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The anaphase-promoting complex (APC) is a ubiquitin ligase that controls progression through mitosis by targeting
specific proteins for degradation. It is unclear whether the APC also contributes to the control of cytokinesis, the process
that divides the cell after mitosis. We addressed this question in the yeast Saccharomyces cerevisiae by studying the effects
of APC mutations on the actomyosin ring, a structure containing actin, myosin, and several other proteins that forms at
the division site and is important for cytokinesis. In wild-type cells, actomyosin-ring constituents are removed progres-
sively from the ring during contraction and disassembled completely thereafter. In cells lacking the APC activator Cdh1,
the actomyosin ring contracts at a normal rate, but ring constituents are not disassembled normally during or after
contraction. After cytokinesis in mutant cells, aggregates of ring proteins remain at the division site and at additional foci
in other parts of the cell. A key target of APC<d"! js the ring component Iqgl, the destruction of which contributes to
actomyosin-ring disassembly. Deletion of CDH1 also exacerbates actomyosin-ring disassembly defects in cells with
mutations in the myosin light-chain Mlc2, suggesting that Mlc2 and the APC employ independent mechanisms to

promote ring disassembly during cytokinesis.

INTRODUCTION

Cytokinesis is the complex process by which the cell divides
after completing nuclear division. In animal and fungal cells,
this process involves the contraction of an actomyosin ring
that contains actin, nonmuscle myosin II, and several other
structural and regulatory proteins and forms at the division
site shortly before division. Although the actomyosin ring
has been intensively studied, there remain many questions
about the mechanisms that control its assembly, contraction,
and disassembly (Robinson and Spudich, 2000; Glotzer,
2005; Eggert et al., 2006; Vavylonis ef al., 2008).

The regulation of cytokinesis and the actomyosin ring
have been studied extensively in the budding yeast Saccha-
romyces cerevisine (Wolfe and Gould, 2005). Preparations for
cytokinesis begin in late G1 with the formation of a septin
ring at the presumptive bud site (Versele and Thorner, 2005;
Iwase et al., 2006). The yeast septins have two functions in
cytokinesis: they recruit other cytokinesis proteins to the
mother-bud neck beginning in late G1 (Gladfelter et al.,
2001), and they act as a diffusion barrier that compartmen-
talizes cytokinesis factors (Dobbelaere and Barral, 2004).
Among the first proteins recruited is Myol, the sole type-II
myosin in S. cerevisize, which forms a ring at the presump-
tive bud site shortly before bud emergence (Bi et al., 1998;
Lippincott and Li, 1998; Luo et al., 2004). The myosin light
chains Mlcl and Mlc2 also associate with the Myol ring by
the beginning of mitosis (Luo ef al., 2004). The final prepa-
rations for cytokinesis occur after the chromosomes have
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segregated in anaphase, when Iqgl, a member of the IQGAP
protein family, is localized to the bud neck. Iqg1 is required
for actin-filament formation at the neck, a late (and possibly
final) step in assembly of the actomyosin ring (Epp and
Chant, 1997; Lippincott and Li, 1998; Shannon and Li, 1999;
Osman et al., 2002), as well as for other aspects of cytokinesis
unrelated to actomyosin-ring function (Korinek et al., 2000;
Nishihama and Pringle, unpublished data).

For successful cell reproduction, cytokinesis must occur
after the completion of chromosome segregation in an-
aphase. A key regulator of anaphase events is the anaphase-
promoting complex or cyclosome (APC), an E3 ubiquitin
ligase that, together with an E1 (ubiquitin-activating en-
zyme), an E2 (ubiquitin-conjugating enzyme), and an activator
(Cdc20 or Cdhl in S. cerevisiae), assembles ubiquitin chains on
its substrates, thereby triggering their degradation by the 26S
proteasome (Peters, 2006; Thornton and Toczyski, 2006; Ro-
drigo-Brenni and Morgan, 2007). The APC has two major sub-
strates: securin, the destruction of which triggers the met-
aphase-to-anaphase transition, and the mitotic cyclins,
activators of the cyclin-dependent kinase Cdkl (Cdc28 in S.
cerevisine). APC-mediated cyclin degradation lowers Cdk1 ac-
tivity and thereby promotes the completion of mitosis and
entry into G1.

APC activity is low from S phase to early mitosis and
higher in late mitosis and G1 (Peters, 2006; Thornton and
Toczyski, 2006; Sullivan and Morgan, 2007). The activator
subunit Cdc20 associates with the APC to initiate the met-
aphase-to-anaphase transition, after which the related acti-
vator Cdhl maintains APC activity in late mitosis and G1.
Although securin and the mitotic cyclins are the only sub-
strates whose destruction by the APC is required for cell
division (Thornton and Toczyski, 2003), the timely destruc-
tion of other substrates is thought to increase the efficiency
and robustness of cell-cycle progression. Because Cdhl ac-
tivates the APC just before cytokinesis, it is conceivable that
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degradation of specific APC<4h! substrates contributes in
some way to the control of cytokinesis.

Three APCh! substrates are known to be involved in the
control of cytokinesis: polo-related kinases (Cdc5 in S. cerevi-
siae), vertebrate anillin, and yeast Iqgl (Charles ef al., 1998;
Song and Lee, 2001; Echard ef al., 2004; Straight et al., 2005;
Zhao and Fang, 2005; Yoshida et al., 2006; Ko et al., 2007).
These proteins are all required for efficient progression
through cytokinesis; thus, their APC<4M-mediated destruc-
tion is not expected to promote cytokinesis but might in-
stead be predicted to help inactivate the cytokinesis machin-
ery as cell division is completed.

To identify potential APC functions in cytokinesis, we used
light and electron microscopy to visualize the cytokinesis ma-
chinery and cytokinesis structures in apc mutant cells. We
found that the actomyosin ring contracts in these mutants but
does not disassemble properly, at least in part due to a failure
to degrade Iqgl. The APC-mediated degradation of Iqgl ap-
pears to function in parallel with at least one other regulatory
pathway to promote the efficient completion of cytokinesis.

MATERIALS AND METHODS

Strains, Plasmids, Growth Conditions, and Genetic
Methods

Yeast strains are listed in Table 1 and are in the W303 or S288C genetic
background, as indicated. Yeast were grown at 30°C unless otherwise indi-
cated. Glucose, 2%, was used as carbon source except for experiments involv-
ing induction of gene expression under GAL promoter control, for which 2%
raffinose plus 2% galactose was used. Standard procedures were used for
growth of Escherichia coli, genetic manipulations, PCR, and other molecular
biological procedures (Guthrie and Fink, 1991).

