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Abstract

In all eukaryotes, cytokinesis depends on the contraction of the actomyosin ring, a
ring of actin, myosin, and several other proteins that forms at the division site. The timing
of contraction and subsequent disassembly of the actomyosin ring are poorly understood.
The anaphase-promoting complex (APC) is an E3 ubiquitin ligase that controls several
key steps in mitosis by targeting specific proteins for degradation. We hypothesized that
the APC also controls cytokinesis by regulating the actomyosin ring.

We began by searching for novel APC substrates among proteins known to
function in cytokinesis. Out of over 75 proteins tested, we found that Iqgl, an essential
component of the actomyosin ring, is an APC substrate in vitro and is degraded in an
APC-dependent manner after cytokinesis in vivo. To characterize the functional
interaction between the APC and the actomyosin ring, we used live cell microscopy to
analyze the behavior of the actomyosin ring components in apc mutants. In wild-type
cells, fluorescent versions of actomyosin ring components visibly form a ring at the bud
neck, then contract and disappear from the site of cytokinesis. In cells lacking CDH1, the
APC activator during the time of cytokinesis, we find that these proteins behave normally
during actomyosin ring contraction but then co-localize in multiple foci, rather than
disappearing. From this we infer that the mutants cannot disassemble the actomyosin
ring, and that APC™' may be essential for this process.

Actomyosin disassembly defects have been reported in septin (a structural
scaffold for cytokinesis proteins) and myosin regulatory light chain (mlc2) mutant cells.

We find that deletion of CDHI exacerbates these defects, which suggests that APC™!
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functions in parallel to both septins and MLC2. In addition, we find that APC®"'-
mediated degradation of Iqgl and Mlc2 activity are both required for actomyosin ring
disassembly. Therefore, the APC, septins, and myosin regulatory light chain cooperate to
ensure complete disassembly of the cytokinesis machinery.

The APC controls entry to and exit from mitosis. The results from these
experiments demonstrate a function of the APC in cytokinesis, regulating disassembly of

the actomyosin ring.
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CHAPTER 1

Introduction



Cytokinesis

Cytokinesis is the complex process by which the cell divides after completing
nuclear division (mitosis). In all eukaryotes, this process depends on the contraction of a
ring of actin and non-muscle myosin (myosin II) that forms at the division site. The
mechanisms that control the assembly, contraction, and disassembly of this ring are
poorly understood (Robinson and Spudich, 2000; Glotzer, 2005; Eggert et al., 2006).

Cytokinesis regulation has been extensively studied in fungal and animal cells.
Research in the budding yeast S. cerevisiae and the fission yeast S. pombe has revealed in
much detail the mechanisms of actomyosin ring assembly, composition, and contraction
(Wolfe and Gould, 2005). In budding yeast, actomyosin ring contraction takes 5-7
minutes and is followed by septum formation and cell abscission (Kitayama et al., 1997,
Bi et al., 1998; Lippincott and Li, 1998). The proteins responsible for cytokinesis in
budding yeast have homologs in higher eukaryotes (including humans), suggesting that
budding yeast is a valid model organism to study the fundamental molecular basis of

cytokinesis (Tolliday et al., 2001).

Cytokinesis Machinery

The cytokinesis machine is composed of proteins that power the three major steps
of yeast cytokinesis: actomyosin ring contraction, septation, and abscission (Fig. 1).
Upstream of these three processes are the septins. Preparations for cytokinesis begin in
late G1 with the formation of a septin ring at the presumptive bud site (Versele and
Thorner, 2005). The septin ring is composed of five septin subunits, all of which are

GTP-binding proteins: Cdc3, Cdc10, Cdc11, Cdc12, and Sep7/Shsl. Septins have 2



functions in cytokinesis: (1) to recruit the cytokinesis proteins to the bud neck in late G1
(primarily Myo1 and Hofl, as discussed below); and (2) to act as a diffusion barrier to
compartmentalize factors required for cytokinesis (Dobbelaere and Barral, 2004). As
expected, temperature-sensitive septin mutants arrest as chains of cells at the restrictive
temperature, characteristic of failure to cytokinese. Further studies have revealed that at
restrictive temperature, myosin ring contraction and disassembly are slower (Dobbelaere
and Barral, 2004). In addition, components of the actomyosin ring are mislocalized as
dots around the cell (Roh et al., 2002; Twase et al., 2007).

Septins are recruited to the presumptive bud site in late G1 by the activity of the
Cdc42 GTPase (Iwase et al., 2006). Septins are GTP-binding proteins that form filaments
in vitro. In vivo, septin filaments have also been seen by electron microscopy (Haarer and
Pringle, 1987). Improvements in microscopy have greatly enhanced our model of septin
ring dynamics during cell division. From its formation until anaphase, the septin ring
appears as an hourglass. Polarized fluorescence microscopy of this hourglass structure
showed that it consists of filaments aligned along the mother-daughter axis of the bud
neck. In anaphase, the hourglass structure transitions into two circumferential separate
rings after rotating 90 degrees along the plane of the membrane (Vrabioiu and Mitchison,
2006). After ring splitting, the 2 septin rings maintain a diffusion barrier that locks in the
cytokinesis machinery around the bud neck during cytokinesis (Dobbelaere and Barral,
2004).

Shortly after the appearance of the septin ring, myosin II (called Myol in yeast)
forms a ring at the bud neck in a septin-dependent manner (Fig. 1) (Bi et al., 1998;

Lippincott and Li, 1998; Luo et al., 2004). Myol, like myosin II, contains a heavy chain



that consists of an N-terminal motor domain and a C-terminal coiled-coil tail. The motor
domain is required for motility along actin filaments, whereas the tail promotes bipolar
filament formation. Sedimentation experiments suggest that Myol is a trimer (Lister et
al., 2006). Between the motor and coiled-coil tail lie the IQ1 and IQ2 domains, which are
required for association with the myosin light chains. Regulatory light chain Mlc2 and
essential light chain Mlc1 form rings that co-localize with the Myol ring early in the cell
cycle. Mlcl and Mlc2 bind directly to Myol via its IQ1 and 1Q2 motifs, respectively
(Luo et al., 2004). As expected, Mlc2 ring formation requires the presence of Myol;
however, Mlcl localization does not. Mlc1 associates with multiple proteins such as the
type V myosin, Myo2, secretory vesicles, and IQGAP (Shannon and Li, 2000; Wagner et
al., 2002; Luo et al., 2004). Its association with proteins other from Myol may provide
alternate methods for the localization of Mlc1 to the bud neck.

In higher eukaryotes, phosphorylation of the regulatory light chain promotes
myosin filament assembly and activation (Scholey et al., 1980; Moussavi et al., 1993);
however, in budding yeast, Mlc2 does not appear to be controlled by phosphorylation.
Mlc2 activity seems to disassociate myosin, as disassembly is delayed in cells lacking
Mic2 (Luo et al., 2004).

Although myosin II is an actin motor, its localization is independent of
filamentous (F)-actin. In fact, the minimum domain required for its localization is a 500
amino acid portion of its tail (Lister et al., 2006). It is also interesting to note that the
motor domain of Myol is not required for its cellular function (Lord ef al., 2005).
Constructs lacking the motor domain were able to fully rescue a myo A defect just as

well as full-length Myol. Myol needs to be localized to the bud neck for efficient



cytokinesis but its main function does not seem to require motor activity (Lord et al.,
2005).

Genetic evidence argues that there are two major cytokinesis mechanisms in
budding yeast. In the S288C genetic backgrounds, Myol is not required for growth but
myolA cells are very sick (Watts et al., 1987; Rodriguez and Paterson, 1990). A high
percentage of myolA cells form clusters of cells that have not completed cytokinesis.
Over time, the myolA colonies develop suppressors that over-activate the septation
pathway (Schmidt et al., 2002; Tolliday et al., 2003). The ability of myolA cells to grow
demonstrates that there is an alternate pathway that leads to cytokinesis. This alternate
pathway requires the activity of Cyk2/Hof1, an upstream activator of septation, as hof1A
is synthetic lethal with myolA (Vallen et al., 2000). Although septation is highly irregular
in myolA cells, cell wall formation ultimately pinches apart the mother and daughter cells
(Vallen et al., 2000). The synthetic lethality of myolA and hof1A demonstrates that there
are 2 main pathways of cytokinesis in yeast: the actomyosin and the septation pathway.

