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Myosin-II (Myo2p) and tropomyosin are essential for contractile ring formation and cytokinesis in fission yeast. Here we
used a combination of in vivo and in vitro approaches to understand how these proteins function at contractile rings. We
find that ring assembly is delayed in Myo2p motor and tropomyosin mutants, but occurs prematurely in cells engineered
to express two copies of myo2. Thus, the timing of ring assembly responds to changes in Myo2p cellular levels and motor
activity, and the emergence of tropomyosin-bound actin filaments. Doubling Myo2p levels suppresses defects in ring
assembly associated with a tropomyosin mutant, suggesting a role for tropomyosin in maximizing Myo2p function.
Correspondingly, tropomyosin increases Myo2p actin affinity and ATPase activity and promotes Myo2p-driven actin
filament gliding in motility assays. Tropomyosin achieves this by favoring the strong actin-bound state of Myo2p. This
mode of regulation reflects a role for tropomyosin in specifying and stabilizing actomyosin interactions, which facilitates
contractile ring assembly in the fission yeast system.

INTRODUCTION

Myosin-II is essential for actomyosin contractile ring func-
tion and cytokinesis in animal cells (De Lozanne and Spu-
dich, 1987; Mabuchi and Okuno, 1977). Two myosin-II iso-
forms are found in fission yeast, Myo2p and Myp2p, both of
which function in the contractile ring. Myo2p is essential for
ring formation, cytokinesis, and growth (Kitayama et al.,
1997; May et al., 1997; Balasubramanian et al., 1998), whereas
Myp2p only becomes important for growth under stress
conditions (Bezanilla et al., 1997; Motegi et al., 1997).

Fission yeast actomyosin ring assembly occurs in two
stages (Naqvi et al., 1999; Motegi et al., 2000; Wu et al., 2003;
Wu et al., 2006): 1) Mid1p/anillin (Chang et al., 1996; Sohr-
mann et al., 1996) directs the recruitment of Myo2p to the
incipient division site as a band of cortical dots (“nodes”). 2)
By the start of anaphase B, Myo2p nodes and actin filaments
coalesce into a ring. Unlike the initial recruitment of Myo2p
to the division site, ring formation relies on Myo2p motor
function and actin filaments (Naqvi et al., 1999). Myp2p joins
the ring after assembly is complete (Bezanilla et al., 2000).
Ring constriction is then delayed until completion of chro-
mosome segregation and mitotic exit (Wolfe and Gould,
2005).

Although a number of proteins are essential for contractile
ring formation in fission yeast, it is largely unknown how
these proteins operate during ring assembly. Careful analy-
sis of node dynamics during the assembly phase led to the
development of a “search, capture, pull, and release” model.

Myo2p at one node was proposed to associate with actin
filaments growing from another node, forming a network
that gradually compacts into a tight ring driven by myosin-II
motor activity (Vavylonis et al., 2008). Recent studies with
mid1� cells have shown that rings can assemble in the ab-
sence of nodes, suggesting that the underlying molecular
mechanisms driving assembly can overcome the loss of spa-
tial organization when nodes are absent (Hachet and Sima-
nis, 2008; Huang et al., 2008). Such a mechanism may be
accounted for by the “leading cable” model of ring assembly
(Arai and Mabuchi, 2002; Wong et al., 2002; Kamasaki et al.,
2007; Mishra and Oliferenko, 2008; Roberts-Galbraith and
Gould, 2008). In this model actin cables emanating from a
single nucleation site are proposed to encircle the cell equa-
tor. The two models provide a framework for understanding
ring assembly, and the next challenge lies in determining
how the key cytokinesis proteins are regulated, and how
they work with one another to facilitate ring assembly.

Myo2p motor activity is established at the division site
by UCS (Unc-45-/Cro1p-/She4p–related) protein Rng3p.
Rng3p promotes the stability and motility activity of Myo2p
(Lord and Pollard, 2004; Lord et al., 2008) and is essential for
converting Myo2p nodes into functional rings (Wong et al.,
2000). However, Myo2p motor function and ring assembly
may also rely on actin filament–based regulation. Far from
bare, contractile ring actin filaments are associated with
tropomyosin (Balasubramanian et al., 1992) and actin-bun-
dling proteins (Eng et al., 1998; Wu et al., 2001; Takaine et al.,
2009). Tropomyosins are dimeric coiled-coil proteins that
bind along the length of actin filaments and regulate the
function of a number of actin-binding proteins (Cooper,
2002). In addition to regulating association with myosins
(Ostap, 2008), tropomyosins regulate filament depolymer-
ization and severing by cofilin and gelsolin (Fattoum et al.,
1983; Bernstein and Bamburg, 1992; Ono and Ono, 2002;
Nakano and Mabuchi, 2006; Fan et al., 2008), inhibit Arp2/
3-mediated growth of branched actin filaments (Blanchoin et
al., 2001), and promote rates of formin-mediated actin poly-
merization (Wawro et al., 2007; Skau et al., 2009).
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In complex eukaryotes multiple isoforms of tropomyosin
are expressed in the same cell, localizing to distinct compart-
ments (Martin and Gunning, 2008). The ability of tropomyo-
sins to differentially regulate key actin-binding proteins im-
plies a role in the functional specification of different actin
structures in the cell. Cdc8p, the sole tropomyosin in fission
yeast, is essential for contractile ring assembly (Balasubra-
manian et al., 1992). Cdc8p localizes to actin cables spanning
the cell length, contractile rings, and (to a lesser degree) actin
patches (Balasubramanian et al., 1992; Arai et al., 1998; Sk-
oumpla et al., 2007). Its distribution may influence the func-
tion of the different myosins operating at these structures.

In this study we used a combination of in vivo and in vitro
techniques to understand how myosin-II functions in con-
tractile ring assembly. We utilized a haploid strain engi-
neered to carry two copies of myo2 to assess how changes in
Myo2p levels influences ring dynamics and the function of
other cytokinesis proteins. We find that tropomyosin maxi-
mizes Myo2p motor function by influencing myosin-II ki-
netics to stabilize the actomyosin interactions critical for
contractile ring assembly. Our work provides mechanistic
insight into the process of actomyosin ring assembly in
fission yeast, and is consistent with an emerging role for
tropomyosin isoforms in specifying myosin function at
given actin structures in cells.

MATERIALS AND METHODS

Microscopy
A Nikon TE2000-E2 inverted microscope with motorized fluorescence filter

turret and a Plan Apo 60� (1.45 NA) objective was used to capture DIC and
epifluorescence cell images (Melville, NY). Fluorescence utilized an EXFO
X-CITE 120 illuminator (Nikon). NIS Elements software was used to control
the microscope (Nikon), two Uniblitz shutters (Vincent Associates, Rochester,
NY), a Photometrics CoolSNAP HQ2 14-bit camera (Tucson, AZ), and auto-
focusing. Time-lapse movies typically monitored contractile ring assembly
and dynamics by capturing yellow fluorescent protein (YFP)/green fluores-
cent protein (GFP) fluorescence every 2 min for 2 h at room temperature.
Autofocusing was performed on the differential interference contrast (DIC)
channel before captures. Cell suspensions (3 �l) were mounted on flat 30-�l
media pads (solidified by 1% agarose) prepared on the slide surface. A
combination of petroleum jelly, lanolin, and paraffin (1:1:1) was used to seal
slides and coverslips. To simultaneously track spindle pole bodies (Sad1p-
GFP) and rings (YFP-Myo2p/Rlc1p-GFP), a z-stack of six images (taken every
0.75 �m, spanning the depth of the cell) was collected every 2–3 min for 90
min using the YFP or GFP filter. Cells were grown in EMM-Ura� medium and
mounted on EMM-Ura� agarose pads when comparing ring dynamics in 1x
and 2xYFP-myo2 strains expressing excess Rlc1p (from a multicopy plasmid).
Images were captured using Nikon ND software and analysis of contractile
ring assembly time, dwell time, and constriction rate was performed using
ImageJ (http://rsb.info.nih.gov/ij/), Microsoft Excel (Redmond, WA), and
KaleidaGraph software (Synergy Software, Reading, PA).