The following strains and plasmids were kindly provided by other labora-
tories: strains yBRT135-1a and yTMN19 by David Toczyski (University of
California, San Francisco, San Francisco, CA); an hsl1A swelA cdhlA strain by
Mark Solomon (Yale University, New Haven, CT; Burton and Solomon, 2001);
a TUS1-GFP strain by David Pellman (Dana Farber Cancer Institute, Boston,
MA); a pGFP-MLC1 plasmid by Antonella Ragnini-Wilson (University of
Rome, Rome, Italy; Wagner et al.,, 2002); and mCherry plasmids by Peter
Walter (University of California, San Francisco, San Francisco, CA; Shaner et
al., 2004). The construction of plasmid YCp111-CDC3-green fluorescent pro-
tein (GFP) is described elsewhere (Nishihama and Pringle, unpublished data).

Cell-clustering Assay

To determine cell-cluster indices, cells from an exponential-phase culture
were washed with water, sonicated briefly, and observed by differential
interference contrast (DIC) microscopy. For each strain, cells were categorized
as 1) single or double cell bodies or 2) clusters of three or more cell bodies. The
cluster index is the percentage of 400 scored entities that were in category 2.

Light Microscopy of Fixed Cells

Visualization of F-actin, Myol-GFP, and DNA in the same cells was per-
formed as described (Bi et al., 1998). Exponential-phase cells were pelleted by
centrifugation for 30 s and then fixed by resuspending the pellet in ice-cold
70% ethanol and incubating on ice for 10 min. Cells were then incubated at
room temperature for 2 min with 20 U/ml (0.66 uM) TRITC-phalloidin (Invitro-
gen, Carlsbad, CA) in PBS containing 1 mg/ml BSA (Sigma, St. Louis, MO),
washed three times with PBS, and resuspended in mounting medium containing
1 ug/ml 4'6-diamidino-2-phenylindole dihydrochloride (DAPI, Invitrogen);
then 2-3 ul of this suspension was placed on a slide, covered with a coverslip,
and then pressed with a weight for 10 min before microscopic examination.
Fluorescence and DIC microscopy were performed using a Zeiss Axiovert
200M microscope equipped with a 63x NA 1.4 oil immersion DIC objective
(Plan-Apochromat, Zeiss, Thornwood, NY), an X-cite 120 mercury arc lamp
(EXFO, Electro-Optical Engineering, Plano, TX), and an Orca ER camera
(Hamamatsu Photonics, Bridgewater, NJ). MetaMorph (Molecular Devices,
Sunnyvale, CA) was used for data collection. Seven images in the GFP (750
ms) and Texas Red (50 ms) filters, 1 X 1 binning, were acquired at 0.5-pum
intervals along the Z axis and then projected into one image by maximum
intensity in Metamorph. The corresponding images were paired with the
DAPI and DIC images. Contrast was enhanced using ImageJ (http://rsb.
info.nih.gov/ij/) and Photoshop (Adobe Systems, San Jose, CA).

Live-Cell Microscopy

Most live-cell microscopy was performed with the microscope and imaging
software described above. For time-lapse studies, exponential-phase cells
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were grown at room temperature in synthetic complete (SC) medium (sup-
plemented with 0.01% Ade and 0.01% Trp) to minimize background fluores-
cence. For the Iqg1-GFP experiments in Figure 3, C and D, the cells were first
arrested in nocodazole (Sigma; 10 ug/ml) for 3 h at room temperature,
washed three times with fresh medium, and then grown for 1 h before
beginning time-lapse observations. For microscopy, cells were adhered with
concanavalin A (Sigma) to 35-mm glass-bottom Petri dishes (MatTek, Ash-
land, MA), as follows. 300 ul of 50 ug/ml concanavalin A in PBS, pH 7.4, was
incubated on dishes for 10 min. Dishes were washed three times with PBS, pH
7.4, and dried, and 300 pl of culture was added for =30 min at room
temperature, washed three times with SC medium, and observed at room
temperature. Movies lasted 30 min, and images were taken at 1-min intervals
(unless otherwise indicated) at multiple stage positions (n = 3-5). For GFP
and mCherry, image acquisition ranged from 300 to 750 ms depending on
fluorescence intensity with 1 X 1 binning. Maximum projections of the
fluorescence images were generated by acquiring seven images at 0.5-um
intervals for each stage position. Power levels of the mercury arc lamp were
lowered to minimize phototoxicity.

For the experiments in Figures 5 and 7C, microscopy was performed using
a Nikon Eclipse E600-FN microscope with an Apo 100X /1.40 NA oil-immer-
sion objective (Melville, NY), an ORCA-2 cooled-CCD camera and Meta-
Morph software. Cells were grown to exponential phase at 24°C in appropri-
ate media (Figures 5, A, SC, and B, SC-Leu, and 7C, SC supplemented with
0.01% Ade and 0.01% Trp) and concentrated by centrifugation just before
beginning observations. For the time-lapse experiments in Figure 5, cells in
liquid medium were pressed gently between slide and coverslip to remove
excess medium.

To quantitate the fluorescence intensities derived from Myol-GFP rings in
Figure 5A, a Z-series of 11 images at 0.3-um steps was captured at each time
point (1-min intervals), from which maximum-projection images were created
using MetaMorph. A region box just large enough to enclose the ring was
drawn, and the box was also duplicated and placed in a nearby background
position. The integrated intensity of the ring box at each time point was
measured and recorded using the regional-measurement function of Meta-
Morph and that of the background box was subtracted. The intensity value for
each time point was divided by that at the beginning of contraction to
determine relative intensity.

For the experiments in Figure 5B, cells from 100- to 500-ul cultures were
resuspended in 10 ul of SC-Leu medium containing 200 uM latrunculin A
(LAT-A) or an equal volume of DMSO as a control and examined by time-
lapse microscopy at 1-min intervals. Image recording was started between 5
and 10 min after treatment. The Myol-GFP and Cdc3-CFP images were
captured in a single Z plane (cell center) with yellow fluorescent protein (YFP)
and cyan fluorescent protein (CFP) filter sets, respectively.

For the experiment in Figure 7C, a Z-series of seven images at 0.5-um steps
was captured for GFP fluorescence. Maximum-projection images were cre-
ated as above and used for counting Myol-GFP dots at the same intensity
scale (dynamic range) for all images.

Image Analysis and Quantification

Ring Contraction. All quantification was performed manually using Image].
Briefly, for each projected stack of images, every cell that showed ring
contraction was counted. Only the cells where the start and end of ring
contraction were clearly visible were included to calculate the average time of
ring contraction.

Ring Disassembly. For disassembly, only cells in which ring contraction
ended with at least 10 min remaining in the movie were included. If a GFP dot
was visible =10 min after contraction had ended, then it was scored as “GFP
visible >10 min.”

Myo1 Patches per Cell. We counted the maximum number of GFP patches
visible at any time =10 min after ring contraction had ended. Cells in which
no GFP dots were visible =10 min after the end of ring contraction were
scored as zero.