Hof1, a member of the Pombe Cdc15 homology (PCH) family, is the most
upstream activator of the septation pathway. The recruitment of Hof1 to the bud neck in
G1/S requires the septin ring (Kamei et al., 1998; Lippincott and Li, 1998). Similar to
Myol, Hofl co-localizes with the septin ring until ring splitting, after which it co-
localizes with the actomyosin ring (Vallen et al., 2000). Genetic analysis showed that
Hof1 is an upstream activator of the septation pathway. Concurrent with contraction,
chitin synthase (Chs2) builds a primary septum immediately behind the invaginating
plasma membrane (Fig. 2) (Cabib et al., 2001; Schmidt ef al., 2002). After ring

contraction, the primary septum reaches across the bud neck and secondary septa are then



deposited on both sides of the primary septum. Cell splitting occurs when Chs3, a
chitinase, hydrolyzes the primary septum (Kuranda and Robbins, 1991; Colman-Lerner et
al., 2001) (Fig. 2).

Coinciding with septation, secretary proteins and vesicles concentrate at the bud
neck (Fig. 2) (Finger and Novick, 1998). Their localization is dependent on type V
myosin Myo?2 activity. Precisely what the role of secretory vesicle recruitment to the bud
neck after actomyosin ring contraction is unclear. One idea is that as the bud neck
constricts, new plasma membrane must be deposited by fusion of the exocytosis
machinery. However, how much new membrane deposition is needed at the cleavage
furrow is questionable. Another model is that secretory vesicles act as carriers to
transport proteins to the site of cytokinesis. It has been shown that the essential role for
Micl does not depend on its association with Myol or Iqgl (discussed below) but rather
its association with secretory vesicles (Wagner et al., 2002).

The final preparations for cytokinesis occur as chromosomes separate in
anaphase, when the protein Iqgl, a member of IQGAP family, coordinates actin
recruitment and actomyosin ring contraction (Fig. 1) (Epp and Chant, 1997; Lippincott
and Li, 1998; Osman and Cerione, 1998). Iqg1, like all IQGAPs, has multiple domains.
The IQ repeat domain, which binds calmodulin-like proteins, is required for its
recruitment to the bud neck via its interaction with Mlc1 (Boyne et al., 2000; Shannon
and Li, 2000). The Calponin Homology (CH) domain is required for actin localization,
and this domain binds to actin filaments in vitro (Shannon and Li, 1999). Although Iqgl
lacks an identifiable GAP motif, it does have a GTPase Related Domain (GRD). In yeast,

this domain has been shown to bind Tem1, a Ras superfamily small GTPase that is



involved in mitotic exit and cytokinesis (discussed below) (Shirayama et al., 1994;
Shannon and Li, 1999). In higher eukaryotes IQGAP associates with Cdc42 and Racl,
two Rho family small GTP-binding proteins (Brill et al., 1996; Hart et al., 1996;
McCallum et al., 1996). Iqg] has also been shown to associate with other GTP-binding
proteins such as the axial budding marker, Bud4, and the septin, Cdc12 (Osman et al.,
2002).

Actin filament formation at the bud neck is the last step towards building the
cytokinesis machinery (Fig. 1). Actin recruitment is required for cytokinesis (even though
the myosin II motor protein is not) and depends on two mechanisms: (1) Rhol (Rho-type
GTPase) activation of the formin-like proteins Bnil and Bnr1 (Tolliday ef al., 2002); in
many organisms, formins nucleate the formation of linear actin filaments; and (2)
Iqgl/Cyk1, a member of the IQGAP family, which is recruited to bud neck by Mlcl and
binds actin filaments via its CH domain. It is unclear whether actin filament formation
happens de novo at the bud neck or if pre-polymerized actin is recruited there (Epp and

Chant, 1997; Lippincott and Li, 1998; Shannon and Li, 1999; Osman et al., 2002).

Regulation of Cytokinesis Machinery

Cytokinesis must take place at the right place and at the right time. If the timing
of cytokinesis is either too early or too late, chromosome segregation might be unequal
and cells may become aneuploid. Proper cytokinesis requires precise orchestration of the
cytokinesis machinery. In metazoans, this regulation seems to primarily center on myosin
IT activity by controlling the phosphorylation state of the regulatory light chain (MLC).

Phosphorylation of MLC at Ser19/Thr18 promotes myosin II filament formation,



localization to the cleavage furrow, and association with actin, which allows for initiation
of contraction (Scholey et al., 1980; Moussavi et al., 1993). Multiple proteins have been
shown to regulate MLC phosphorylation, such as myosin light chain kinase (MLCK),
Rho-associated protein kinase (ROCK), Citron Kinase, and myosin phosphatase (multiple
kinases regulate myosin phosphatase activity as well) (Matsumura, 2005). In yeast,
phosporylation of the regulatory light chain does not appear to play a role in cytokinesis.
Therefore, studies have been able to identify alternate pathways that regulate cytokinesis.

The NoCut pathway was recently identified as a regulatory mechanism that
blocks the completion of cytokinesis, abscission, in response to spindle or midzone
defects. The negative regulator in the NoCut pathway is Aurora Kinase (Ipll) (Norden et
al., 2006). This is the first time that a checkpoint-like mechanism (abscission is delayed
rather than permanently blocked) has been shown to regulate cytokinesis. Now that
small-molecule inhibitors of Aurora kinases are available, the presence and significance
of this pathway in higher eukaryotes can be investigated (Ditchfield et al., 2003; Hauf et
al., 2003; Harrington et al., 2004).

Cyclin dependent kinase (Cdk1) is a major cell cycle regulator that is required for
progression through the cell cycle (Morgan, 1997). Similar to Aurora Kinase, Cdkl1 is a
negative regulator of cytokinesis. Cdk1 inactivation is required for cytokinesis, as
expression of a non-degradable cyclin blocks cytokinesis (Wheatley et al., 1997; Wasch
and Cross, 2002). Many Cdk1 substrates have been identified in budding yeast but the
exact substrates whose phosphorylation block cytokinesis remain unknown (Ubersax et

al., 2003).



One group of candidate substrates are members of the mitotic exit network
(MEN). Multiple MEN proteins are required for actomyosin contraction, but their
activation and localization to the bud neck occurs only when Cdk1 activity is fully turned
off (Jaspersen and Morgan, 2000; Menssen et al., 2001). The MEN proteins that have
been shown to function in cytokinesis are: Tem1, Mob1, Dbf2, Cdc15, and Cdc5 (Bardin
and Amon, 2001; Wolfe and Gould, 2005). Members of the MEN group of proteins were
originally identified in their role in activating the protein phosphatase Cdc14, which
specifically reverses Cdk1-dependent phosphorylation. The dephosphorylation of MEN
proteins by Cdc14 release serves as a positive feedback loop to further activate the MEN
pathway (Jaspersen and Morgan, 2000). In addition, Cdc14-mediated dephosphorylation
of the Cdk1 inhibitors Sicl and Cdh1 promotes their activation and further attenuates
Cdk1 function.

Originally, it was thought that MEN proteins activate cytokinesis by mediating
the release of Cdc14 to lower Cdkl activity; however, it is now understood that MEN
proteins have a role in promoting cytokinesis independent of Cdc14 activation. Using
mutants that bypass Cdc14 activation, it was shown that the Tem1 GTPase is required for
septin ring splitting and actomyosin ring contraction. The association of Tem1 and Iqgl
may play a role in this regulation (Shannon and Li, 1999). Mutants of the kinase Cdc15
and Mob1 (a Dbf2-kinase associating protein) in the Cdc14 bypass background also fail
to contract actomyosin rings (Luca ef al., 2001). In general, therefore, MEN proteins have
two distinct roles in cytokinesis regulation: (1) Activate Cdc14 to reverse Cdk1
phosphorylation and attenuate Cdk1 activity; and (2) Promote actomyosin ring

contraction.



The Polo-like kinase Cdc5, another MEN component, is required for assembly of
the actomyosin ring through its phosphorylation of the Rhol GEFs Tusl and Rom2
(Yoshida et al., 2006). Cdc5 kinase activity targeted toward these substrates promotes

Rho1-GTP localization at the bud neck, which allows for proper actin recruitment.

