 in metazoans [7,67] - among other
microtubule-based motors. These signals may ultimately lead to
the accumulation of myosin Il and bipolar thick filament assembly,
through the activation of such contractility regulators as INCENP
and Aurora kinase (in Dictyostelium and metazoans) and/or Rho-
pathway regulators, MgcRacGAP and ECT2 (in metazoans) [68-70].
However, in metazoans, the Rho signal through Rho kinase is
not essential for myosin II localization once the regulatory light
chain phosphorylation has been provided [33,52,68,71,72]. Because
mechanical stresses can also direct myosin II (and cortexillin I) to
sites of high mechanical stress, mechanosensitive localization may
provide anindependent pathway for accumulating myosin Il locally
at the equatorial cortex. As the cell is actively elongating, stresses
along the equator may help direct myosin II there, providing a
redundant mechanism for myosin Il localization.

One of the missing pieces in fitting together the different cytoki-
nesis modules is the identification of a cortical receptor/anchor
(hypothetical receptor R) for the myosin Il bipolar thick filament
(Fig. 3). Its existence is supported by several lines of evidence. First,
in the presence of actin polymer disruptors, myosin II still asso-
ciates with the cleavage furrow [73]. Second, headless myosin Il
heavy chains can localize to the cleavage furrow in Dictyostelium
and mammalian cells, provided the cleavage furrow has started to
ingress[33,74]. The hypothetical receptor R may not require mature
BTFs for binding, but rather may be able to bind smaller nucleat-
ing BTFs, thus allowing free myosin II monomers to interact with

CK
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early and late Furrow Maintainance (localization)
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Cortical Tensiong — > (Myosin-based)
(furrow)

Cleavage Furrov: V-AAC Cooperativity between
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Fig. 3. Cytokinesis is a control system characterized by biochemical-mechanical feedback loops. (A) The cartoon depicts the cytokinesis control system. My and M refer
to assembly incompetent and assembly competent myosin II, respectively, which is modulated by MHCK. BTF,, refers to bipolar thick filaments assembled with n dimers.
M-A-A-C refers to the communication between myosin (M) and cortexillin (C) through actin (A). In metazoans, Rho kinase may function at the step of modulating myosin
assembly, and anillin may function analogously to cortexillin. The hypothetical myosin II cortical receptor (R) is yet to be determined. (B) This cartoon is a simplified version
of the control system in panel A, illustrating the basic structure. From control theory [82], this system has the structure of an incoherent negative feedback system with an
extra mechanical stress-activated positive feedback loop acting on the contractility module.
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the stabilized bound BTF nucleus. In higher metazoans, anillin has
been suggested to provide a cortical anchor, but this idea has been
challenged by structure-function studies in C. elegans [48,75,76]. It
is possible that if anillin is one of the anchoring complexes its role
is not essential due to mechanosensory-mediated localization. It is
likely however that the cortical anchor remains to be identified.

This whole contractile system feeds back on the spindle
signals. Precedence exists for cooperative interactions between
the contractile zone and the central spindle in Drosophila and
mammalian cells [77,78]. We have found that some spindle-signal-
associated proteins accumulate at the cortex in a mechanical
stress-dependent, microtubule-independent manner, though they
are not required for the mechanosensitive localization of myosin
I and cortexillin I, which form the mechanosensor. These observa-
tions point towards a feedback loop from contractility to the spindle
signals, rounding out the control system.

10. Cylinder-thinning model

All of the biochemical and mechanical modules work together
to affect five characteristics of furrow ingression dynamics: cor-
tical tension, radial stresses, compressive stresses, cytoplasmic
viscoelasticity and cortical viscoelasticity [22] (Fig. 1). To incorpo-
rate the contributions of these parameters, the simple analytical
cylinder-thinning model was proposed. This model accounts for the
cytoplasmic fluid flow from a well-defined furrow bridge into the
daughter cells. The cylinder-thinning model asserts that Laplace-
like pressures originating from the cortical tension generated at the
cleavage furrow and active radial stresses (o) from myosin II are
responsible for the outward flow of the cytoplasm from the furrow.
Laplace-like pressures are derived from the surface/cortical tension
and the membrane/cortex curvature. Variations in local curvature
and/or cortical tension can lead to pressure variations across the
cell. The actin-crosslinking proteins in the global/polar network,
coupled with the viscoelasticity of the cytoplasm and the Laplace-
like pressures inherent in the daughter cells, work in concert to
produce compressive stresses (o0;) that resist the push from the
cleavage furrow. The balance of these properties then controls how
fast the furrow ingresses and how the ingression dynamics change
over time (and consequently how cell shape changes over time).
Significantly, this analysis revealed that all genotypes of cells - from
wild-type to a broad array of mutants - divide according to their
own characteristic trajectories [11,22,40]. Furthermore, this anal-
ysis revealed that cytokinesis contractility cannot be explained by
events at the cleavage furrow cortex/contractile ring alone. Rather,
the mechanical and dynamical features of the entire cortex and
cytoplasm must be understood in order to explain cytokinesis con-
tractility.

11. Conclusions

Cytokinesis involves the interplay between mechanical and bio-
chemical pathways in what will likely prove to be a universal
mechanistic network. The basic premise for this system is that
furrow ingression is the result of mechanical stress which is radi-
ated throughout the cytoskeletal network by an intricate cross-talk
between a number of key elements and the cytoskeleton, whose
widespread structural integration with itself and the plasma mem-
brane allow for rapid mechanical and chemical signal transduction.
The significant overlap of these modules across organisms suggests
that fundamental differences in cytokinesis contractile mecha-
nisms are likely due to differences in subtle details of regulation
rather than in the network of mechanical and biochemical modules
that drive cytokinesis.
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