GFP-mCherry Colocalization. The colocalization of each GFP and mCherry
patch was monitored manually at each 5-min interval. Only cells in which
GFP-mCherry colocalization was constant (from the end of ring contraction
until the end of the time-lapse) were counted as positives.

Electron Microscopy

Cells growing exponentially in SC medium were examined by transmission
electron microscopy after fixation with glutaraldehyde and potassium per-
manganate, embedding in LR White resin, and staining with uranyl acetate
and lead citrate, as described in detail elsewhere (Nishihama and Pringle,
unpublished data). Micrographs were obtained using a JEOL (Tokyo, Japan)
JEM1230 electron microscope and a Gatan (Pleasanton, CA) model 967 cooled
CCD camera and were processed using DigitalMicrograph software (Gatan)
and Photoshop (Adobe Systems, San Jose, CA).

Molecular Biology of the Cell
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Table 1. S. cerevisiae strains used in this study

Strain Genotype Source
AFS342 a ade2-1 can1-100 ura3-1 leu2-3,112 his3-11,15, trp1-1 Straight et al. (1996)
AFS352 a ade2-1 can1-100 ura3-1 leu2-3,112 his3-11,15, trp1-1 A. Straight
AFS92 As AFS34 except barlA Jaspersen et al. (1998)
BY4741° a his3A1 leu2A0 met15A0 ura3A0 Brachmann et al. (1998)
BY4742° « his3A1 leu2A0 met15A0 ura3A0 Brachmann et al. (1998)
YEF473AP a his3-A200 leu2-A1 lys2-801 trp1-A63 ura3-52 Bi and Pringle (1996)
YEF473BP a his3-A200 leu2-A1 lys2-801 trp1-A63 ura3-52 Bi and Pringle (1996)
YEF1681 as YEF473A except MYO1-GFP:kanMX6 Bi et al. (1998)
yBRT135-1a As AFS92 except pds1A:LEU2 clb5A::HIS3 trp1A:SIC1-10X:TRP1 Thornton and Toczyski (2003)
yTMN19 As AFS35 except apc2A::CAN1 pds1A:LEU2 clb5A::HIS3 trp1A::SIC1-10X:TRP1 Thornton and Toczyski (2003)
GT049 As AFS92 except MYO1-EGFP:His3MX6 This study
GT050 As AFS92 except IQG1-EGFP:His3MX6 This study
GT052 As AFS92 except MYO1-EGFP:His3MX6 cdh1A:LEU2 This study
GT053 As AFS92 except IQG1-EGFP:His3MX6 cdh1A:LEU2 This study
GT073 As yTMN19 except MYO1-GFP:URA3 This study
GT074 As yBRT135-1a except MYO1-GFP:URA3 This study
GT079 As AFS92 except MYO1-EGFP:His3MX6 cdh1A:LEU2 aselA:URA3 This study
GT081 As AFS92 except MYO1-GFP:His3MX6 cdh1A:LEU2 [GAL-SIC1, URA3] This study
GT104 As AFS92 except MLC2-GFP:His3MX6 This study
GT108 As AFS92 except MYO1-GFP:His3MX6 [pCDC5-CDC5A5-70-myc9, URA3] This study
GT110 As AFS92 except MLC2-GFP:His3MX6 cdh1A::LEU2 This study
GT124 As BY4741 except IQG1A42-TAP:His3MX6:LEU2 Ko et al. (2007)
GT132 As AFS92 except MYO1-Cherry:kanMX6 MLC2-GFP:His3MX6 cdh1A:LEU2 This study
GT133 As BY4741 except MYO1-Cherry:kanMX6 IQG1-GFP:His3MX6 cdh1A:LEU2 This study
GT134 As BY4741 except MYO1-Cherry:kanMX6 SEC2-GFP:His3MX6 cdh1A:LEU2 This study
GT158 As YEF473A except MYO1-GFP:kanMX6 mlc2A::His3MX6 This study
GT160 As YEF473A except MYO1-GFP:kanMX6 iqglA::His3MX6 This study
GT165 As BY4741 except cdh1A:LEU2 This study
GT166 As BY4742 except cdh1A:LEU2 This study
GT178¢ MYO1-GFP:kanMX6 iqglA::His3MX6 cdh1A:LEU2 GT160 X GT166
GT200 As BY4742 except MYO1-GFP:His3MX6 cdh1A:LEU2 This study
GT203¢ MYO1-GFP:kanMX6 mlc2A::His3MX6 cdh1A:LEU2 GT158 xXGT165
GT204 As BY4741 except MYO1-GFP:His3MX6 cdh1A:LEU2 spol2A::kanMX6 This study
GT208 As AFS92 except [MET25p-yEGFP3-MLC1, HIS3, CEN/ARSH4] This study
GT209 As AFS92 except [MET25p-yEGFP3-MLC1, HIS3, CEN/ARSH4] cdh1A:LEU2 This study
GT225 As AFS92 except MYO1-CHERRY:kanMX6 cdh1A:LEU2 MET25p-yEGFP3- This study

MLCI1, HIS3, CEN6/ARSH4
GT229 As BY4741 except MYO1-GFP:His3MX6 cdh1A:LEU2 clb2A::kanMX6 This study
GT235 As AFS92 except MYO1-GFP:His3MX6 cdh1A:LEU2 hsl1A:TRP1 swelA:LEU2 This study
GT262 As BY4741 except MYO1-GFP:His3MX6 cdh1A:LEU2 fin1A::kanMX6 This study

KO255 As YEF473A except cdh1A:TRP1

Ko et al. (2007)

Myol-GFP As BY4741 except MYO1-GFP:His3MX6 Huh et al. (2003)
RNY2349 As YEF473A except MYO1-GFP:kanMX6 cdh1A:TRP1 This study
RNY2356 As BY4741 except MYO1-GFP:His3MX6 mlc2A::kanMX6 This study
RNY2369 As BY4741 except MYO1-GFP:His3MX6 cdh1A:LEU2 This study
RNY2371 As BY4741 except MYO1-GFP:His3MX6 mlc2A::kanMX6 cdh1A:LEU2 This study
RNY2373 As BY4741 except MYO1-GFP:His3MX6 1QG1A42-TAP:His3MX6:LEU2 This study
RNY2375 As BY4741 except MYO1-GFP:His3MX6 mlc2A::kanMX6 This study

1QG1A42-TAP:His3MX6:LEU2

2 W303 strain background.

b 5288C strain background. Two different S288C strain families were used, derived from strains BY4741/BY4742 or YEF473.
¢ These strains have a hybrid 5S288C background resulting from crossing strains of the BY4741/BY4742 and YEF473 backgrounds, as indicated

in the Source column.

RESULTS

APC-mutant Cells Are Defective in Disassembly of the
Actomyosin Ring

To determine if APC activity helps control cytokinesis, we
examined cells defective in APC function. Cells with cytokine-
sis defects form chains of cell bodies that remain connected
even after brief sonication (Ko et al., 2007). About 3% of expo-
nentially growing wild-type cells were present in clusters of =3
cell bodies, whereas in a cdh1A strain, the number of clustered cells
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rose threefold to 9% (Supplemental Figure S1). Thus, APC<h!
activity appears to be required for efficient cytokinesis.