The APC, a Possible Cytokinesis Regulator

Except for Aurora Kinase, most of the cytokinesis regulation described in the
literature to date relates to the initiation of cytokinesis. Regulating the completion of
cytokinesis is just as important because premature completion or incomplete cytokinesis
may lead to aneuploidy in the progeny cells (Eggert et al., 2006). One cell cycle regulator
that could help control the completion of cytokinesis is the Anaphase-Promoting
Complex (APC). The APC is an E3 ubiquitin ligase that together with E1 (ubiquitin-
activating enzyme), E2 (ubiquitin-conjugating enzyme), and activators Cdc20 and Cdhl,
covalently attaches polyubiquitinated chains to its substrates for subsequent degradation
by the 26S proteasome (Peters, 2006; Thornton and Toczyski, 2006).

The APC is stable throughout the cell cycle but its activity oscillates, with low
activity from Start to early mitosis and high activity in late mitosis and G1 (Amon et al.,
1994; King et al., 1995; Lahav-Baratz et al., 1995; Sudakin ef al., 1995; Brandeis and
Hunt, 1996; Zachariae et al., 1996). Activity requires the association of WD40 proteins
Cdc20 and Cdhl (Dawson et al., 1995; Schwab et al., 1997; Visintin et al., 1997; Fang et
al., 1998; Lim et al., 1998; Zachariae et al., 1998). Cdc20 activates the APC from
metaphase to late mitosis. Cdhl takes over to complete mitotic exit and maintains APC

activity during G1. In contrast to Cdc20, Cdh1 cannot activate the APC in the presence of

10



high Cdk1 activity (Amon, 1997; Zachariae et al., 1998; Jaspersen et al., 1999). Thus,
APC“™ is not active until mitotic exit when Cdk1 activity is low.

There is some evidence to support the hypothesis that the APC directly regulates
cytokinesis: (1) APC mutants fail to complete cytokinesis; (2) The APC is active during
cytokinesis; (3) (Straight et al., 2003), demonstrated that proteasome inhibition in HeLa
cells lengthened the window of time in which cytokinesis can occur, and this was
independent of Cdk1 inactivity; (4) (Shuster and Burgess, 2002), demonstrated that APC
activity, not Cdk1 inactivation, is required for cleavage furrow formation in sea urchin
embryos; and (5) Many of the yeast cytokinesis proteins contain APC substrate
recognition signals and their levels oscillate during the cell cycle, characteristic of an
APC substrate.

APC substrates contain either a destruction box (D-box) motif with the amino
acid sequence RxxLxxxxN (Glotzer et al., 1991) or a KEN-box motif with the amino acid
sequence KENxxxN/D/S (Pfleger and Kirschner, 2000). New APC recognition sequences
have been identified as more and more substrates are discovered, but they have not been
shown to be as prevalent as the D- or KEN-box (Sullivan and Morgan, 2007). Scanning
the sequences of cytokinesis proteins reveals that Hofl contains a D-box and is absent in
G1 when APC™! is active. Iqg1 contains 2 D-boxes and is also absent in G1 arrested
cells (Lippincott and Li, 1998). Myol1 also contains 2 D-boxes and 2 KEN boxes (see
Appendix Tablel for a list of all cytokinesis proteins).

The APC was first discovered over 10 years ago and has two essential functions
in cell division: (1) To mediate the destruction of Securin (Pds1) so that sister chromatids

can separate and initiate anaphase; and (2) To mediate the destruction of mitotic cyclins,
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which causes Cdk1 activity to drop, allowing the cell to exit mitosis, complete
cytokinesis, and reset origins for the next round of cell division (Thornton and Toczyski,
2003). Several other proteins have been identified as APC substrates, which suggests that
the APC helps control other cell cycle processes as well. These substrates include
proteins involved in spindle stability (Asel, Finl) (Juang et al., 1997; Woodbury and
Morgan, 2007) and elongation (Cin8, Kip1) (Gordon and Roof, 2001; Hildebrandt and
Hoyt, 2001), mitotic exit (Cdc5, Spo12) (Charles et al., 1998; Shirayama et al., 1998;
Shah et al., 2001), DNA replication (Dbf4) (Cheng et al., 1999; Oshiro et al., 1999;
Ferreira et al., 2000), mitotic entry (Hsl1) (Burton and Solomon, 2001), and its own
activity (Cdc20) (King et al., 1995; Shirayama ef al., 1998). Although Pdsl and the
mitotic cyclins are the only substrates whose destruction by the APC is required for the
cell cycle (Thornton and Toczyski, 2003), the timely destruction of the other known
substrates is thought to increase the efficiency and robustness of cell cycle progression
(Rape et al., 2006). Thus, APC regulation of cytokinesis may promote efficient
cytokinesis by cooperating with additional regulatory pathways to turn off the cytokinesis

machine before the start of the next cell cycle.
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FIGURES

Figure 1. Actomyosin ring formation in the cell cycle. The septin ring, followed by the
myosin II ring, is formed in late G1. Upon Cdk1 inactivation and Cdc14 activation, Iqgl
forms a ring at the bud neck, which promotes the concentration of F-actin. Once the
cytokinesis machine is successfully assembled, the cell undergoes cytokinesis. Diagram

courtesy of David Morgan from “The Cell Cycle: Principles of Control.”
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Figure 2. Contraction and septation are simultaneous. (A) The diagram models the
formation of the primary and secondary septa concurrent with bud neck contraction.
Diagram courtesy of David Morgan from “The Cell Cycle: Principles of Control.”

(B) Electon micrographs of a budding yeast cell taken during cytokinesis. The primary
septum is visible behind the contracting plasma membrane. Vesicles are visible adjacent
to the invaginating plasma membrane. The cell wall is also shown. Images courtesy of S.

Bernales.
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Figure 2.
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CHAPTER 2

Identification of Iqg] as a novel APC“™™ substrate
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RESULTS

APC substrate screen of cytokinesis proteins

To identify novel APC substrates involved in cytokinesis, we set up a screen to
select cytokinesis proteins whose levels fluctuated in a manner characteristic of an APC
substrate—abundant in G2/M when the APC is inactive and absent in G1, when the APC
is active. We screened 110 proteins that were known to function in cytokinesis based on
their description in the Saccharomyces Genome Database. We were able to locate 103 of
the 110 proteins in the tandem affinity purification (TAP) tag library, a library of strains
in which most open reading frames are fused to a TAP tag consisting of two
immunoglobulin-binding domains of protein A from Staphylococcus aurous (zz-tag), a
cleavage site for the tobacco etch virus (TEV) protease, and the calmodulin-binding
peptide (CBP) (Rigaut et al., 1999; Ghaemmaghami et al., 2003). We grew up the 103
TAP tag strains to log phase and then arrested them in G1 or G2/M by addition of alpha-
factor or nocodazole, respectively. The arrested cultures and a culture of log-phase cells
were harvested and lysed in urea buffer to extract as much protein as possible. Protein
abundance of the TAP tag protein for each condition was analyzed by polyacrylamide gel
electrophoresis (PAGE) and Western blotting against the zz-tag. We analyzed the cell
cycle abundance for each protein at least twice. Of the 103 proteins tested, 78 had a
visible band on a Western blot. Of these 78 proteins, 7 were repeatedly abundant in G2/M
and absent in G1. Western blots for these candidates are shown in Fig. 1 (see Appendix
Table 1 for data of all 103 proteins). The 7 APC candidates are: Iqgl, Hofl, Mobl, Bud4,

Teml, Elm1, and Bud2. Iqgl and Hofl are regulators of the actomyosin ring and
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septation pathway. Mobl and Tem1 are components of the Mitotic Exit Network (MEN),
which is required for full activation of Cdc14, a phosphatase that targets Cdk1 substrates.
(3) Bud4, Bud2, and Elm1 are involved in budding and bud morphogenesis. Interestingly,
Bud4 is a distant homolog of Anillin, a contractile ring protein in higher eukaryotes and a
known APC substrate (Zhao and Fang, 2005).

All candidates except Bud2 have a cell cycle transcription profile. This is
characteristic of APC substrates because they need to be re-synthesized at some point
during the cell cycle after their degradation. In addition, Iqgl, Hofl, and Elm1 all have
either a D- or KEN-box. The fact that Mob1, Bud4, Tem1, and Bud2 do not contain these
APC recognition motifs is intriguing as new substrates have recently been identified with
novel recognition sequences (Sullivan and Morgan, 2007). At the bottom of Fig. 1 we
included Skt5 to illustrate a protein that is not considered an APC candidate. Skt5 is
transcribed in a cell cycle dependent manner and contains both a D-box and KEN
sequence but its protein levels are not cell cycle regulated, as it is abundant in both G1
and G2/M.