Fluorescence microscopy was used to estimate YFP-Myo2p levels in con-
tractile rings (Wu and Pollard, 2005). Fluorescence intensities of contractile
rings in YFP-myo2 cells were compared side-by-side with those in 2xYFP-
myo2 cells in images derived from mixed samples. To differentiate between
the two strains, one harbored an integrated Sad1p-GFP fusion marking spin-
dle pole bodies. Images were maximum projections derived from z-stacks (0.5
�m) spanning the depth of the cells (4 �m). Final ring intensity measurements
were corrected for cytoplasmic or out-of-focus signal by blanking with an
identical area measurement taken from the cytoplasm, a distance away from
the ring. Analysis was performed using ImageJ software.

Fluorescence recovery after photobleaching (FRAP) experiments used
confocal laser scanning microscopy with a Zeiss LSM 510 META system
equipped with an argon laser, META detector, and a Plan Apo 100� (1.4 NA)
objective (Thornwood, NY). Cells were mounted on 1% agarose pads (as
described above) before microscopy at room temperature. A region of interest
(ROI) was selected on YFP-Myo2p contractile rings for directed bleaching.
Photobleaching iterations were performed briefly at high laser power, result-
ing in �90–100% signal loss. Signal recovery was monitored by time-lapse
analysis at low laser power with images collected every 3 s after bleach until
the recovery signal reached a plateau (�1 min). The LSM 510 software
(version 4.2) was used to collect images and perform data analysis (see the
Figure 3B legend). Recovery curves of YFP-Myo2p signal versus time were
plotted and fit using KaleidaGraph software (Synergy).

In Vitro Motility Assays
We used motility assays based on an established protocol (Kron and

Spudich, 1986) with 0.4–100 �g/ml Myo2p delivered into motility chambers.
Fluorescent actin stocks (5 �M) were polymerized by addition of 50 mM KCl
and 1 mM MgCl2 (with or without 2.5 �M Cdc8p), incubated for 30 min, and
then labeled with 5 �M rhodamine phalloidin for 30 min. After Myo2p was
adhered to the surface of a nitrocellulose-coated coverslip for 10 min, the
chamber was washed as follows: a) three times with motility buffer (25 mM
imidazole, pH 7.4, 50 mM KCl, 1 mM EGTA, 4 mM MgCl2, 2 mM DTT) plus
0.5 mg/ml BSA; b) three times with motility buffer alone; c) twice with
motility buffer containing vortexed (30 s) unlabeled actin filaments (1 �M); d)
three times with motility buffer plus 1 mM ATP; e) twice with motility buffer
plus 25 nM rhodamine phalloidin-labeled actin filaments (�Cdc8p), and
oxygen scavengers (50 �g/ml catalase, 130 �g/ml glucose oxidase, and 3
mg/ml glucose); f) twice with motility buffer plus 20 mM DTT, 0.5% methyl-
cellulose, and scavengers; and g) twice with motility buffer plus 20 mM DTT,
0.5% methyl-cellulose, 1.5 mM ATP, and scavengers. Washes (e–g) included
2 �M Cdc8p for all assays using Cdc8p-bound filaments. Experiments testing
the effects of ADP on Myo2p motility used 0.4 mM ATP and indicated
concentrations of ADP in the final wash buffer. Filaments were observed at
room temperature by epifluorescence microscopy and recorded at 2-s inter-
vals. ImageJ software was used to calculate filament velocities from time-
lapse series (n � �50 filaments).

ATPase Assays
Actin-activated Myo2p ATPase assays were carried out at room tempera-

ture in 2 mM Tris-HCl, pH 7.2, 10 mM imidazole, 60–165 mM KCl, 0.1 mM
CaCl2, 3 mM MgCl2, 2 mM ATP, and 1 mM DTT with 20 nM Myo2p and
0–100 �M actin/actin-Cdc8p filaments. Malachite green was used to quanti-
tate Pi release (Henkel et al., 1988). Controls omitting Myo2p were used for
each sample, and basal activity (detected in controls lacking actin) was
subtracted to derive actin-activated ATPase rates. Curves were fit to Michae-
lis-Menten kinetics using KaleidaGraph software.

Actin Filament Cosedimentation Assays
Myo2p was incubated with 10 �M actin (or Cdc8p-saturated actin) fila-

ments in 60 mM KCl, 10 mM imidazole, pH 7.0, 1 mM DTT, 8 mM MgCl2, and
8 mM ADP (with 0.5–2 mM ATP). Samples were ultracentrifuged at 4°C in a
TL100 rotor (Beckman Instruments, Fullerton, CA) at 120,000 � g for 60 min.
Supernatants were recovered and the actin filament pellets were resuspended in
an equal volume of G buffer (2 mM Tris, pH 8.0, 0.2 mM ATP, 0.1 mM CaCl2, and
0.5 mM DTT). Pellet and supernatant samples were boiled in SDS-PAGE sample
buffer, run on 10% SDS-PAGE gels, and stained with Coomassie blue.

Duty Ratio Measurements
Duty ratios (percentage of time myosin spends in the strong actin-bound

state per ATP hydrolysis cycle) for Myo2p with actin versus actin-Cdc8p
filaments were determined using two different approaches. First, the equa-
tion: v � d/ton (Huxley, 1990) was used, where v � motility rate (nm/ms; see
Table 4), d � Myo2p step size (nm), and ton � time Myo2p spends in the
strong actin-bound state per ATP hydrolysis cycle (ms). Given that the Myo2p
amino acid sequence indicates a similar sized light chain-binding domain
(with 2 IQ motifs) to that of skeletal muscle myosin, we assume Myo2p
step-size equals the �10 nm of muscle myosin-II (Finer et al., 1994). The VMAX
values for Myo2p derived from curves in Figure 6A (see Table 4) indicate the
time taken for a single ATP hydrolysis cycle (210/287 ms �/� Cdc8p). Duty
ratio was estimated by dividing ton values derived from maximal motility
rates by the total cycle time: 14.5/287 � 0.051 (5.1%) without Cdc8p and
28.6/204 � 0.140 (14.0%) with Cdc8p.