To further explore APCM! function in cytokinesis, we
analyzed the localization of GFP-tagged cytokinesis proteins
in fixed cdh1A cells. We found that the localizations of many
proteins (Cdc12, Hofl, Bnil, Bnrl, Cyk3, Mobl, Myo2, and
Tus1) were not detectably affected by deletion of CDH1 (data
not shown). However, the behavior of the type II myosin
Myol was strikingly altered. In a wild-type strain, Myol-
GFP was not detectable in cells that had recently completed
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A Myo1-GFP
actin
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B Myo1-GFP cdh1A
actin GFP

D Myo1-GFP cdh1A

‘2

cytokinesis, as marked by the absence of a Myol ring and
the presence of large actin patches at the bud neck (Bi ef al.,
1998; Figure 1A). However, in cdh1A cells at the same stage,
multiple Myol-GFP patches were typically present at the
neck and elsewhere in the cell and did not colocalize with
actin patches (Figure 1B).

We next analyzed the localization dynamics of Myol-GFP
by time-lapse microscopy. In wild-type cells, the Myol ring
appeared at the time of bud emergence and remained at the
bud neck until cytokinesis, when it contracted to a single dot
in an average time of 5.9 * 0.9 min (Figure 1C; Table 2).
Within 10 min after the end of contraction, the Myol dot
completely disappeared, suggesting that the actomyosin
ring had fully disassembled. In cdhl1A cells, the Myol ring
also appeared at bud emergence and later contracted to a
single dot with similar kinetics (5.8 = 1.3 min; Figure 1D;
Table 2). However, the Myol dot did not disappear after the
completion of ring contraction. Instead, Myo1-GFP patches
remained visible at the site of cytokinesis and elsewhere in
the cell (Figure 1D). More extended time-lapse observations
showed that these patches could persist throughout G1 and
only disappeared as the new Myol ring formed in the next
cell cycle (Supplemental Figure S2). Many of the persistent
Myol patches were highly mobile. We tracked their move-
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Figure 1. Cdhl is required for normal disas-
sembly of the actomyosin ring. Myol-GFP was
visualized in wild-type (A and C; strain GT049)
and cdhl1A (B and D; strain GT052) cells. (A and
B) Cells were fixed with ethanol and stained
with TRITC-phalloidin (red) to visualize actin
filaments. The presence of large actin patches at
the bud neck indicates recent completion of cy-
tokinesis. (C and D) Time-lapse images were
captured at 1-min intervals; time point 0 marks
the initiation of ring contraction. The cell out-
lines are drawn in the 0-min panels. A Myol-
GFP dot moving toward the bud neck in the
cdh1A cell is marked with an asterisk in panels
23 min-26 min. Bars, 1 um.

ments and saw that in ~63% of the cells, a Myol patch
traveled toward the bud neck and appeared to merge with
another patch at that site (Figure 1D, asterisks). In most
cases, Myol patch movement toward the neck occurred
exclusively in the daughter cell. Patch movement was not
seen in cells treated with the actin-depolymerizing agent
LAT-A, suggesting that these movements depend on F-actin
(data not shown).

To better quantitate the cdh1A phenotype, we counted the
numbers of cells with one or more Myo1-GFP patches visible
somewhere in the cell at times >10 min after the completion
of ring contraction. Only 8% of wild-type cells, but 100% of
cdh1A cells, contained these Myol patches (Figure 2; Table
2). In almost all of the cdhlA cells observed, the Myol
patches remained visible for the duration of the time-lapse
observations. We then counted the maximum number of
Myo1-GFP patches visible in each cell at any time from 10
min after the end of ring contraction until the end of the
time-lapse series. More than 90% of cdhlA cells contained
two or more patches, whereas none of the wild-type cells
had more than one (Figure 2).

The results described above were obtained in the W303
strain background. Similar results were obtained with
strains in the S288C background (see Figure 7, below).

Molecular Biology of the Cell
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Table 2. Ring contraction and disassembly in selected strains

Strain Genotype Ring contraction (min)? No. of cells GEFP signal >10 min (%) No. of cells
GT049 MYO1-GFP 59+09 27 8 25
GT052 MYO1-GFP cdhlA 5813 17 100 21
GT104 MLC2-GFP 51+12 14 12 17
GT110 MLC2-GFP cdh1A 69 17 15 100 11
GT208 GFP-MLC1 57+*11 24 100 22
GT209 GFP-MLC1 cdhlA 62+1.6 14 100 19
GT050 1QG1-GFP 46*1.0 7 9 11
GT053 IQG1-GFP cdhlA 53+15 8 100 9
GT229 MYO1-GFP clb2A cdhlA 91+15 16 100 12
GT235 MYO1-GFP hsl1A swelA cdhlA 76+ 17 10 100 11
GT079 MYO1-GFP aselA cdhlA 63 1.0 13 100 18
GT262 MYO1-GFP fin1A cdhlA 87+15 7 100 9
GT204 MYO1-GFP spol2A cdhlA 59+1.0 12 100 15
GT108 MYO1-GFP CDC5A5-70 61*+15 15 6 17
GT081 MYO1-GFP GAL-SIC1 cdhlA 51*12 18 95 19

aValues are mean * SD.

To confirm that holoenzyme APC activity, and not just
Cdh1, is required for Myol-ring disassembly, we analyzed
cells lacking all APC activity. Because the APC is normally
essential for viability, we used a background (pdsIA clb5A
SIC1'9%) in which the APC is not essential (Thornton and
Toczyski, 2003) and compared cells that were otherwise wild
type to those lacking Apc2, an essential subunit of the APC
holoenzyme. In the former strain, as in wild-type cells, the
Myo1-GFP signal disappeared within 10 min after the end of
ring contraction (Supplemental Figure S3A). In the apc2A
strain, Myol patches persisted for =10 min after the end of
ring contraction (Supplemental Figure S3B), supporting the
hypothesis that the APC, with its activator Cdhl, is required
for proper disassembly of Myol-containing structures after
actomyosin-ring contraction.