These 7 proteins fit the profile of an APC candidate but their cell cycle instability
could be due to a number of factors independent of APC activity, such as inherent protein
instability, degradation mediated by other E3 ubiquitin ligases, or lysosomal degradation.
Thus, further analysis was necessary to determine whether any of the 7 proteins are APC

substrates.

In vitro APC ubiquitination assays of the candidate proteins
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To further test whether these candidates are APC substrates, we carried out in
vitro ubiquitination reactions of these 7 proteins using **S-labeled in vitro transcribed and
translated substrate. The results of the reactions are shown in Fig 2. We used Pdsl
(securin) as a positive control in all reactions. Upon addition of APC“™, Pds1 is
ubiquitinated and the ubiquitinated products form a ladder of slower migrating bands
when analyzed by PAGE (second lane from left Fig. 2A, B). Of all the candidates tested,
only Iqgl showed slower migrating bands upon addition of APC“™™ (Fig. 2A, B). Neither
Hof1 nor Elm1 were ubiquitinated despite containing a D-box and/or KEN sequence. In
fact, Hofl was recently identified as a substrate of the SCF®™" (Blondel et al., 2005). This
explains its cell cycle abundance profile and also highlights the specificity of the in vitro
APC ubiquitination reaction: A protein with a D-box and KEN sequence, which contains
lysines available for ubiquitination, was not recognized by APC“™™".

As Iqgl was ubiquitinated in vitro by the APC, abundant in G2/M, and absent in
Gl-arrested cells, we next wanted to determine whether it is a bona fide APC substrate in
vivo. We first compared its turnover in cells arrested in G1 and G2/M by doing a pulse
chase of GAL-IQGI-TAP (IQG1 transcription was induced by addition of galactose, then
halted by addition of dextrose, and protein samples were taken at the designated time
thereafter). As expected, Iqgl was unstable in G1-arrested cells and stable in G2/M cells
(Fig. 3A). The half-life of Iqgl was about 20 minutes in G1 cells. We next tested whether
this instability requires APC activity. We compared the turnover of Iqg1-TAP in 2 strain
backgrounds: (1) wild-type and (2) a temperature sensitive cdc23-1 mutant (Cdc23 is a
key subunit of the APC). We grew both strains to log phase at the permissive temperature

(room temperature), arrested the cells in G1 with alpha-factor and then shifted to the
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restrictive temperature (37°C) for 30 minutes to inactivate the APC before adding
dextrose. Iqgl was degraded in the wild-type strain but stable in the cdc23-1 background
(Fig. 3B). Therefore, the G1 instability of Iqgl depended on APC activity. We then
monitored Iqgl abundance when expressed from of its endogenous promoter in
synchronized cells. Cells were arrested in G1 with alpha-factor and then released into the
next cycle by washing out the pheromone. As expected, no Iqgl was present in G1-
arrested cells (Fig. 3C). 30 minutes after release, its levels rose with those of the cyclin
CIb2, a well-characterized APC substrate. At 60 minutes, Iqgl abundance peaked and
then abruptly fell off, disappearing by the 90 minute point. Iqg1’s cell cycle instability
mirrored that of Clb2, except that Iqgl levels dropped one time point (15 minutes) later.
CIb2 is degraded upon exit from mitosis but Iqgl was degraded later, indicating that it
may be a worse APC substrate. This one possible explanation of how Iqgl avoids
premature degradation by the APC until its function in cytokinesis is complete.

The observation that Iqgl was degraded after Clb2 suggests that its ubiquitination
is activated by Cdh1 and not Cdc20. All of the known Cdc20-specific substrates (Pdsl,
CIb5, and Dbf4) are degraded upon entry into mitosis, but Iqgl was not degraded until
exit from mitosis or even after cytokinesis. Cdc20 is targeted for ubiquitination and hence

degradation by APC“™™

concurrent with CIb2. As Iqgl was degraded after Clb2, when
Cdc20 is fully destroyed, then Cdh1 must be the activator that targets it for
ubiquitination.

After identifying Iqg1 as a bona fide APC“™!

substrate, we next set out to identify
the region on Iqg] that is required for its recognition by APC™™. Fig 4A shows a

diagram of the characterized domains of Iqgl. As mentioned above, it contains 2 D-boxes
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and 2 KEN sequences in the N-terminal half (indicated by (*) in Fig. 4A). By taking
advantage of the in vitro transcription and translation system, we divided Iqgl into 3
overlapping fragments to identify the regions required for ubiquitination. Fig. 4B shows
the APC“™™ ubiquitination reactions of these fragments. A fragment containing the first
750 amino acids was ubiquitinated by the APC. As shown in the diagram in Fig. 4A, this
fragment contained the 2 D-boxes and 2 KEN sequences. However, when we deleted the
first 42 amino acids, no ubiquitinated products were visible even though this construct
(43-750) contained all the known destruction sequences. In addition, we tested the 1-750
fragment of Iqg1 but with the key amino acids of the D-boxes and KEN sequences
mutated to alanine, and it was still ubiquitinated by the APC (data not shown). Therefore,
the D-boxes and KEN sequences in Iqgl are not required for ubiquitination by the APC
and the true destruction sequence must lie in the first 42 amino acids.

We studied the amino acid sequence of this region and identified residues that
resembled a D-box between amino acids 33 and 43. The D-box sequence is RxxLxxxxN
whereas the sequence on Iqgl is RxxSxxxxN. Although leucine and serine are chemically
different, the presence of the exact spacing between the arginine and asparagine
suggested it may be recognized by the APC. To specifically test these amino acids, we in
vitro transcribed and translated a fragment of Iqg1 that contained alanine substitutions of
each candidate residue and combinations thereof (Fig 4C). Mutation of either R34, S37,
or K40 to alanine significantly decreased ubiquitination, and mutation of all three
residues together (plus the final N) brought substrate ubiquitination down to background
levels (Fig. 4C). We also tested whether substituting the S for an L would increase

substrate ubiquitination as it more closely resembled a classic D-box. Substituting S for L
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proved to be inhibitory to ubiquitination (Fig 4C). In addition, K39 was also important
for ubiquitination (data not shown). As we did not test more surrounding residues, we do
not know if mutating any other residues in this region would also have affected
ubiquitination.

Thus far, we have demonstrated that a D-box like sequence in the N-terminus of

C“™ To test if this same region is also required

Iqgl is required for ubiquitination by AP
for ubiquitination and degradation in vivo, we performed pulse-chase experiments
comparing wild type GAL-IQG1-TAP to GAL-A42-iqgl-TAP in Gl-arrested cells (Fig
5A). Wild-type Iqgl was unstable but A42-iqgl was stable. This suggests that the first 42
amino acids of Iqg1 are in fact required for recognition by the APC. We further analyzed
the cell cycle abundance of A42-iqgl-TAP, expressed from its endogenous promoter. As
expected, A42-iqgl-TAP levels rose with Clb2 but did not drop off (Fig. 5B). The mutant
was stable throughout the cell cycle and even while cells were re-arrested in G1. We did
notice that the initial levels of A42-iqgl-TAP were low in G1 arrested cells (Fig. 5B 0
min). We believe this is due to inherent protein instability, independent of APC activity.
At 75 and 90 min, CIb2 levels dropped off yet A42-iqgl-TAP levels did not change.
Instead, A42-iqgl-TAP levels seemed to gradually decrease over time.

To summarize, the APC“™ destruction sequence is located within the first 42 N-
terminal residues of Iqgl. Based on in vitro studies, R34, S37, K40, and N42 are
important for recognition by the APC. When we tested the stability of Iqgl with only the
R, S, and N mutated to A in G1l-arrested cells, it was still turned over (data not shown).
This has also been seen for other well-characterized APC substrates such as Cdc5 and

CIb5 (data not shown). Simply mutating the important residues of the D-box to alanine
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did not block its degradation in vivo. Instead, deletion of the D-box was the only way to
fully stabilize the substrate in vivo.
The non-degradable A42-igg strain was viable and showed no obvious

C™ substrate and a cdhlA is viable (even

morphological defects. As Iqgl is an AP
though it has gross morphologic abnormalities such as large cells, chains of cells, and
slower doubling time), then it is not surprising that cells could survive with stable Iqg1.
In collaboration with the Pringle laboratory at Stanford University, we discovered that a
strain lacking MYO1 (which is essential in the S288C yeast background) could survive
only in the presence of non-degradable Iqgl (Fig. 5C) (Ko et al., in press). In the W303
background, MYO! is not essential but very sick—a large percentage of cells cluster,
characteristic of a cytokinesis phenotype. Consistent with the S288C result, the presence
of non-degradable A42-iggl in a myolA (W303) significantly improved viability and
reduced cell clustering (Ko et al., in press).