Second, we used an experimental approach to estimate duty ratio (Uyeda et
al., 1990; Harris and Warshaw, 1993). Rates of Myo2p-driven actin versus
actin-Cdc8p filament motility were measured at five myosin concentrations
(0.8, 1.6, 3.2, 6.4, and 16 �g/ml Myo2p). At these concentrations motility rates
steadily decline from the maximum rate (see Figure 7A). Ultimately, motility
rates are plotted versus the number of myosin heads available to a given actin
filament. Numbers of heads per square micrometer nitrocellulose were cal-
culated based on concentrations of Myo2p used and the chamber dimensions.
We assume that 50% of myosin entered into chambers attaches to nitrocellu-
lose (given efficiency of Myo2p binding was �50–60% at low Myo2p con-
centrations by Western blot analysis) and that all heads within a 26-nm-wide
band can interact with a passing actin filament (Uyeda et al., 1990). Numbers
of heads available to a given actin filament were based on the surface density
of Myo2p and filament length. Thus, a 1-�m-long filament associated with a
surface containing 100 heads/�m2 would have access to (26/1000 � 100) 2.6
heads. Data from plots of filament velocity versus number of Myo2p heads
available were fit to the equation: V � (a � VMAX) � (1 � [1 � f]N), where V
is actin filament velocity, VMAX is maximum filament velocity, f is duty ratio,
N is total number of motors capable of interacting with the actin filament, and
(a � VMAX) relates to the ability to move filaments at low motor density.
Fitting by nonlinear regression allowed (a � VMAX) and f to be determined as
parameters of the fit.
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Supplementary Material
Yeast strain and plasmid lists are provided in Supplementary Tables S1 and

S2. Additional details regarding yeast strains, plasmid constructions, and
protein purifications are provided in the Supplementary Material. Supple-
mentary Figures S1 and S2 (relating to contractile ring dynamic measure-
ments in Figure 5), Figure S3 (actin-binding activity of fission yeast-purified
Cdc8p), and Movies 1 and 2 (showing Myo2p motility � Cdc8p) are also
provided here.

RESULTS

Actomyosin Contractile Ring Dynamics Rely on an
Optimal Concentration of Myo2p

Contractile rings possess a remarkably uniform concen-
tration of Myo2p, which gradually increases as rings con-
strict (Wu and Pollard, 2005). We wanted to test whether this
uniform accumulation of Myo2p reflected the emergence of
an optimal concentration that (once reached) facilitates
Myo2p function in ring assembly. We initially took a stan-
dard approach to heightening Myo2p cellular levels using
plasmid-based expression (from the myo2 promoter). This
led to obvious defects in contractile ring integrity and cyto-
kinesis in a subpopulation of cells (Figure 1A). The relatively
high and inconsistent levels of Myo2p expressed in these
cells, along with the aforementioned cytokinesis defects,
made it difficult to accurately test whether contractile ring
dynamics are fine-tuned by Myo2p cellular levels. Thus, we
used a more subtle approach to alter Myo2p levels. Myo2p
expression in haploids was doubled by integrating a second
copy of myo2 into the genome. Fluorescence intensity mea-
surements of YFP were used to compare Myo2p levels at
contractile rings in cells with one copy (1xYFP-myo2) versus
two copies (2xYFP-myo2) of myo2 (Figure 1, B–E). For com-
parisons, mixtures of 1x and 2xYFP-myo2 cells were imaged
together. To distinguish one from the other, one of the two
strains was marked by a spindle pole body (SPB) marker
(Figure 1, B and C). Doubling myo2 copy number led to
about a twofold increase in Myo2p levels at the ring (Figure
1, D and E, Table 1).

The impact of doubling Myo2p levels on cytokinesis was
assessed by comparing the phenotypes of 1xYFP-myo2 and
2xYFP-myo2 cells. Both strains showed normal cell morphol-
ogy and exhibited no obvious defects in cytokinesis (Figure
1, B and C). We next compared contractile ring performance.
Four different properties of the ring were measured: assem-
bly: time taken for Myo2p to compact into a ring after its
appearance as a broad band of nodes; dwell: time from
completion of ring assembly until initiation of constriction;
constriction: change in ring circumference over time; and
lifetime: time from completion of ring assembly to comple-
tion of constriction. Our analysis revealed that rings assem-
bled about twofold quicker in the 2xYFP-myo2 strain (Table
2). These rings had a �1.5 longer lifetime than those in the
1xYFP-myo2 strain, which was reflected by a �1.5-fold
longer dwell time and �1.5 slower rate of constriction (Fig-
ure 2A, Table 2).

Although the estimated cellular concentration of the
essential light chain Cdc4p (4.75 �M) is about sixfold in
excess of Myo2p plus Myp2p (0.45 � 0.38 � 0.83 �M), the
regulatory light chain Rlc1p (0.60 �M) is limiting (Wu and
Pollard, 2005). Thus, in theory there is not enough Rlc1p
available to cover both Myp2p and the excess Myo2p in
the 2xYFP-myo2 strain. A lack of Rlc1p on the Myo2p
heavy chain may account for the altered contractile ring
dynamics of the 2xYFP-myo2 strain. Alternatively, Rlc1p
levels may simply equilibrate with myosin-II levels in
cells and (provided Myo2p is not grossly overexpressed)
maintain full coverage of Myo2p in the 2x strain. To

distinguish between these two possibilities, we compared
Myo2p and Rlc1p levels in 1xYFP-myo2 rlc1-CFP and
2xYFP-myo2 rlc1-CFP strains (Figure 2B). Although YFP-
Myo2p levels at contractile rings were clearly different in
the two strains, levels of Rlc1p-CFP were essentially the
same suggesting that Rlc1p is limiting and that excess
YFP-Myo2p in the 2x strain is lacking Rlc1p. However,
analysis of rings in the presence of excess Rlc1p (ex-
pressed from a multicopy plasmid) revealed that a lack of
light chains was not responsible for the difference in ring
dynamics observed between the 1xYFP-myo2 and 2xYFP-
myo2 strains (Figure 2C; Table 2).

Figure 1. Artificially altering Myo2p expression levels in the
cell. (A) Cell morphology (DIC images, left) and YFP/YFP-
Myo2p localization (fluorescence images, right) in wild-type fis-
sion yeast cells harboring pYFP (empty vector) or pYFP-myo2.
Cells were grown in EMM-Leu� media at 32°C. Elevated expres-
sion of Myo2p from a multicopy plasmid leads to obvious mor-
phological defects in cytokinesis in �12% of cells. The plot sum-
marizes cytokinesis phenotypes scored as multinucleate cells
(3� nuclei/cell) by fluorescence microscopy after treating cells
with Hoechst stain to mark nuclei. n � 300 cells. (B) Comparison
of Myo2p levels at contractile rings in a mixed population of cells
carrying one (1xYFP-myo2) or two (2xYFP-myo2) copies of myo2.
The two strains were grown separately in YE5S medium before
mixing and imaging by light microscopy using DIC (left) and YFP
(right) filters. The SPB marker Sad1p-GFP was incorporated into
the genome of the 2xYFP-myo2 strain to differentiate it from the
1x strain. Examples of each strain are indicated (arrows). (C)
Fluorescent image comparing 2x and 1x strains. As in B, except
the Sad1p marker was engineered into the 1x strain. (D and E)
Plots show relative YFP-Myo2p fluorescence intensity in contrac-
tile rings from corresponding 2x versus 1xYFP-myo2 strain pairs
indicated in B (D) and C (E). For each strain average intensity
values were derived from 30 rings from images of mixed popu-
lations.
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Cellular Concentration Regulates Myo2p Exchange Rates
at Contractile Rings
We performed FRAP experiments to test whether the con-
centration of Myo2p influences the rate at which it ex-
changes at the ring. Analysis of the 1xYFP-myo2 strain indi-
cated an average half-time (t1/2) for Myo2p recovery of �37
s in nonconstricting rings which becomes shorter (�13 s)
during constriction (Figure 3, A and B; Sladewski et al.,
2009). Compared with 1xYFP-myo2 rings Myo2p exchanged
about twofold faster in both nonconstricting and constrict-
ing rings of the 2xYFP-myo2 strain (Figure 3, A and B). Thus,
doubling Myo2p levels speeds up the rate it moves in and
out of the ring.