APCC11 Is Required for Myosin Light-Chain and Iqg1
Disassembly

We next investigated whether the APC also regulates the
disassembly of other actomyosin-ring components. The

W 3 or more dots [ 2 dots [ 1 dot

Percent cells with
GFP signal > 10 min

>
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Figure 2. Myol, Mlc2, Mlcl, and Iqgl exhibit ring-disassembly
defects in APC mutant cells. Strains GT049 (MYO1-GFP), GT052
(MYO1-GFP cdh1A), GT104 (MLC2-GFP), GT110 (MLC2-GFP cdhl1A),
GT208 (GFP-MLC1), GT209 (GFP-MLC1 cdh1A), GT050 (IQG1-GFP),
and GT053 (IQG1-GFP cdh1A) were examined by time-lapse micros-
copy (see Figure 3; Supplemental Figure S4; Table 2). For each cell,
the maximum number of GFP patches visible at any time >10 min
after the completion of ring contraction was recorded.
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“regulatory” myosin light-chain Mlc2 binds to the IQ2 motif
of myosin (Luo ef al., 2004), and in wild-type cells, its be-
havior was similar to that of Myol: the Mlc2-GFP ring
contracted in an average time of 5.1 = 1.2 min (Figure 3A;
Table 2) and disappeared within 10 min after the completion
of ring contraction in 88% of cells (Figure 2). In cdhlA cells,
the rate of ring contraction was similar (6.9 = 1.7 min), but
MIlc2-GFP patches persisted in all cells for =10 min after the
end of ring contraction, and most cells contained =3 such
patches (Figures 2 and 3B; Table 2).

Mlcl, the “essential” myosin light chain, is a multifunc-
tional protein that associates with Myol during cytokinesis
and with the type V myosin, Myo2, on secretory vesicles
throughout most of the cell cycle (Stevens and Davis, 1998;
Wagner et al., 2002; Luo et al., 2004). Because cells carrying
Mlcl tagged at its chromosomal locus were inviable (per-
haps because GFP-tagged Mlcl has reduced function), we
analyzed the behavior of GFP-Mlc1 after expression under
control of the MET promoter. In wild-type cells, the GFP-
Micl ring contracted in an average time of 5.7 = 1.1 min
(Supplemental Figure S4A; Table 2). As described previ-
ously (Wagner et al., 2002), GFP-Mlc1 did not disappear after
ring contraction but remained visible in all cells >10 min
after the end of ring contraction (Figure 2; Supplemental
Figure S4A), presumably reflecting its association with
Myo2. In cdh1A cells, GFP-Mlc1l contracted with wild-type
kinetics (6.2 = 1.6 min; Supplemental Figure S4B; Table 2).
As in wild type, GFP-Mlcl foci remained visible >10 min
after the end of ring contraction in all cells, but the number
of cells with =3 such foci increased from 57% in wild type to
93% in cdhlA cells (Figure 2; Supplemental Figure S4B).
These data suggest that APCCIM activity is involved in
disassembling the Myol-associated subpopulation of Mlcl
complexes after actomyosin-ring contraction.

Finally, we analyzed the IQGAP protein Iqgl, which in-
teracts with the actomyosin ring through an association with
Milc1 (Boyne et al., 2000; Shannon and Li, 2000). In wild-type
cells, the Iqg1-GFP ring contracted in an average time of 4.6 =
1.0 min (Figure 3C; Table 2), and an Iqg1-GFP patch remained
visible >10 min after the end of ring contraction in just one of
11 cells examined (Figure 2). In cdhIA cells, the rate of ring
contraction was similar (5.3 = 1.5 min; Figure 3D; Table 2), but
two or more Iqg1-GFP patches remained visible in all cells >10
min after the end of ring contraction (Figures 2 and 3D). We
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conclude that Iqgl-ring disassembly, like that of Myo1l, Mlc2,
and probably Mlcl, depends on APC<dht,

Myo1 Colocalizes with Mlc2, Iqgl, and Mlcl in cdh1A
Cells

Because Myol, Mlc2, Micl, and Iqgl are all defective in
dispersal in apc mutant cells, we used time-lapse microscopy
of double-labeled cells to investigate whether these proteins
colocalize in the same patches after ring contraction. In a
cdh1A strain expressing both Mlc2-GFP and Myol tagged
with mCherry (Myol-Cherry), we observed colocalization of
the two proteins at all time points in each of eight cells
examined (Figure 4A; Supplemental Figure S5; Supplemen-
tal Table S1). Similarly, Iqg1-GFP and Myol-Cherry colocal-
ized at all time points in each of 14 cells examined (Figure
4B; Supplemental Figure S6; Supplemental Table S1).

As expected, cells coexpressing GFP-Mlcl and Myol-
Cherry presented a more complicated picture. GFP-Mlcl
patches were detectable in just eight of 11 cells examined
(probably because of variable expression from the MET pro-
moter). In these cells, all Myol-Cherry patches colocalized
with GFP-Mlcl1 at every time point (Figure 4C; Supplemen-
tal Figure S7; Supplemental Table S1), but some faint GFP-
Mlc1 patches did not colocalize with Myol-Cherry (Figure
4C, asterisks) and presumably represented Myo2-associated
protein (see above). To explore this further, we investigated
whether Myo1-Cherry colocalized with the secretory-vesicle
protein Sec2-GFP. We observed partial colocalization in only
one of eight cells undergoing cytokinesis (Figure 4D; Sup-
plemental Figure S8; Supplemental Table S1). These results
are consistent with the other evidence that there are both
secretory-vesicle- and actomyosin-ring—associated pools of
Mlcl and that the latter, but not the former, dissociates after
cytokinesis in an APC<9hl-dependent manner.

APCC1 Involvement in Ring Disassembly during
Contraction

The actomyosin ring has long been thought to disassemble
progressively as it contracts (Schroeder, 1972). Consistent
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Figure 3. Mlc2 and Iqgl ring-disassembly de-
fects in APC mutant cells. Strains GT104 (MLC2-
GFP; A), GT110 (MLC2-GFP cdhlA; B), GT050
(IQG1-GFP; C), and GT053 (IQG1-GFP cdh1A; D)
were examined by time-lapse microscopy; time
point 0 marks the initiation of ring contraction.
The cell outlines are drawn in the 0-min panels.
Bars, 1 um.

with this model, the total fluorescence intensity of GFP-
tagged ring components appeared to decline during contrac-
tion in wild-type cells (Figures 1C and 3, A and C). This
decline seemed less pronounced in cells lacking Cdh1 (Fig-
ures 1D and 3, B and D). Quantitative measurements of
Myol-GFP fluorescence confirmed that cdh1A cells have a
significant defect in the normal decline in ring fluorescence
(Figure 5A). Thus, APC<M is not just required for ring
disassembly after contraction but also for the disassembly
that occurs during contraction.

To explore further the relationships between ring contrac-
tion and APC“"-mediated disassembly, we analyzed ring
behavior in cells treated with LAT-A. The absence of fila-
mentous actin in these cells is known to prevent Myol-ring
contraction, and the Myol ring gradually disassembles in
late mitosis, at about the time that cytokinesis would nor-
mally occur (Bi et al., 1998). In agreement with these results,
we found that Myol-GFP disappeared within 10 min of
septin-ring splitting in 10 of 10 wild-type cells observed
(Figure 5B, top). In contrast, in cdh1A cells, the Myol-GFP
ring remained visible for the duration of the experiment, for
as long as 76 min after septin-ring splitting, in all 19 cells
observed (Figure 5B, bottom). APCS4h? is thus required for
ring disassembly even when contraction is prevented.