Although non-degradable Iqgl did not cause any cell cycle defects when
expressed at endogenous levels, it caused severe growth defects when overexpressed
(whereas overexpressed wild-type Iqgl was viable) (Fig. 5D). Iqgl binds to multiple
proteins whose activities are essential in the cell cycle. It is possible that overexpressing
nondegradable Iqgl produces so much protein that is sequesters these essential proteins.
One candidate is Mlcl, an essential protein that binds the 1Q motifs on Iqgl and is
thought to be limiting in the cell (Tolliday et al., 2003). Interpreting data from
overexpression of proteins is problematic, but the fact that high levels of Iqgl was lethal

to the cell highlights how important it is for the APC to keep Iqgl levels in check.
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DISCUSSION

The goal of the work described in this section was to discover APC substrates that
function in cytokinesis. We began with a simple in vivo approach, followed by a sensitive
in vitro assay, which enabled us to screen through numerous cytokinesis proteins and led

to the identification of Iqglas a novel APC“™™

substrate. Iqgl was absent in G1-arrested
cells, when the APCC4! g active, and present in G2/M-arrested cells when the APC is
inactive. Iqgl degradation in G1 depended on APC activity, and furthermore, its protein
levels rose and fell like those of the Cdk1 cyclin, CIb2, a well-described APC“™™!
substrate. We also observed that Iqg] was directly ubiquitinated by APC™™ in vitro. Its
ubiquitination did not require classic D-boxes and KEN sequences; in fact, a D-box-like
sequence located in the first 42 amino acids was required for ubiquitination in vitro. This
region was also required for its degradation in vivo, as deletion of this domain stabilized
Iqg1 throughout the cell cycle.

Iqgl is related to the IQGAP family of proteins (Brown and Sacks, 2006). In
budding yeast, Iqgl contributes to cytokinesis by promoting both actomyosin ring
contraction and septation (Epp and Chant, 1997; Shannon and Li, 1999). As Iqgl is an
essential activator of both pathways that lead to mother-daughter cell separation, then its
degradation in G1 would irreversibly shut off the cytokinesis machine and ensure that the
cell does not attempt a premature cytokinesis in the following cell cycle. When Iqgl was

stabilized by deletion of the first 42 amino acids, it was able to promote cytokinesis even

in the absence of MYOI.
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Our characterization of the APC recognition sequence on Iqgl was incomplete for
2 reasons: (1) Every amino acid we mutated to alanine negatively affected its
ubiquitination. As we did not identify an amino acid in that region whose substitution to
alanine did not affect ubiquitination, we do not know whether there is a hierarchy of
important residues. (2) We did not determine whether this region is sufficient for
ubiquitination by the APC. Although the smallest construct we used in in vitro reactions
was 250 amino acids, further experiments that minimize this region would allow for a
better description of the recognition sequence. Although our analysis of the APC
recognition sequence is incomplete, our experiments revealed a novel APC recognition
sequence (RxxSxxKxN).

The presence of a serine instead of the typical leucine at position 4 in the
sequence may in fact confer lower substrate affinity to APC“™"", [this is pretty speculative
stuff] This is supported by the observations that Iqgl was degraded after Clb2, which
contains one D-box and multiple KEN boxes (Hendrickson ef al., 2001; Schwab et al.,
2001). In vitro, 1qgl appeared to be a poorer substrate than Pds1. The in vitro
ubiquitination reactions in Fig. 4 used methylated ubiquitin, which prevents the formation
of ubiquitin chains. This enhanced the production of multi-ubiquitin products and
increased the signal of the mono, di, and tri-ubiquitinated products. When we used wild-
type ubiquitin in the reactions, Iqgl appeared to be a significantly poorer substrate than
Pds1 (data not shown). APC substrate preference is an interesting problem that has
recently begun to be explored (Rape et al., 2006). Budding yeast is an ideal organism to
compare substrate preference in vivo because many APC substrates can be

simultaneously tagged and cells can be synchronized with high temporal resolution.
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Future experiments that clearly define the order of degradation of APC“™ substrates
(Clb2, Cdc20, Cdc5, Asel, Finl, Kipl, Spol2, Hsll, and Iqgl), in combination with in
vitro data, may provide clues to the ordering of APC substrate ubiquitination and how it
is achieved.

The cell cycle abundance screen identified 7 proteins that were low in abundance
in G1 and abundant in G2/M. Of these 7 proteins, only Iqgl was identified as an APC
substrate (based on in vitro APC reactions). Hofl was later identified as a SCF substrate.
This leads us to ask how the abundance of other 5 proteins is regulated. Although the in
vitro APC reactions of these 5 proteins did not show any ubiquitinated products, it is still
possible that degradation in vivo may require APC activity. We believe this explanation

unlikely as all of the known APC™!

substrates tested by the in vitro assay have been
successfully ubiquitinated (data not shown). However, to definitely demonstrate whether
the absence of protein in G1 requires APC“™ activity, cells deleted for both CDHI and
CLB?2 could be arrested in G1 with alpha-factor (CLB2 must be deleted so that cells
lacking CDH|1 can arrest in G1; (Schwab et al., 1997) and the TAP tag protein levels
analyzed by Western blotting. Independent of the outcome, determining the exact timing
of degradation in the cell cycle for these 5 proteins may provide clues about how they are
turned over.

The SCF is another ideal E3 candidate that may mediate the turnover of these 5
proteins in the cell cycle. Recently, a proteomic screen was carried out in search of novel
SCF“™ substrates (Benanti ef al., in press). Among our 5 candidate proteins, only Bud4

showed faint signs of substrate activity in vivo (personal communication, Dr. Jennifer

Benanti).
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Although our screen led to the discovery of a novel APC substrate, it was far from
complete. A more comprehensive approach could have included all of the bud neck
localized proteins (58 more proteins). On the other hand, only testing proteins that were
known to function in cytokinesis assured us that the degradation of candidate proteins
might actually contribute to cytokinesis control. In addition, our candidates were biased
in that they were mostly activators of cytokinesis. If the APC“™ mediates the destruction
of an inhibitor, then it was most likely not chosen for the screen.

Some of the lessons we learned from taking this approach to identify novel APC
substrates are: (1) Rather than focus on proteins involved in a process, it seems more
fruitful to focus on all proteins whose transcription is cell cycle regulated (about 1000
genes, (Spellman ef al., 1998). To date, the transcription of all known APC substrates is
cell cycle regulated. If the cell destroys a protein then it must re-synthesize it at some
point during the cell cycle. (2) Recently a screen comparing the fluorescence of GFP
tagged proteins (from the GFP library) between wild-type and grr/A cells was used to
identify SCF™" substrates in budding yeast (Benanti ef al., in press). This screen did not
require Western blotting to analyze protein levels, which can be influenced by lysis
conditions and antibody disparities, and it was automated to screen the yeast proteome.
This approach could be used to comprehensively search for novel APC substrates. The
E3 mutant strain could be a cdhlA or deletion of non-essential subunits of the
holoenzyme. (3) Any substrate identified in these screens must be tested for direct APC
ubiquitination, so another approach would be to test all the cell cycle regulated proteins

in batch APC reactions. Lysates of TAP tag strains could be pooled together, bound to
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IgG beads, and then subjected to APC in vitro reactions using radiolabeled ubiquitin
assays. Any APC target that receives a radioactive ubiquitin can then be quickly detected
using a scintillation counter. Another advantage to performing APC reactions while
candidate substrates are bound to beads is that the APC components (E1, E2, APC, Cdhl,
ATP, ubiquitin) are removed after the reaction and can immediately be used on another
batch of TAP tag proteins bound to beads. This method would need to be optimized using
known APC substrates as positive controls but it may provide a quick approach to screen
for direct substrates.