Collectively, FRAP (Figure 3) and ring dynamics (Fig-
ure 2, A and C, and Table 2) measurements with the 1x
and 2xYFP-myo2 strains indicate that the cellular level
of Myo2p influences actomyosin ring performance and
function.

Doubling Myo2p Levels Suppresses Cytokinesis Defects
Associated with Compromised Myosin-II and
Tropomyosin Function
Given the increased lifetime exhibited by the 2xYFP-myo2
rings, we wanted to test whether doubling Myo2p expres-

Table 1. Relative concentrations of Myo2p at contractile rings as a
function of myo2 copy number

Strain YFP-Myo2p (�M)a

1xYFP-myo2 20 � 6.4b

2xYFP-myo2 45 � 13.7

a Local concentration (�SD) of YFP-Myo2p at mature, nonconstrict-
ing contractile rings based on fluorescence intensity measurements
(relative to those of 1xYFP-myo2 haploid strains) presented in Figure
1. n � 60 rings.
b Final average fluorescence intensity values for YFP-Myo2p in
rings of the 1xYFP-myo2 strain were set to 20 �M, the established
local concentration of Myo2p in nonconstricting rings in YFP-myo2
cells (Wu and Pollard, 2005).

Table 2. Effect of myo2 copy number and mutations on contractile
ring dynamics

Ring property (�SD)a

Strain
Assembly

(min)
Dwell
(min)

Constriction
(�m/min)

Lifetime
(min)

YFP-myo2b 17.2 � 1.6 13.3 � 2.2 0.44 � 0.02 38.3
(17.4 � 2.8) (12.1 � 2.4) (0.40 � 0.05)

2xYFP-myo2b 8.9 � 2.3 20.7 � 3.0 0.31 � 0.05 56.2
(12.3 � 3.5) (21.8 � 2.7) (0.26 � 0.03)

YFP-myo2 cdc8-27 22.4 � 3.8 6.2 � 3.1 0.46 � 0.08 30.1
2xYFP-myo2 cdc8-27 14.9 � 3.0 19.7 � 4.9 0.30 � 0.06 56.4
rlc1-GFP 17.9 � 3.1 15.0 � 3.1 0.40 � 0.05 42.5
rlc1-GFP cdc8-27 23.1 � 3.6 10.5 � 3.1 0.38 � 0.06 39.4
rlc1-GFP myo2-E1 26.7 � 5.0 7.9 � 3.3 0.21 � 0.04 60.3

a Assembly: time taken for Myo2p to compact into a mature ring
after its appearance as a broad band of nodes; dwell: time from
completion of ring compaction until initiation of constriction; con-
striction: change in ring circumference over time. n � 30–50 rings/
strain. Dwell times and constriction initiation were discerned by
charting ring diameter over time for each ring. Individual constric-
tion rates were derived from slopes of constricting ring circumfer-
ences. Lifetimes are the sum of the average dwell and constriction
times. Constriction time was estimated by dividing a representative
contractile ring circumference (11 �m) by the average constriction
rate. All cells were grown at 25°C, and time-lapse microscopy was
carried out at room temperature.
b Values shown in parentheses for the YFP-myo2 and 2xYFP-myo2
strains were generated in the presence of excess Rlc1p (expressed
from a multicopy plasmid). The difference in ring constriction
rates in the YFP-myo2 and 2xYFP-myo2 strains was significant:
p � � 0.0001 (p � 0.0002 with excess Rlc1p).

Figure 2. Doubling Myo2p expression levels influences contractile
ring dynamics. (A) Kymographs comparing contractile ring lifetime
and dynamics in representative 1x and 2xYFP-myo2 cells. Each
kymograph is made up of a series of thin slices centered on the
contractile ring using images captured every 2 min. Slice height, 4.4
�m. Kymographs start from the point at which rings have assem-
bled, spanning dwell and constriction phases. Kymographs are
aligned based on the point at which constriction begins. (B) Com-
paring the relative levels of Rlc1p at contractile rings in 1x and
2xYFP-myo2 cells. Colocalization of YFP-Myo2p and Rlc1p-CFP in
representative cells was performed by epifluorescence microscopy.
1x and 2xYFP-myo2 strains were grown separately before mixing
and imaging by light microscopy using DIC (left), YFP (center),
and CFP (right) filters. The SPB marker Sad1p-GFP was incorpo-
rated into the genome of the 2xYFP-myo2 strain to differentiate it
from the 1x strain. (C) Plot charting the average assembly times,
dwell times, and constriction rates for contractile rings in 1x and
2xYFP-myo2 cells (n � 20) harboring excess Rlc1p (expressed
from a multicopy plasmid). Horizontal lines to the left of the
y-axis represent the average assembly time. On assembly ring
diameters were measured through dwell and constriction phases
and then collectively aligned at the point in time when rings
initiate constriction and averaged. The dwell phases (horizontal
line to right of y-axis) reflect the mean of the dataset (rounded up
to the nearest 2-min time point).
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sion exacerbated cytokinesis defects associated with mu-
tations in other contractile ring proteins. We found
2xYFP-myo2 interacted genetically with a myp2� null and
a temperature-sensitive cdc8-27 mutant. Myp2p is the
nonessential myosin-II, whereas Cdc8p is the sole tropo-
myosin in fission yeast. In each case doubling Myo2p
expression suppressed cytokinesis defects associated with
these mutants. Temperature-sensitive cytokinesis defects
of a myp2� strain were no longer evident (Figure 4,
A–C), whereas obvious cytokinesis defects associated

with cdc8-27 mutants grown at 32°C (but not at 36°C) were
absent in the 2xYFP-myo2 background (Figure 4, D–F).
The ability of excess levels of Myo2p to suppress a myp2
null is understandable because Myp2p and Myo2p pro-
vide the motor activity for the actomyosin ring. However,
until now, no direct role for Cdc8p in Myo2p function has
been reported. The fact that a two-fold increase in Myo2p
levels can rescue cytokinesis in a cdc8 mutant suggests
these two proteins work together and share a common
goal.

Figure 3. Doubling Myo2p cellular levels in-
creases its exchange rate at contractile rings. (A)
FRAP was used to measure YFP-Myo2p ex-
change rates in contractile rings using confocal
laser scanning fluorescence microscopy. Micro-
graphs compare recovery of YFP-Myo2p fluo-
rescence in nonconstricting rings from 1x (top
panels) and 2xYFP-myo2 (bottom panels) cells.
Panels on the far left show prebleached rings
that were subsequently bleached at a region of
interest (ROI). Subsequent panels chart recov-
ery of signal at the ring (0–27 s after bleach).
Red boxes indicate the point when recovery is
half-maximal (t1/2). Cells were grown in YE5S
media at 25°C before imaging at ambient tem-
perature. White bar, 4 �m. (B) Plots charting
FRAP at ROIs on nonconstricting and constrict-
ing rings from 2xYFP-myo2 cells. Fluorescence
intensities measured before bleach (�1.5 s) and
after bleach (every 3 s, 0–60 s) are plotted.
Individual ROI traces (thin lines) are shown
(n � 8–10) along with an average fit (F, thick
line). Datasets for each trace were corrected for
additional bleaching encountered during time-
lapse imaging by a control ROI (derived from
an unbleached ring in the same field of cells).
To facilitate curve fitting, zero signal intensity was set for each trace by subtracting residual YFP-Myo2p signal (detected at the first time point after
bleach, 0 s) from all trace values. Mean YFP-Myo2p recovery curves from FRAP experiments performed in parallel with 1xYFP-myo2 cells
(Sladewski et al., 2009) are included on each plot (E, dashed line). t1/2 values represent the mean generated from the fits of each individual FRAP
experiment.