Defective Completion of Septation in cdh1A Cells

We used electron microscopy to explore further the func-
tions of the APC in cytokinesis. In wild-type cells, ingression
of the cleavage furrow takes place concomitantly with acto-
myosin-ring contraction and formation of the chitinous pri-
mary septum of the cell wall (visible as an electron-lucent
line in electron micrographs; Vallen et al., 2000; Roh et al.,
2002; Cabib, 2004). The process is completed by fusion of the
invaginating membranes in the center of the neck and for-
mation of a smooth, continuous disk of primary septum;
secondary septa are then deposited on both sides of the
primary septum (Figure 6A). In a cdh1A mutant, the early
stages of cytokinesis and septum formation appeared nor-
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A Mic2-GFP Myo1-Cherry cdh1A

Myo1-Cherry
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B lqg1-GFP Myo1-Cherry cdh1A

Myo1-Cherry
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C GFP-Mic1 Myo1-Cherry cdh1A
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Figure 4. Myol colocalizes with Mlc2, Mlcl,
and Iqgl, but not with Sec2, in cdhlA cells.
cdhlA strains expressing Myol-Cherry (red)
and a GFP-tagged protein were examined by
time-lapse microscopy (see Supplemental Fig-
ures S5-S8); representative images are shown.
Strains used were as follows: GT132 (MLC2-
GEP; A), GT133 (IQG1-GFP; B), GT225 (GFP-
MLCI; C), and GT134 (SEC2-GFP; D). The as-
terisks in C indicate faint GFP-Mlc1 foci that do
not colocalize with Myol-Cherry. Bars, 1 wm.

Myo1-Cherry

mal, but the completion of septation was often strikingly
abnormal. Among 95 cells examined in which some second-
ary-septum formation had occurred but cell separation had
not begun, 26 (27%) exhibited one of the three types of
defective septal structures shown in Figure 6B. Careful ex-
amination of an isogenic wild-type strain (YEF473A) re-
vealed that a few cells (five of 100 examined) had similar but
less pronounced abnormalities.

Removal of Several Known APC Targets Does Not
Promote Actomyosin-Ring Disassembly

Because the APC is an E3 ubiquitin-protein ligase that me-
diates the destruction of its substrates by the 26S protea-
some, the evidence presented above suggests that the de-
struction of one or more APC substrates is required for the
disassembly of the actomyosin ring during and after its
contraction. Clb2, Hsll, Asel, Finl, and Spol2 are all sub-
strates of APCC4h! (Juang et al., 1997; Burton and Solomon,
2001; Shah et al., 2001; Woodbury and Morgan, 2007). If the
degradation of any one of these substrates is required for
actomyosin-ring disassembly, then deletion of the corre-
sponding gene might rescue the disassembly defect in cdh1A
cells. We constructed strains lacking both Cdh1 and one of
the candidate substrates and monitored Myol-GFP disas-
sembly by time-lapse microscopy. However, we observed
no rescue of the ring-disassembly defect: in each strain,
Myol-GFP foci persisted for >10 min in 100% of cells in
which Myol had completed contraction (Table 2).

The Polo-like protein kinase Cdc5 is another APC<dh!
substrate that is involved in regulating cytokinesis. Because
Cdc5 is essential for viability, we could not easily test the
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effects of deleting CDC5. Instead, we analyzed Myol behav-
ior in cells expressing an APC-resistant form of Cdc5 that
lacks amino acids 5-70 (Charles ef al., 1998; Shirayama et al.,
1998). In these cells, the Myol-GFP ring contracted with
normal kinetics (6.1 = 1.5 min; Table 2), and Myol-GFP
patches were not present at times >10 min after the com-
pletion of ring contraction (Supplemental Figure S9). Thus,
the stabilization of Cdc5 alone is not sufficient to block
actomyosin-ring disassembly.

A major function of the APC is to trigger the destruction of
mitotic cyclins and thereby reduce Cdk1 activity in late mitosis.
Thus, it seemed possible that elevated Cdk1 activity in a cdh1A
cell might inhibit actomyosin-ring disassembly. Although this
possibility seemed unlikely, because the Clb-Cdk1 inhibitor
Sicl accumulates in late mitosis and suppresses Cdk1 activ-
ity in cdh1A cells (Schwab et al., 1997), we tested it further by
overexpressing SICI in cdh1A cells and analyzing Myol-GFP
ring behavior. Sicl overproduction did not rescue the defect
in actomyosin-ring disassembly, as 95% of the cells con-
tained one or (commonly) more Myol-GFP patches at times
=10 min after the completion of ring contraction (Supple-
mental Figure S10; Table 2). Taken together with the results
of CLB2 deletion (see above), this result suggests strongly
that APC<4h! does not promote actomyosin-ring disassem-
bly by reducing Cdk1 activity.

APCC1-dependent Degradation of 1qg1 Contributes to
Actomyosin-Ring Disassembly

We recently identified Iqgl as an APC<9M substrate (Ko ef al.,
2007). As Iqg1 is required to recruit actin to the bud neck and
to initiate actomyosin-ring contraction, we speculated that
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its APC-dependent degradation might contribute to actomy-
osin-ring disassembly. We therefore monitored Myo1l-GFP
in cells carrying an APC-resistant mutant form of Iqgl,

A Wild type B cdhi1A

Figure 6. Defects in the final stage of primary-septum formation in
cdh1A and IQGI1A42 cells. Strains YEF473A (A, wild type), KO255 (B,
cdh1A), and GT124 (C, IQG1A42) were examined by electron microscopy
after growth at 24°C; representative images are shown. Bar, 0.5 um.
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Figure 5. APC“d"-dependent disassembly of the acto-
myosin ring during contraction (A) or in its absence (B).
Strains YEF1681 (MYO1-GFP) and RNY2349 (MYO1-GFP
cdh1A) were used. (A) Cells were examined by 4D time-
lapse microscopy (see Materials and Methods). The intensi-
ties of Myol-GFP, relative to the intensity measured at
the beginning of ring contraction, are plotted for the
indicated times (mean * SD; n = 7 for each strain). All
Myol rings had completed contraction by the final time
point. No corrections were made for possible photo-
bleaching during the course of the experiment; thus, the
removal of Myol from the ring may have been even
more defective in cdhIA cells than these data suggest.
(B) Transformants containing plasmid YCp111-CDC3-
CFP were treated with 200 uM LAT-A at time zero and
examined by time-lapse microscopy at 1-min intervals.
Top panels, Myol-GFP; bottom panels, Cdc3-CFP. Ar-
rowheads show the splitting of the septin hourglass
structure into two rings, indicating the onset of cytoki-
nesis. Representative images are shown. Bars, 2 um.