There is an inherent problem with identifying novel APC“™ substrates. As CDH]

is not essential, the destruction of any APC™"!

substrate will not greatly affect the cell
cycle. Rendering the substrates non-degradable will not halt the cell cycle, so
understanding how its degradation contributes to the cell cycle is difficult. Sensitive
bioassays such as monitoring the dynamics of cell cycle markers by fluorescence
microscopy (as done in the following chapter) is a powerful way to describe any defects

h1
CCd

associated with stabilizing an AP substrate. Alternatively, manipulating the genetic

background to sensitize cells to the presence or absence of the APC™!

substrate (as done
with the non-degradable Iqgl in a myolA background) is another approach that can shed
light on how APC regulation of these proteins contributes to cell division.

One reason to pursue the identification of substrates whose degradation is not
essential for a normal cell cycle is that cancer cells routinely stimulate or inhibit parallel
pathways to promote their uncontrolled proliferation (Morgan, 2007). As the degradation

of these substrates in wild type cells is not essential, therapies that target their

stabilization or degradation may specifically block proliferation of cancer cells.
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MATERIALS AND METHODS

Strains, Plasmids, Growth Conditions, and Genetic Methods

All strains were based on the W303 or S288C genetic background as indicated
and were grown at 30 °C unless otherwise indicated. 2% glucose was used as carbon
source except for experiments involving induction of gene expression under control of
the GAL promoter, for which 2% raffinose plus 2% galactose were used. Standard
procedures were used for growth of Escherichia coli, genetic manipulations, polymerase
chain reaction (PCR), and other molecular biological procedures (Guthrie and Fink,
1991).

To construct A42-iggl-TAP strain, the Iqg1-TAP strain from the TAP-tag library
(Ghaemmaghami et al., 2003) was transformed with plasmid pGT04. Plasmid pGT04
was constructed using two steps of PCR. In the first step, a fragment of /0G1
(nucleotides -262 to +3 relative to the A of the start codon) was amplified from genomic
DNA with a BamHI site incorporated into the 5' primer and a 3' primer that included
nucleotides corresponding to positions +127 to +141 of IQG1. A second fragment
(nucleotides +127 to +277) was also amplified from genomic DNA using a 5' primer that
included nucleotides corresponding to positions -15 to +3 of /QGI and a 3' primer that
included an Xbal site. In the second step, the PCR products from the first step were
purified and used as template with the BamHI-site-containing 5' primer and the Xbal-site-
containing 3' primer. The resulting product, which contained 262 nucleotides of the
IQG1 promoter, a start codon, and 151 nucleotides (from +127 to +277) of open-reading-
frame sequence, was cut with BamHI and Xbal, gel-purified, and inserted into

BamHI/Xbal-cut pRS305 (Sikorski and Hieter, 1989).
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Plasmids pGAL-IQGI-TAP and pGAL-A42-iqgl-TAP were constructed by
transforming W303 MAT a yeast cells with BamHI/HindIlI-cut pPRSAB1234 with PCR-
amplified full-length or truncated (lacking codons 2-42) IQG1; the amplified fragment
contained 22 (5') and 21 (3') base pairs of flanking vector sequences to allow the in vivo

recombination.

APC Substrate Screen

All strains used were from the TAP tag library (Ghaemmaghami et al., 2003).
Strains were grown to Log phase (O.D. 0.2) then arrested in G1 with 10mg/ml o-factor
(Sigma-Aldrich, St. Louis, MO) or arrested in G2/M with 10mg/ml of nocodazole
(Sigma-Aldrich, St. Louis, MO). When >90% of cells were arrested (3-4 hours later) Sml
of culture was collected by centrifugation, washed in water, and cell pellets were snap-

freezed in liquid nitrogen.

To extract proteins (as described in (Ubersax et al., 2003)), cell pellets were re-
suspended in 200ml of Urea buffer (20mM Tris pH 7.4, 8M Urea, 2M Thiourea, 4%
CHAPS, 1% DTT, 50mM NaF, 80mM beta-Glycerophosphate, ImM Na3;VO,, ImM
PMSF) and 0.5mm glass beads (to just below meniscus) were added. The cells were
vigorously shaken in a bead beater 3 times for 1 min with 1 min rest in between. Cell
lysates were spun out of tubes by poking a hole in the bottom with a 21.5 gauge needle
and centrifuged in a microfuge at 7,000 rpm for 30 seconds. Cell lysates were then spun
in a microfuge at 14,000 rpm for 10 min to spin down cell debris. Supernatants were
collected and protein assays were calculated using Bradford method. 10ug of protein

were loaded (4-10% polyacrylamide gels depending on average size of TAP-tag proteins)
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with SDS sample buffer in each lane. TAP-tag levels were determined by Western
blotting using a rabbit polyclonal anti-c-MYC primary antibody (Santa Cruz
Biotechnology, Santa Cruz, Cat. No. SC-764), an HRP-conjugated donkey anti-rabbit-
IgG secondary antibody (Amersham, Arlington Heights, Cat. No. NA934V). Western
blotting was also done using peroxidase anti-peroxidase soluble complex produced in
rabbit (Sigma-Aldrich, Cat. No. P1291). All blots were further analyzed with SuperSignal

West Pico chemiluminescence system (Pierce Biotechnology, Rockford, IL).

APC Ubiquitination Assays

To perform ubiquitination assays, reaction components were expressed and
purified as described previously (Carroll and Morgan, 2005). Substrates were produced
in rabbit-reticulocyte lysates by coupled transcription and translation in the presence of
°S-methionine, following the manufacturer’s instructions (Promega) (see (Sullivan and
Morgan, 2007)). For all candidates tested, a T7 promoter sequence and Kozak site added
upstream were made using two steps of PCR. In the first step, the desired fragment was
PCR-amplified using a 5' primer containing a sequence of 23 nucleotides that overlapped
the 5' primer used in the second step plus 30-40 nucleotides of coding sequence
beginning with a start codon. The 3' primer contained ~50 nucleotides of coding
sequence ending with a stop codon. In the second step, the product from the first step
was used as template with the same 3' primer and a 5' primer of 119 nucleotides that
included a T7 promoter and a Kozak site. Point mutations in the /QG1 sequence (Fig. 4)
were introduced by incorporation into the 5' primer used in the first step. Ubiquitination

reactions were performed and monitored using a Molecular Dynamics Phosphorlmager
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(GE Healthcare) as described previously (Carroll and Morgan, 2002, 2005).

GAL-Iqg1-TAP Pulse Chase Assays

Strains containing pGAL-IQGI-TAP or pGAL-A42-iqgl-TAP were grown to Log
phase in YP medium containing 2% raffinose (30°C) as sole carbon source (Fig. 3B at
23°C), arrested in G1 or G2/M by treatment with 1 mg/ml m a-factor or 10mg/ml
nocodazole respectively for 4 h. Galactose (2%) was then added to induce protein
expression for lhr at room temperature (23°C), after which dextrose (2%) and
cycloheximide (100 mg/ml) were added to block both transcription and translation of the
IQG1 constructs. Sml samples were taken at the time of glucose and cycloheximide
addition and at intervals thereafter. Cells were lysed in urea buffer as described above.
Protein was extracted and analyzed by Western blotting. Iqg1-TAP and A42-Iqgl-TAP
were detected using the peroxidase anti-peroxidase soluble complex produced in rabbit
(Sigma-Aldrich, Cat. No. P1291) and the SuperSignal West Pico chemiluminescence

system (Pierce Biotechnology, Rockford, IL).

Iqg1-TAP Cell Cycle abundance

Strains IQG1-TAP and A42-iqgl-TAP were grown to Log phase in YP medium at
30°C, arrested in G1 phase by treatment with 10 ug/ml a-factor for 4 h, and released
from the arrest by washing once and resuspending in fresh YP medium. When 90% of the
cells had budded, 10 ug/ml a-factor was added again to prevent the initiation of new cell
cycles. 5 ml samples were taken at the time of release from a-factor arrest and at

intervals thereafter. Cells were lysed in urea buffer as described above. Proteins
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(including Cl1b2 as a control) were analyzed by Western blotting. Iqg1-TAP and A42-
iqgl-TAP were detected using the peroxidase anti-peroxidase soluble complex produced
in rabbit (Sigma-Aldrich, Cat. No. P1291). Clb2 was detected using a rabbit polyclonal
anti-Clb2 primary antibody (Kellogg and Murray, 1995), an HRP-conjugated donkey
anti-rabbit-IgG secondary antibody (GE Healthcare), and the SuperSignal West Pico

system.
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FIGURES

Figure 1. APC substrate candidates identified in protein screen. The 7 out of 103
proteins that were identified in the cell cycle arrest screen (described in Materials and
Methods) are shown with their corresponding transcription peak; number of potential
Cdk1 sites; D-box and KEN sequences; and duplicate Western blots illustrating their
absence in G1 and presence in G2/M arrested cells. Skt5 is shown as a negative result

even though it contains D-box and KEN sequences.
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Figure 1.