Figure 4. Doubling Myo2p cellular levels
suppresses cytokinesis defects in myp2� and
cdc8-27 cells. (A–C) The influence an extra
copy of myo2 imparts on the temperature-
sensitive phenotype of a myp2� strain was
assessed by comparing cell morphology and
contractile ring integrity (A), growth (B), and
cytokinesis defects (C) in myp2� YFP-myo2
versus myp2� 2xYFP-myo2 strains. (A) Cells
grown at 25 and 36°C were imaged and pro-
cessed in identical manner using DIC (left)
and YFP (right) filters by light microscopy.
Bar, 4 �m. (B) Cells were grown at 25 and
36°C on YE5S plates containing phloxin B,
which labels dead cells (dark pink) over live
cells (light pink). (C) Cells grown in YE5S
media at 25 and 36°C were treated with
Hoechst stain to mark nuclei and cytokinesis
phenotypes scored as described in Figure 1A.
(D–F) As in A–C, only the temperature-sensi-
tive cdc8-27 mutation was used in place of the
myp2� mutation. Phenotypes were compared
after growth at 25 versus 32°C. Bar, 4 �m.
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Myo2p Motors and Tropomyosin Promote Actomyosin
Ring Assembly
Time-lapse analysis of contractile ring dynamics was under-
taken to explore whether Myo2p and Cdc8p share a role in
ring function and to understand how increased Myo2p lev-
els rescue Cdc8p function. We found that temperature-sen-
sitive Myo2p motor (myo2-E1) and cdc8-27 mutants exhib-
ited similar defects in ring dynamics. Rings took longer to
assemble and had shorter dwell times compared with wild-
type (Figure 5A; Table 2). However, although cdc8-27 rings
had normal rates of constriction (after growth at 25°C),
myo2-E1 rings constricted about twofold slower than wild-
type cells (Figure 5A; Table 2). Even at a semipermissive
temperature (30°C) where many cdc8-27 cells fail to form a
ring and exhibit cytokinesis phenotypes, this mutant still
had a constriction rate (0.39 � 0.09 �m/min; n � 25) similar
to wild type (0.40 � 0.08 �m/min; n � 20). A shorter dwell
time meant that the average contractile ring lifetime for the
cdc8-27 strain was shorter than that of a wild-type strain
(Figure 5A; Table 2). For the most part, ring defects associ-
ated with myo2-E1 and cdc8-27 mutants contrasted with
those exhibited by the 2xYFP-myo2 strain (where ring assem-
bly is quicker, dwell times longer, and ring lifetime ex-
tended; Table 2). Suppression in the cdc8-27 2xYFP-myo2
strain (Figure 4, D–F) was reflected by shorter, wild-type-
like assembly times, with dwell times and constriction rates
being more characteristic of the 2xYFP-myo2 strain (Figure
5A, Table 2).

Based on our analysis of ring dynamics, dwell time is
inversely proportional to assembly time (Table 2, Figure
5B). In this case, the short dwell times in the myo2-E1 and
cdc8-27 mutants are a result of delayed assembly, whereas
the long dwell times in the 2xYFP-myo2 strain reflect
premature assembly. However, at this stage we cannot

rule out that these altered dwell times are unrelated to
assembly and instead reflect defects in the timing of con-
striction. To differentiate between these two possibilities,
we compared the timing of ring assembly and constriction
relative to SPB position and mitotic progression, as illus-
trated in Figure 5C (and as exemplified by representative
wild-type, cdc8-27 , and myo2-E1 cells; Figure S2). Ring
assembly is completed later in the cell cycle of cdc8-27 and
myo2-E1 mutants compared with wild-type cells (Figure
5D). On average wild-type rings complete assembly �8
min before spindle breakdown, whereas cdc8-27 and
myo2-E1 rings completed assembly �1 min before and �6
min after spindle breakdown respectively (Table 3).
Therefore, shorter dwell times are a consequence of de-
layed ring assembly and are not due to premature con-
striction. In fact, the initiation of ring constriction was
clearly delayed in myo2-E1 cells (Figure 5D, Table 3).

We found that, consistent with the cell cycle analysis of
myo2 and cdc8 mutants, the longer dwell times of 2xYFP-
myo2 rings reflect premature assembly, which was com-
pleted �6 min earlier than in the 1xYFP-myo2 strain (Fig-
ure 5D, Table 3). The ability of elevated Myo2p levels to
suppress cdc8-27 mutants (Figure 4, D–F) was reflected in
the timing of ring assembly (Figure 5D, Table 2) that saw
cdc8-27 2xYFP-myo2 rings form �13 min earlier than those
in a cdc8-27 background (Figure 5D, Table 3). Rings in the
cdc8-27 background initiated constriction at the same
time, irrespective of whether one or two copies of Myo2p
were present (Figure 5D, Table 3). In summary, defects in
the Myo2p motor or Cdc8p delay ring assembly, although
doubling Myo2p cellular levels, speeds up ring assembly,
which in turn suppresses delayed ring assembly in cdc8-27
mutants.

Figure 5. Myo2p motor function and tropo-
myosin promote contractile ring assembly.
(A) Representative kymographs comparing
contractile ring lifetimes and dynamics in
wild-type (YFP-Myo2p), myo2-E1 (Rlc1p-GFP),
cdc8-27 (YFP-Myo2p), and cdc8-27 2xYFP-
myo2 cells. Kymographs were generated from
time-lapse fluorescence microscopy images
(as detailed in Figure 2A) from cell mon-
tages (shown in Supplementary Figure S1).
(B) A plot showing the correlation between
contractile ring assembly and dwell times de-
rived from values listed in Table 2. (C) Sche-
matic of a wild-type fission yeast cell illus-
trating the timing of contractile ring (red)
assembly, dwell, and constriction phases rel-
ative to spindle elongation and SPB (black)
separation during mitosis. Nuclei are shown
in gray. Diameters of assembled rings are
monitored in relation to SPB position to de-
termine the timing of contractile ring dynam-
ics in relation to progression through mitosis.
(D) Average SPB separation distances (black)
in relation to contractile ring diameter (red)
were monitored in cells over time. Plots were
generated from analysis of time-lapse images

(six z-sections) recorded every 2–3 min by fluorescence microscopy of SPBs (Sad1p-GFP) and rings (Rlc1p-GFP for wild-type, cdc8-27, and
myo2-E1 strains; YFP-Myo2p for the 2x strains). Rlc1p-GFP was used instead of 1xYFP-Myo2p because its signal was much brighter and
relatively resistant to the photobleaching incurred during collection of 1xYFP-myo2 z-stack movies. With respect to ring diameters, the
horizontal lines start upon completion of ring assembly and reflect the dwell phase before constriction (diagonal lines). For each strain shown,
n � 25–30 cells. Ring diameter and corresponding SPB separation measurements for each cell were collectively aligned in average plots at
the point in time when rings initiate constriction. The average time represented in the plots spanning SPB duplication (time zero) to spindle
breakdown (defined as peak SPB separation) reflects the mean of the dataset (rounded-up to the nearest time point). Likewise, the length of
ring dwell time plotted represents the mean.
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Tropomyosin Enhances Myo2p ATPase Activity
The observation that increased Myo2p expression sup-
presses the cdc8-27 mutant implies a role for Cdc8p in main-
taining effective Myo2p function in vivo. We therefore un-
dertook in vitro studies to determine whether Cdc8p
directly influences Myo2p function. Myo2p was purified as
previously described (Lord and Pollard, 2004). Functional
Cdc8p was overexpressed in fission yeast and purified
from cell extracts (Skau et al., 2009; Skoumpla et al., 2007;
Figure S3).