Iqg1A42, which lacks the first 42 amino acids that contain its
APC-recognition sequence. Single Myol-GFP patches were
observed at times =10 min after the completion of ring
contraction in 65% of cells (n = 20), compared with 9% of
wild-type cells (n = 22; Figure 7A). Thus, the degradation of
Iqgl appears to contribute to actomyosin-ring disassembly.
However, the fact that the IQG1A42 mutant does not fully
phenocopy the cdhlA mutant suggests that Iqgl is not the
only APCC4ht substrate whose degradation is important for
ring disassembly.

Electron-microscopic observations supported these con-
clusions. In 18% (n = 55) of IQG1A42 cells examined at the
stage when septum formation was largely complete, we
observed defects in septum completion that were similar to
those seen in cdh1A cells (Figure 6C; cf. Figure 6B). In accord
with the fluorescence-microscopy observations, the abnor-
malities in IQG1A42 cells typically appeared less severe than
those in cdh1A cells.

To further assess the importance of Iqgl destruction in
actomyosin-ring disassembly, we analyzed Myol behavior
in igg1A cells. The Myol-GFP signal was far less intense in
these cells than in wild type, so that the results were less
clear than in our other experiments. Consistent with earlier
observations (Shannon and Li, 1999), Myol ring contraction
was not apparent in cells lacking Iqgl; instead, the Myol
ring faded away over a period of ~15 min (Figure 7B, top).
Few if any Myol-GFP patches were seen =10 min later. In
cells lacking both Iqgl and Cdh1, the Myo1-GFP signal was
more readily detected, and it faded away over a period of
~15-25 min, sometimes after a slow constriction (presum-
ably reflecting the slow closure of the neck by secondary
septal material in iggIA cells: Nishihama and Pringle, un-
published results; Figure 7B, bottom). Ten minutes later,
persistent Myo1-GFP patches were observed in 59% of cdh1A

Molecular Biology of the Cell
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Figure 7. Contributions of Iqgl destruction and Mlc2
to disassembly of the actomyosin ring. (A) The fol-
lowing strains expressing Myol-GFP were examined
by time-lapse microscopy: Myol-GFP (wild type),
RNY2369 (cdh1A), RNY2373 (IQGA42), GT178 (cdhlA
igg1A), RNY2356 (mic2A), RNY2371 (cdh1A mic2A), and
RNY2375 (mlc2A IQG1A42). For each strain, 10-61 cells
were analyzed; for each cell, the maximum number of
Myo1l-GFP dots observed at any time >10 min after the
completion of ring contraction was recorded. (B) Strains
GT160 (MYOI-GFP igglA) and GT178 (MYOI-GFP
igg1A cdh1A) were examined by time-lapse microscopy,
acquiring images at 5-min intervals to decrease photo-
bleaching of the weak Myol-GFP signals. Presumably
because actin was not recruited to the rings in these
igglA strains, normal ring contraction did not occur.
Instead, the Myol signal gradually disappeared. Bars, 1
pm. (C) Exponential-phase cultures of strains Myol-
GFP, RNY2356, RNY2369, and RNY2371 (see A) were
examined, and the number of Myol-GFP dots per cell
was counted in each cell (17-28 cells per strain) that had
completed ring contraction but not cell separation. Rep-
resentative images of strains RNY2369 and RNY2371 are
shown at left.

igg1A cells (n = 61), compared with 100% of cdh1A cells, and
the maximum number of patches per cell was also substan-
tially decreased (Figure 7A). This partial rescue of the cdh1A
phenotype by the igg1A mutation is consistent with the
hypothesis that APC-dependent destruction of Iqgl contrib-
utes to actomyosin-ring disassembly.

The APC Collaborates with Mlc2 in Ring Disassembly

A defect in actomyosin-ring disassembly has also been ob-
served in cells lacking Mlc2 (Luo et al., 2004). To determine
if Mlc2 and Cdh1 promote ring disassembly by the same or
distinct mechanisms, we compared the disassembly defect
in an mlc2A cdh1A double mutant to the defects in the single
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mutants. In mlc2A single mutant cells, we did not observe a
significant defect: as in wild-type, myosin patches were
visible in only ~8% of cells (n = 12) at times =10 min after
the end of ring contraction (Figure 7A). However, the delay
in myosin-ring disassembly observed by Luo et al. (2004)
was only 2-8 min after the end of ring contraction, and our
methods may not be sensitive enough to detect this defect.

To examine the double mutant, we first used time-lapse
microscopy. By this assay, its phenotype was similar to that
of the cdhlA single mutant (Figure 7A; n = 23). We were
concerned, however that our time-lapse protocol might un-
derestimate the long-term accumulation of Myol patches,
because this protocol scores only those cells in which the
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completion of ring contraction occurred at some point dur-
ing the 30-min recorded time frame. Thus, we performed an
additional experiment in which we scored an exponential-
phase population for the number of Myol-GFP patches per
cell in all cells that had completed ring contraction but not
cell separation. With this assay, we found that Myol-GFP
patches accumulated to a twofold higher level in the double
mutant than in the cdh1A single mutant (Figure 7C). We also
found that the double-mutant population contained more
clustered cells than either single mutant (18 vs. 5 and 9%),
indicating a higher rate of cytokinesis failures (Supplemen-
tal Figure S1). Taken together, the data indicate that the
mlc2A cdh1A double mutant has a more severe phenotype
than either of the single mutants, suggesting that Mlc2 and
Cdh1 promote actomyosin-ring disassembly by mechanisms
that are at least partially distinct.

Because deletion of IQG1 partially rescued the defect in
actomyosin-ring disassembly in cdh1A cells, we next tested
whether stabilization of Iqgl in the absence of Mlc2 would
affect ring disassembly. In mlc2A IQG1A42 cells, Myol-GFP
patches did not disappear after ring contraction in any of the
14 cells examined (Figure 7A), a phenotype much more
severe than that of the mlc2A (or IQG1A42) single mutant. In
terms of the numbers of patches per cell, the double-mutant
phenotype was less severe than that of a cdh1A single mutant
(Figure 7A). Nonetheless, the observation that an APC-re-
sistant Iqgl exacerbates the phenotype of an mlc2A mutant
further supports the conclusion that APC“dh! and Mlc2
promote actomyosin-ring disassembly by mechanisms that
are at least partially distinct.

DISCUSSION

APCC11 Promotes Disassembly of the Actomyosin Ring
and Completion of Cytokinesis

In wild-type S. cerevisiae cells completing cell division, the
actomyosin ring contracts, disassembles, and does not re-
form until the following cell cycle. We found that in cells
with defective APC function, the actomyosin ring contracts
at a normal rate but fails to disassemble efficiently during
and after contraction, resulting in the formation of large,
mobile patches containing (at least) Myol, Mlc2, Mlcl, and
Iqgl. These patches remain in the cell throughout G1 and
disappear around the start of the following cell cycle. Be-
cause the proteins found in the patches also associate with
each other in wild-type cells (Boyne ef al., 2000; Luo et al.,
2004), we speculate that the patches contain large macromo-
lecular complexes of Myol, Iqgl, Mlc2, and Mlcl and that
the activation of the APC in late mitosis normally promotes
the dissociation of these complexes.