A. APC candidates

protein peak Cdksites D-box KEN G1-G2/M-G1-G2/M
1QG1 G2/M 4 2 2 . -d
HOF1  G2/M 0 1 1 . &
MOB1  G2/M 2 0 0 - -
BUD4  G2/M 6 0 0 - -
TEM1  G2/M 0 0 0 P -
ELM1  S/G2 1 0 1 wee .
BUD2 1 0 0 —_ .-
SKT5  w/G1 0 1 1 w
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Figure 2. Iqgl is the only APC substrate candidate ubiquitinated by APC“™, (A)
Full length Pds1, the first 250 amino acids of Iqgl, and full length Hofl were transcribed

and translated in vitro and subjected to APC™™!

ubiquitination reactions as described in
Materials and Methods. The unmodified substrate is identified with an (*). The -/+
columns indicate absence or presence of APC“™ in the reaction. Ubiquitinated products
are characterized by the presence of slower migrating bands corresponding to mono, di,
tri, etc. ubiquitinated substrate. See Pds1 (+) and Iqgl (+). (B) Same as above but for the
remaining 5 APC substrate candidates shown in Fig. 1. Due to the 100 kDa size limit of
the in vitro transcription and translation system, Bud2 (127 kDa) and Bud4 (165 kDa)

were split into two overlapping constructs Bud2a: 1-829, Bud2b: 445-1104, Bud4a: 1-

766, and Bud4b: 748-1449.
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Figure 2.
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Figure 3. Iqgl degradation through the cell cycle depends on the APC. (A) Pulse
chase of GAL-IQGI-TAP of cells arrested in either G1 with alpha-factor and G2/M with
nocodazole as described in Materials and Methods. The TAP tag proteins in all gels (A-
C) were analyzed by Western blotting as described in Materials and Methods. (B) Pulse
chase at 37°C of GAL- IQG1-TAP cells arrested in G1 with wild-type APC or in a cdc23-
1 mutant background. (C) Cell cycle expression profile of Clb2 and Iqg1-TAP tagged at
its endogenous locus. Cells were arrested in G1 with alpha-factor, released and then re-
arrested in G1 by addition of alpha-factor during mitosis as described in Materials and

Methods.
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Figure 3.
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Figure 4. Characterization of the APC destruction signal on Iqgl. (A) Diagram of
Iqgl protein showing the 3 characterized domains: Calponin Homology Domain (CHD),
1Q repeats (I1Q), and the GTPase Related Domain (GRD). Predicted D-boxes and KEN
sequences are indicated by (*) along with the actual APC destruction signal between
resides 33-43. (B) APC" ubiquitination reaction of in vitro transcribed and translated
Iqgl fragments. Unmodified substrates are indicated by (*). The residue numbers
correspond to the location of the fragment on full length Iqgl. -/+ above each well
indicates absence or presence of APC“™ in the reaction. Ubiquitinated products are
characterized by the presence of slower migrating bands. (C) APC“® ubiquitination of
Iqgl (33-250aa) testing the importance of residues between amino acid 33 and 43. 3A is
the combination of R34A, S37A, N42A and 4A is the same as 3A but with K40A. A

nonspecific background band is also indicated.
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Figure 4.
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Figure 5. Non-degradable A42-iqgl is stable throughout the cell cycle, suppresses
myol A lethality, and is lethal when over-expressed. (A) Pulse chase of TAP tagged full
length Iqgl and A42-iqgl in G1 arrested cells. Proteins in all gels (A-B) were analyzed
by Western blotting as described in Materials and Methods. (B) Cell cycle expression of
A42-iqg1-TAP in cells arrested in G1 with alpha-factor, released and re-arrested in G1 by
addition of alpha-factor in mitosis as described in Materials and Methods. (C) Tetrad
analysis of heterozygous myolA::KANMXG6 crossed to heterozygous A42-iggl:LEU2.
myo A haploids only survive when non-degradable A42-igg] is present. (D) Non-
degradable Iqgl is lethal when overexpressed. GAL-A42-iqg1-TAP and GAL-IQGI1-TAP

cells were streaked on either dextrose or raffinose/galactose plates to test growth.

43



Figure 5.

A.
lgg1 (1-1495) | lqg1 (43-1495)
time[min] 0 30 60 90 120 [ o 30 60 90 120
B.

time[min] 0 15 30 45 60 75 90 105120135150165 180 195,
lag1-TAP43-1495, S e e - P g — ——

Clb2 ol F

myo1A::kanMX6/MYO1-GFP iqg1A42:.LEUZ/+

YPD+G418 -Leu
D.
Dextrose Galactose
GAL- GAL GAL- GAL

A42-iqg1-TAF -Igg1-TAP |A42-iqg1-TA

44



CHAPTER 3

The APC™ regulates actomyosin ring disassembly
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RESULTS

APC mutant cells display a cytokinesis defect

To determine if APC activity helps control cytokinesis, we analyzed cytokinesis
in cells defective in APC function. In exponentially growing wild-type cells, about 3%
were visible as clusters of triplets and quadruplets. In cells lacking CDH1, the number of

clustered cells rose 3-fold to 9% (Appendix Fig. 1), suggesting that APC™!

activity is
required for efficient cytokinesis.

We next analyzed the effects of APC defects on the localization of proteins
known to regulate yeast cytokinesis. We found that the localization of many GFP-tagged
cytokinesis proteins (Cdc12, Hofl, Bnil, Bnrl, Cyk3, Mob1, Myo2, and Tusl; data not
shown) was not affected by deletion of CDHI, when analyzed in ethanol-fixed cells.
However, we did notice a difference in the localization of Myol. Multiple Myo1-GFP
foci (Fig. 1A) were seen in cdhiA cells that had completed cytokinesis—characterized by
the presence of large actin patches and absence of a Myol ring at the bud neck. In
contrast, no Myo1-GFP was visible in wild-type cells that did not have a ring at the bud
neck.

We next analyzed the localization dynamics of Myol-GFP in an asynchronous
population of live cells, acquiring images every minute for 30 minutes. In wild-type cells,
the myosin ring appeared at the time of bud emergence and remained at the bud neck
until cytokinesis. During cytokinesis, the myosin ring contracted to a single dot in an

average time of 5.7 min (+/- 1.1 min; n=39 cells) (Fig. 1B; see Appendix Table 2 for

contraction times in all strains). The myosin dot disappeared an average of 5-7 minutes
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later, suggesting that the myosin ring had fully disassembled. In cdhIA cells, as in wild-
type cells, the Myol ring appeared with the formation of the new bud. During
cytokinesis, the ring contracted to a single dot in 6.5 min (+/- 1.3 min; n=27 cells) (Fig.
1C). However, the Myol dot did not disappear after the completion of ring contraction.
Instead, myosin remained at the site of cytokinesis and punctate foci were visible away
from the site of cytokinesis.

Consistent with our initial observations in fixed cells, myosin foci were only
visible in G1 cells when a Myol ring was not present. To determine how long the myosin
foci remained in G1 cells, we lengthened the time between image acquisition from one to
10 min and analyzed Myol foci in cdhIA cells from contraction until formation of the
new ring in the next cell cycle. Multiple myosin foci were visible until the formation of a
new myosin ring (Fig. 1D). The presence of multiple myosin dots after ring contraction,
and their persistence throughout G1, suggests that Cdh1-dependent APC activity
normally promotes myosin ring disassembly immediately after ring contraction.