We used actin-activated ATPase assays to test whether
association of Cdc8p with actin filaments influences Myo2p
activity. Actin decorated with Cdc8p increased the activity
of Myo2p (Figure 6A). The effect was most prominent at
lower actin concentrations leading to a shift in the Michaelis
Menten kinetics (Km) reflecting a seven-fold increase in ap-
parent affinity for actin (Table 4). The VMAX was increased
�1.4-fold (Figure 6A, Table 4). Cdc8p promoted Myo2p
activity in a concentration-dependent manner, with full oc-
cupancy of Cdc8p on actin being required for maximal
activation (Figure 6B). An increase in ionic strength led to
diminished Myo2p activity (Figure 6C). However, Cdc8p
restored Myo2p activity at high salt (Figure 6C) indicative of

a difference in the nature of the actomyosin interaction when
actin is associated with Cdc8p.

Tropomyosin Maximizes Myo2p-driven Actin Filament
Gliding
In vitro motility assays were used to test how Cdc8p affected
Myo2p motor function. Although Cdc8p enhances Myo2p
activity in ATPase assays (Figure 6), association of Cdc8p
with actin filaments reduced motility rates about twofold
over a wide range of Myo2p concentrations (Figure 7A,
Supplementary Movie 1). However, Myo2p’s ability to bind
actin filaments was greatly enhanced by Cdc8p in this assay.
When Myo2p concentration was reduced, the number of
actin filaments associated with Myo2p at the coverslip sur-
face was much higher in the presence of Cdc8p (Figure 7B,
Supplementary Movie 2). Myo2p eventually failed to sup-
port any motility when applied to chambers at 0.4 �g/ml,
yet motility was maintained when Cdc8p was present. Fur-
thermore, at lower Myo2p concentrations (0.8–3.2 �g/ml)
most Cdc8p-bound filaments are motile, whereas the rela-

Table 3. Cell cycle timing of contractile ring assembly and
constriction

Time relative to spindle breakdown (min)a

Strain Assembly complete Constriction initiates

Wild typeb �8.3 � 2.7 �5.7 � 2.0
cdc8-27 �1.3 � 2.9 �8.9 � 3.3
myo2-E1b �5.6 � 6.2 �15.4 � 6.7
2xYFP-myo2 �14.0 � 3.2 �6.7 � 2.9
cdc8-27 2xYFP-myo2 �14.1 � 5.2 �8.7 � 4.0

a
Values represent the mean (�SD) generated from analysis of rings

and SPBs in 30 cells. Values correspond to the average datasets
provided in Figure 5C. Spindle breakdown is defined as the time
when SPB separation peaks.
b Contractile rings in these strains visualized by Rlc1p-GFP.
All cells were grown at 25°C, and time-lapse microscopy was car-
ried out at room temperature.
The differences in constriction initiation times in wild-type vs. mu-
tants were significant (p � 0.0006 for cdc8-27; p � � 0.0001 for
myo2-E1).

Figure 6. Tropomyosin promotes Myo2p’s
actin-activated ATPase activity. Actin-acti-
vated Mg2�-ATPase activity of purified Myo2p
was measured as a function of actin (or actin-
Cdc8p) concentration. Basal Myo2p ATPase ac-
tivities (detected from control reactions lacking
actin/actin-Cdc8p) and background Pi from ac-
tin or actin-Cdc8p (determined from controls
lacking myosin) were subtracted from all mea-
surements. Myo2p was included in reactions at
a final concentration of 20–30 nM. Plots were
generated from average values obtained from
three to four different datasets using at least two independent preparations of Myo2p, actin, and Cdc8p. Curves were fit to Michaelis Menten
kinetics using KaleidaGraph software. KCl concentration in reactions was 60 mM unless otherwise stated. (A) Myo2p activity in the presence of
actin filaments versus Cdc8p-saturated filaments. Actin filaments were preincubated with Cdc8p at a concentration of actin to Cdc8p molecules of
2:1. (B) Myo2p activity as a function of Cdc8p concentration. Actin was preincubated with a range of Cdc8p concentrations and included in
reactions at a final concentration of 15 �M. (C) As in A, only reactions included a higher concentration of KCl (165 mM). Actin filaments were
preincubated with Cdc8p at a concentration of actin to Cdc8p at 6:1.

Table 4. Effect of tropomyosin on the biochemical properties of
Myo2p

Property No Cdc8p �Cdc8p

In vitro motility (�m � s�1)a

Myo2p 0.69 � 0.04 0.35 � 0.02
Control: myosin-Va HMM 0.22 � 0.03 0.23 � 0.02

Actin-activated Mg2�-ATPaseb

Km (�M) 20.4 � 2.9 3.0 � 0.8
VMAX (s�1)c 3.5 � 0.2 4.9 � 0.2
ton (ms)d 14.5 28.6
Duty ratio (%)e

i) 5.1 14.0
ii) 3.2 � 0.3 5.8 � 0.4

a
n � 50 filaments. Rates (�SD) derived using 32 �g/ml myosin

(plus excess calmodulin for myosin-Va HMM).
b Values are derived from curves in Figure 6A (�SE).
c ATPase activity: molecules of ATP hydrolyzed per motor per
second.
d Values calculated using the equation: v � d/ton, where v � motil-
ity rate, and d � step size (assumed to be 10 nm).
e Values represent i) the percentage of time ton is occupied within an
ATPase cycle time (derived from VMAX values) and ii) experimental
values derived from curves in Figure 8D (�SE).
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tively few filaments apparent in the absence of Cdc8p were
mostly nonmotile (Figure 7C), presumably nonspecifically
adhered to the surface. Because about five-fold more fila-
ments (of which �80% are motile) are apparent in the pres-
ence of Cdc8p, compared with its absence (where only
�15% of filaments are motile), the number of motile fila-
ments increases 	25-fold when Cdc8p is bound to actin.

Although surfaces in our motility chambers are blocked
after attachment of Myo2p, we wanted to rule out the pos-
sibility that reduced rates of Myo2p motility were due to
drag caused by Cdc8p simultaneously interacting with actin
filaments and the coverslip surface. We used myosin-Va as a
control here given that this motor is not thought to be
regulated by tropomyosin (Wang et al., 2000). The fact that
myosin-Va exhibited identical rates of motility in the pres-
ence and absence of Cdc8p (Table 4) confirms that the effect
of Cdc8p on Myo2p motility is specific.