Electron microscopic analysis of the final stages of cyto-
kinesis revealed defects or discontinuities at the center of the
primary septum in cells lacking APC“9h activity. It seems
likely that these defects are caused by problems in mem-
brane invagination and fusion and/or in primary-septum
formation that result when a complex of actomyosin-ring
components remains unresolved at the center of the division
plane. Thus, the APC may promote successful abscission by
ensuring the complete removal of actomyosin-ring compo-
nents from the division site. Alternatively, the failure to
disassemble ring components may be a consequence, rather
than the cause, of a defect in membrane behavior or septum
formation. However, this interpretation appears less likely
because of our identification of the ring component Iqgl as
one of the APC targets relevant to the phenotype observed.
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Apparent Independence of Ring Contraction and
Disassembly

Schroeder (1972) observed many years ago that the volume
of the actomyosin ring decreases during contraction in sea-
urchin embryos, suggesting that the ring disassembles as it
contracts. Recent evidence suggests that ring disassembly dur-
ing division depends in part on actin-depolymerizing factor
(ADF)/ cofilin in fission yeast and animal cells (Gunsalus et al.,
1995; Kaji ef al., 2003; Nakano and Mabuchi, 2006). Our studies
(Figure 5A) indicate that ring components also disassemble
progressively during contraction in S. cerevisine and that
APCCIhl-mediated protein destruction is important for this
process.

One might have predicted that removal of ring compo-
nents would be important for normal ring contraction. Our
evidence suggests, however, that contraction occurs with
normal kinetics when disassembly is largely prevented by
deletion of CDHI. Interestingly, shrinkage of the ring during
cytokinesis in S. cerevisine does not depend on conventional
actin-myosin-based contractile activity (Lord et al., 2005);
instead, it appears to depend largely on the membrane
invagination that results from deposition of the primary
septum by the chitin synthase Chs2, which is delivered to
the bud neck in an actin-dependent manner (VerPlank
and Li, 2005; our unpublished data). Our evidence sug-
gests that this process does not depend on removal of ring
components.

Not only does ring contraction appear to be independent
of disassembly, but the opposite is also true: our studies of
LAT-A-treated cells (Figure 5B) revealed that APC<dhl-me-
diated disassembly can occur in the absence of contraction.
Ring contraction and disassembly thus appear to be inde-
pendent processes. Furthermore, when ADF/cofilin is mu-
tated in fission yeast cells, myosin light chain dissociates
from the stabilized actin filaments that are derived from the
actomyosin ring (Nakano and Mabuchi, 2006), and our stud-
ies indicate that persistent Myol patches in cdhIA cells do
not contain F-actin (Figure 1B). Thus, the depolymerization
of actin filaments and the disassembly of nonactin compo-
nents of the actomyosin ring appear to occur independently.

Actomyosin-Ring Disassembly Involves APC“"-mediated
Degradation of Iqg1 and Other Substrates

Our evidence suggests that Iqgl destruction is required for
efficient disassembly of the actomyosin ring. First, deletion
of IQG1 partially rescued the disassembly defect in cdhlA
cells. Second, an APC-resistant version of Iqgl (IqglA42)
caused defects both in actomyosin-ring disassembly and in
septation (as observed by electron microscopy) that were
similar to, although less severe than, those observed in
cdh1A cells. In addition, the IQG1A42 ring-disassembly de-
fect was strikingly enhanced when an mic2A mutation was
also present.

The fact that the ring-disassembly defect in IQGI1A42 cells
is not as severe as that in cdh1A cells suggests that there are
additional APCC4M! substrates whose degradation, in com-
bination with that of Iqgl, promotes actomyosin-ring disas-
sembly. One of our challenges for the future is to identify
these substrates. One possible candidate is Bud4, which is
the closest S. cerevisine homolog of the metazoan protein
anillin, which has been identified as an APC substrate (Zhao
and Fang, 2005). We found that Bud4 levels are low in G1, as
expected for an APC substrate; however, we were unable to
detect Bud4 ubiquitination by APCC4h! in vitro (data not
shown). Further analysis will therefore be necessary to de-
termine if Bud4 is a bona fide APC substrate and if its
destruction helps govern actomyosin-ring behavior.
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We also considered Myol, Mlc2, and Mlcl as potential
APC substrates. However, we found that Myol and Mlc2
protein levels are constant throughout the cell cycle (data
not shown) and that Mlcl-GFP was present in G1 cells
(Figure 3C; Wagner et al., 2002). Given that the abundance of
previously identified APC substrates declines dramatically
in G1, it thus seems unlikely that Myo1l, Mlc2, and Mlc1 are
APC targets.

APC and the Myosin “Regulatory” Light-Chain Function
in Multiple Pathways to Promote Actomyosin-Ring
Disassembly

Previous work has indicated that Mlc2 helps promote acto-
myosin-ring disassembly (Luo et al., 2004), although little is
known about the underlying mechanism. Our results sug-
gest that Mlc2 acts in parallel to APC<4h!: the disassembly
defect in cdhlA mlc2A double-mutant cells is more pro-
nounced than those in the single mutants.

Although cdhlA cells display a clear defect in actomyosin-
ring disassembly, this defect is not lethal, because cdh1A cells
are viable and most complete cytokinesis and form a new
myosin ring early in the next cell cycle. Additional regula-
tory mechanisms must ensure that myosin and myosin light
chains are available and able to localize to the presumptive
bud site in G1. The septins clearly contribute to this regula-
tion, because temperature-sensitive septin mutants fail to
localize Myol to the presumptive bud site (Bi et al., 1998);
interestingly, Myol in these mutants colocalizes with mul-
tiple septin foci around the cell cortex (Roh et al., 2002).
Similarly, Myol and Iqgl are mislocalized near the neck in
the absence of Shsl, a nonessential component of the septin
complex (Iwase et al., 2007).

We conclude that APC<" promotes the dismantling of
ring-protein complexes both during and after contraction, in
part through the destruction of one subunit of those com-
plexes, Iqgl. In the absence of Cdhl, these protein com-
plexes may dissociate from the division site after contraction
but remain aggregated to form persistent protein clusters at
the bud neck and in other locations. These protein clusters
disappear upon entry into the next cell cycle, suggesting that
they are disassembled in late G1 by other mechanisms,
which remain unexplored. It therefore appears that multiple
mechanisms govern the disassembly of actomyosin-ring
components both during and after cytokinesis, enabling ef-
ficient assembly of the new actomyosin ring in the following
cell cycle.
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