Tropomyosin Favors the Strong Actin-bound State of
Myo2p
Although ATPase and motility assays indicate Cdc8p pro-
motes actomyosin interactions, Myo2p’s motility rate was
consistently slower in the presence of Cdc8p (Figure 7A). At
saturating concentrations of myosin-II, motility is limited by
the relative length of time the motor occupies the strong
actin-bound ADP state (Siemankowski et al., 1985; Wang
et al., 2000). Thus, we wished to test whether Myo2p’s in-
creased actin affinity and reduced motility speed reflected a
preference for the ADP-bound state when associated with
Cdc8p-bound actin.

We first measured Myo2p properties as a function of
ADP:ATP ratios. We found that Myo2p motility was more
sensitive to increasing concentrations of ADP in the pres-
ence of Cdc8p (Figure 8A). Linear fits from plots of relative
motility rate versus ADP concentration indicated that 422
�M ADP was needed to reduce Myo2p motility by 50% in
the absence of Cdc8p, whereas only 186 �M ADP was
needed when actin was saturated with Cdc8p (Figure 8A).
Conversely, we used actin filament cosedimentation assays
to test the ability of increasing concentrations of ATP to
release Myo2p from a strong actin-bound (ADP) state (Fig-
ure 8B). As ATP concentration was increased, Myo2p shifted
from the strong-bound (pellet) to the weak-bound (superna-
tant) state both in the presence and absence of Cdc8p. How-
ever, this shift was more pronounced in the absence of
Cdc8p (Figure 8, B and C). Collectively, the data suggests
that Myo2p prefers the strong actin-bound state when
Cdc8p is bound to filaments.

We measured Myo2p’s duty ratio (percentage of time
spent in the strong actin-bound state per ATP hydrolysis
cycle) with and without Cdc8p using two different ap-
proaches. First, motility rates were used to derive ton values
(Table 4). Knowing ton and the VMAX of the actin-activated
ATP hydrolysis allowed us to calculate duty ratios of �5%
without Cdc8p, versus �14% with Cdc8p (Table 4). Second,
duty ratios were determined by performing motility assays
at low concentrations of Myo2p to measure the relationship
between motility rate and actin filament length (Uyeda et al.,
1990; Harris and Warshaw, 1993). Curve fits from plots
shown in Figure 8D determined duty ratios of �3% without
Cdc8p, versus �6% with Cdc8p (Table 4). Therefore, Cdc8p
enhances the affinity of Myo2p for actin by increasing the
amount of time the motor spends in the strong actin-bound
state, reflected by a �2–3-fold increase in duty ratio.

DISCUSSION

The rate of ring assembly is sensitive to the cellular concen-
tration of Myo2p. Cdc8p associates with actin filaments and
maximizes Myo2p motor function by promoting actomyosin
interactions. Thus, successful actomyosin interactions and
contractile ring assembly relies both on the establishment of
effective concentrations of active Myo2p motors and the
emergence of Cdc8p-bound actin filaments at the division
site.

Role of Myo2p and Tropomyosin in Actomyosin Ring
Assembly and Function
Doubling Myo2p expression levels led to premature contrac-
tile ring assembly, slower ring constriction, and faster
Myo2p exchange at the ring. Our findings suggest that ring
dynamics are fine-tuned by an optimal concentration of
Myo2p which in a wild-type cell balances timely ring assem-
bly with optimal rates of constriction. The slower rate of
constriction might be explained by myosin-II’s role in actin
filament turnover at contractile rings (Guha et al., 2005;
Murthy and Wadsworth, 2005). Higher levels of Myo2p
could lead to less actin filament sliding and more filament
destabilization resulting in nonproductive contractility and
slower ring constriction.

In addition to promoting ring assembly and faster rates of
Myo2p exchange at rings, increased Myo2p levels com-
pletely suppressed cytokinesis phenotypes associated with
myp2� mutants lacking the nonessential myosin-II Myp2p.
This finding indicates that Myo2p levels at rings are uni-
formly lower in wild-type cells (given they do not compen-
sate for loss of Myp2p). Based on our results, relatively low

Figure 7. Tropomyosin reduces the speed
but increases the efficiency of Myo2p-driven
in vitro motility. Epifluorescence microscopy
was used to generate time-lapse movies
tracking movement of rhodamine-labeled ac-
tin filaments across the surface of Myo2p
coated coverslips. Data presented was de-
rived from independent experiments using
two different preparations of Myo2p. (A) Av-
erage rates of Myo2p-driven actin/actin-
Cdc8p filament gliding as a function of the
Myo2p concentration adhered to coverslips.
(n � 50). (B) The number of actin versus
actin-Cdc8p filaments bound to coverslip

surfaces coated with low concentrations of Myo2p. Total number of filaments from three 130-�m2 fields (from three independent
experiments) are plotted at each concentration. (C) Percentage of actin (vs. actin-Cdc8p) filaments bound to the coverslip surface undergoing
motility as a function of Myo2p concentration. (n � 270–300 filaments).
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levels of myosin-II appear important to delay the precise
timing of ring assembly, but increased levels may become
important once rings have matured, dictating recruitment of
Myp2p (or the reliance on additional Myo2p in a myp2�
background).

Analysis of contractile ring dynamics in myo2-E1 and
cdc8-27 mutants indicated that Myo2p motor activity and
Cdc8p support efficient rates of ring assembly. The role of
the Myo2p motor in driving ring compaction is consistent
with a recent study showing that ring assembly is delayed in
mutants with compromised Myo2p motor function (Coff-
man et al., 2009). Doubling Myo2p levels suppressed cyto-
kinesis defects of cdc8-27 cells by promoting ring assembly.
This finding implies that Cdc8p plays a role in maximizing
actomyosin interactions in vivo. Although suppression was
evident in cdc8-27 cells grown at 32°C, it was not sustained
at 36°C. Thus, either there is not enough Myo2p in the
2xYFP-myo2 strain to support suppression at the restrictive
temperature, or Cdc8p has other essential roles whose func-
tion cannot be rescued by simply elevating Myo2p levels.

Unlike ring assembly, constriction rates were normal in
cdc8-27 cells grown at 25°C (or 30°C). In contrast, even at
25°C constriction in myo2-E1 mutants was much slower than
wild-type. Thus, Cdc8p’s ability to regulate Myo2p appears
be critical in establishing actomyosin interactions during
ring assembly, as opposed to maintaining them during con-
striction. Once rings are formed their subsequent constric-
tion may also rely on further enhancement of Myo2p motor

activity by other regulators. For example, activation by the
UCS protein may be more critical later given that Rng3p
only begins to concentrate at rings once they have matured
(Lord and Pollard, 2004). Phosphorylation of regulatory
light chain Rlc1p may also contribute to Myo2p activity
during constriction given this modification promotes maxi-
mal rates of Myo2p motility and optimal rates of ring con-
striction (Sladewski et al., 2009).

Regulation of Myo2p Motor Activity by Tropomyosin
Association of actin with Cdc8p increases the actin-activated
ATPase activity of Myo2p, reflected by a reduced Km and an
increased VMAX. The presence of Cdc8p resulted in about a
two-fold drop in the rate of Myo2p-driven actin filament
gliding in motility assays, although the number of filaments
undergoing motility was much greater in the presence of
Cdc8p. The ability of Cdc8p to increase the Myo2p duty
ratio suggests it may promote effective actomyosin interac-
tions by favoring Pi release and occupancy of the strong
actin-bound state. Because myosin-II motility is limited by
the strong bound state (Siemankowski et al., 1985), increasing
the relative time Myo2p spends in this state (per ATP hydro-
lysis cycle) limits the speed at which it translocates individual
actin filaments in motility assays, despite an increase in the
overall numbers of productive actomyosin interactions.

The ability of Cdc8p to promote actomyosin interactions
does not reflect the ability of Cdc8p to bind Myo2p. Such a
role for tropomyosin would be unprecedented and we

Figure 8. Tropomyosin increases the duty
ratio of Myo2p. (A) Average rates of Myo2p-
driven actin/actin-Cdc8p motility as a func-
tion of the ADP concentration in the running
buffer. ATP at 400 �M was included in the
running buffer throughout (n � 50, from two
independent experiments). Inset, motility
rates are plotted as percentages (where 100%
represents the rate measured in the absence
of ADP). Linear fits compare the ADP sensi-
tivity of Myo2p motility with and without
Cdc8p. (B) SDS-PAGE gel summarizing the
distribution of Myo2p in supernatant and
pellet fractions after cosedimentation with ac-
tin versus actin-Cdc8p filaments. All samples
included 8 mM ADP and the indicated con-
centrations of ATP. (C) Plots summarizing
results in B. Densitometry of the Myo2p
bands was used to compare relative levels of
Myo2p in supernatant and pellet fractions.
For each plot the value 1 represents Myo2p
levels found in the 0.5 mM ATP samples lack-
ing Cdc8p. (D) Plots of actin filament motility
rate versus the number of Myo2p heads avail-
able to interact with the filament for actin
(left) and actin-Cdc8p (right); n � 150. The
number of Myo2p heads available was deter-
mined based on actin filament length, the
concentration of Myo2p bound to the cover-
slip surface, and the estimated reach of a
myosin head (Uyeda et al., 1990). Curve fits
were used to determine the duty ratio of
Myo2p with and without Cdc8p (Table 4).
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found no evidence of this. Cdc8p’s ability to promote fila-
ment binding by Myo2p in actin cosedimentation assays was
sensitive to ADP-ATP ratios, suggesting Cdc8p mediates its
effects indirectly by influencing the ratio of weak- (ATP) to
strong- (ADP) bound actomyosin states.

Tropomyosin increases the motility rate of skeletal muscle
myosin about threefold (Umemoto and Sellers, 1990). Here
regulation of actomyosin interactions depends on myosin
concentration. At low myosin concentrations actomyosin
interactions are inhibited by tropomyosin, whereas this ef-
fect is reversed as myosin concentration increases owing to
its ability to cooperatively bind and “activate” tropomyosin-
bound filaments (Lehrer, 1994; Swartz et al., 1996; VanBuren
et al., 1999; Strand et al., 2001). However, unlike nonmuscle
cells, tropomyosins in striated muscle function specifically
with troponin to regulate myosin in a Ca2�-dependent man-
ner. Previous work with Cdc8p revealed that it inhibits
initial associations between actin and skeletal muscle myo-
sin S1 forms owing to its ability to occupy the closed con-
formation on actin filaments (Skoumpla et al., 2007), which
regulates interactions between actin and muscle myosin
(McKillop and Geeves, 1993). However, our experiments
with Myo2p are consistent with Cdc8p promoting actomy-
osin interactions, as opposed to gating access to the filament.

Relating Cdc8p to Tropomyosin Function in Nonmuscle
Cells
Although our work highlights the role of tropomyosin in
promoting actomyosin ring assembly in fission yeast, the
molecular mechanism we define is probably relevant in
higher eukaryotes, where regulation of nonmuscle myosins
by tropomyosin is not well understood. Overall, our find-
ings are reminiscent of some previous studies with non-
muscle myosin-II and tropomyosins in higher eukaryotes.
Overexpression of the human low-molecular-weight (LMW)
Tm5NM1 in rat cortical neuronal cells increases stress fiber
formation and leads to recruitment of myosin-IIA at these
structures (Bryce et al., 2003). LMW tropomyosins also
appear to be important for actomyosin ring function and
cytokinesis in transformed cells. For example, in cultured
astrocytes and low-grade astrocytoma tumor cells high-mo-
lecular-weight (HMW) tropomyosins localize at contractile
rings, whereas in high-grade tumor cells HMW tropomyosin
expression is lost and LMW Tm5a and 5b take over at
contractile rings (Hughes et al., 2003). Forced expression of
human LMW Tm5 and a chimera Tm5/3 (made from Tm5
and Tm3) in Chinese hamster ovary cells speeds up cell
division and cytokinesis (Eppinga et al., 2006). The ability of
these tropomyosins to accelerate cytokinesis may reflect
their ability to promote myosin-II motor function given that
purified Tm5 and Tm5/3 were previously found to enhance
the actin-activated ATPase activity of smooth muscle myo-
sin-II in vitro (Novy et al., 1993).

As with Myo2p and Cdc8p, budding yeast myosin-II
(Myo1p) also exhibits slower rates of in vitro motility in
the presence of tropomyosin Tpm2p (Huckaba et al.,
2006). However, this reduced rate of motility was found to
be due to Tpm2p’s ability to inhibit myosin-II-actin bind-
ing (Huckaba et al., 2006).

Implications for the Regulation of Contractile Ring
Function
A duty ratio of at least 50% is needed to support processive
walking of a double-headed myosin molecule along an actin
filament. Duty ratios of �4% (minus Cdc8p) and �10% (plus
Cdc8p) indicate that Myo2p is nonprocessive. Based on
these values, a Myo2p ensemble of at least 25 molecules

would be needed to support effective motility of actin fila-
ments in the absence of Cdc8p. The minimum number of
molecules required in this ensemble drops to 10 when
Cdc8p is present. Thus, in order to support effective acto-
myosin interactions during ring assembly, Myo2p must ei-
ther self assemble into filaments or use a scaffold to tightly
cluster. The nodes may provide such scaffolds.

How do our findings impinge on current models of ring
assembly? In the search, capture, pull, and release model
(Vavylonis et al., 2008; Coffman et al., 2009), formin-mediated
growth of new actin filaments from nodes provides tracks
that Myo2p in other nodes tug on to affect ring compaction.
Doubling Myo2p levels most likely increases the concentra-
tion of Myo2p motors available at nodes, which allows fas-
ter ring assembly by increasing the frequency of capture
(Myo2p-based motility), leading to greater force production
within the actin network and faster ring compaction. The
association of Cdc8p with growing actin filaments in these
networks would have a similar effect, which would explain
why doubling Myo2p levels suppresses defects in ring as-
sembly in a cdc8 mutant. In the leading cable model (Arai
and Mabuchi, 2002; Kamasaki et al., 2007) an increase in the
number of effective actomyosin interactions promoted by
Cdc8p (or by doubling Myo2p levels) would favor formation
of the actomyosin bundle/cable (Hachet and Simanis, 2008;
Huang et al., 2008; Mishra and Oliferenko, 2008). This is
presumably a prerequisite for this model given that Myo2p
motor function is ultimately essential for ring assembly
(Naqvi et al., 1999; Wong et al., 2000).
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