To better quantitate the cdhIA phenotype, we counted the number of cells with at
least one visible Myo1 dot more than 10 min after the completion of ring contraction.
35% of wild-type cells (16/46 cells) had a Myol signal after this time, whereas multiple
Myol dots were found in all cdhIA cells (33 cells) (Fig. 2A, Appendix Table 2). The
Myo1-GFP signal disappeared in only one of the 33 cdhiA cells, 25 min after ring
contraction. In a more detailed approach to quantitation of Myol foci, we also counted
the maximum number of Myol dots per cell at least 10 min after ring contraction. 9% of
wild-type cells and 93% of cdh 1A cells contained multiple dots (Fig. 2B). In summary,

Myol was not visible in the majority of wild-type cells 10 min after ring contraction, and
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in those rare cases where dots were visible, the signal was very faint and was found only
at the site of ring contraction. In contrast, all cdhlA cells contained Myol dots 10
minutes after ring contraction, and multiple dots were apparent in most cells. One of
these dots was always present at the site of cytokinesis, whereas the others were located
throughout the cell.

Many (but not all) of the myosin dots that persist in cdhIA cells are highly
mobile. We tracked their movement and saw that in 64% of cdhiA cells (21/33 cells) the
myosin dots traveled towards and merged with the dot at the bud neck at a rate of approx.
Ium/min (see asterisks in Fig. 1C). In 86% of these cells, myosin dot movement toward
the bud neck occurred exclusively in the daughter cell.

To confirm that holoenzyme APC activity, and not just Cdhl, is required for
myosin ring disassembly, we analyzed cells lacking all APC activity. As the APC is
essential for viability, we used a strain background (pdsi A, clb5A, 10XSICI) in which the
APC is not required for viability (Thornton and Toczyski, 2003). In this strain
background, with wild-type APC present, the myosin signal disappeared within 10 min
after ring contraction in 3 of 4 cells where ring contraction could be observed (Fig. 2A,
3A). We then monitored Myo1-GFP dynamics in cells lacking APC2, an essential subunit
of the APC holoenzyme. As in cdhIA cells, myosin dots were present in most apc2A cells
(5/7 cells; 71%) at least 10 min after ring contraction (Fig. 2A, 3B). These results further
suggest that the APC, in combination with its activator Cdhl, is required for proper

disassembly of myosin after ring contraction.
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APC“™ is required for Myosin Regulatory Light Chain and IQGAP ring
disassembly

Multiple proteins associate with myosin in the actomyosin ring, and we
investigated whether the APC might also regulate the disassembly of these proteins. We
first examined the disassembly of the regulatory myosin light chain, Mlc2, which binds to
the 1Q2 motif of myosin. In wild-type cells, the behavior of Mlc2-GFP was similar to that
of Myol. It contracted in an average time of 5.1 min (+/- 1.2 min, n=14 cells) (Fig. 4A,
Appendix Table 2). The Mlc2 signal disappeared in 15 of 17 cells (88%) within 10 min
of ring contraction (Fig. 2A). In cdhIA cells, Mlc2 contracted in about 6.9 min (+/- 1.7
min, n=15 cells) but then persisted as punctuate foci (Fig. 4B). Multiple Mlc2 foci were
visible in 100% of cells (11) for at least 10 minutes after ring contraction (Fig. 2A). 73%
of these cells contained 3 or more Mlc2 dots whereas the remaining 27% had 2 dots (Fig.
2B). The presence of Mlc2 foci after ring contraction in a cdhIA cell suggests that APC
activity is required to disassemble Mlc2 complexes.

Micl1, the essential myosin light chain, co-localizes with Myol during contraction
and then shuttles around the cell on secretory vesicles (Wagner et al., 2002). We
analyzed the behavior of GFP-Mlcl1 expressed under the control of the MET promoter in
live cells. Mlcl in wild-type cells contracted to a dot in an average time of 5.7 min (+/-
1.1 min, n=24 cells, Fig. 4C, Appendix Table 2). As previously described, Mlc1 did not
disappear after ring contraction but was visible in all 22 cells 10 min after ring
contraction. In cdhiA cells, Mlcl contracted with similar kinetics (6.2 +/- 1.6 min, n=14
cells) and in all cells Mlc1 dots were visible 10 min after ring contraction (Fig. 2A, 4D).

The number of cells with 3 or more Mlc1 dots increased from 57% of wild-type cells to
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93% of cdhIA cells (Fig. 2B). In addition, the number of cells where Mlc1 foci were
observed moving toward the bud neck increased from 14% of wild-type cells to 63% of
cdhIA cells. Thus, in the absence of Cdhl, there are more Mlc1 foci and more cells in
which Mlc1 moves toward the bud neck, suggesting that APC“™™ activity may aid in
disassembling a subpopulation of Mlcl complexes after ring contraction.

We also analyzed a GFP-tagged version of the IQGAP protein, Iqgl, which is
known to interact with the actomyosin ring through an association with Mlc1. In wild-
type cells, Iqgl contracted in an average time of 4.6 min (+/- 1.0 min, n=7 cells) (Fig.
4E). In only 1 out of 11 cells (9%) Iqgl was visible 10 minutes after ring contraction
(Fig. 2A). In cdhIA cells, Iqgl contracted in 5.3 min (+/- 1.5 min, n=8 cells), and was
visible in all cells 10 min after ring contraction (Fig. 4F, Fig. 2A). 60% of cdhIA cells
contained 3 or more Iqgl dots and the remaining 40% contained 2 dots (Fig. 2B). We

conclude that Iqg1 disassembly, like that of Myol and Mlc2, is regulated by APC™"".

Myol co-localizes with Mlc2, Iqgl, and Mlcl in cdhA cells.

As the disassembly of Myol, Mlc2, and Iqg1 are all defective in APC mutant
cells, we next determined whether these proteins remain associated in an APC mutant
after ring contraction, or whether they form separate macromolecular foci. We first
analyzed the co-localization of Mlc2 and Myol by constructing a cdhIA strain carrying
Mlc2-GFP and Myol tagged at its C terminus with mCherry (Myo1-Cherry). We
acquired images of both proteins every 5 min in asynchronous cells. In 8 out of 8 cells in
which Myo1-Cherry dots were visible after ring contraction, we observed co-localization

of Mlc2-GFP at all time intervals and for every dot visible (Fig. SA, Appendix Table 2;
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see Appendix Fig. 2 for entire time course). The complete co-localization of Myol and
Mlc2 suggests that after actomyosin ring contraction in a cdhIA cell, Myol and Mlc2
move around the cell together in large macromolecular complexes.

We also tested whether Myol and Iqgl co-localize in a cdhIA cell. We acquired
images every 5 min of Myol-Cherry and Iqg1-GFP in cdhIA cells. In 100% of cells
(14/14), Iqg1-GFP dots co-localized with all Myo1-Cherry dots at all time points after
actomyosin ring contraction (Fig. 5B, Appendix Table 3, Appendix Fig. 3). Therefore,
Myol remains associated with both Mlc2 and Iqgl after ring contraction in cdhIA cells.

We next tested whether the Mlc1 dots present after ring contraction in cdhIA cells
co-localize with Myol foci. We analyzed the co-localization of Myol-Cherry and GFP-
Mic1 in asynchronous cdhIA cells. In 8 of the 11 cells that contained visible Myo1-
Cherry dots after ring contraction, GFP-Mlc1 dots co-localized with all Myo1-Cherry
dots at every time interval (Fig. 5C, Appendix Table 3, Appendix Fig. 4). No GFP-Mlc1
signal was visible in 3 cells, probably due to the variable expression of GFP-Mlcl from
the MET promoter. Some GFP-Mlcl dots did not co-localize with Myol-Cherry,
indicating that all Myo1 foci co-localized with Mlc1 but the reverse was not true
(asterisks in Fig. 5C).

As Mlcl is known to bind to secretory vesicles after actomyosin ring contraction,
we investigated whether Myo1-Cherry co-localized with Sec2-GFP. We observed partial
co-localization of Sec2 and Myol dots in only 1 of 8 cells that underwent cytokinesis
(Fig. 5D, Appendix Table 3, Appendix Fig. 5). These results suggest that in a cdhIA cell
there are at least two pools of Mlcl: one that is associated with a large complex of Myol,

Mlc2, and Iqgl, and a distinct pool that is associated with secretory vesicles. In a wild-
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type cell, APC“™™ activity promotes the disassembly of the large complex consisting of

Myol, Mlc2, Mlcl, and Iqgl immediately after cytokinesis.

Degradation of Cyclins does not promote disassembly of the myosin complex

As the APC is an E3 ubiquitin-protein ligase that mediates the destruction of its
substrates by the 26S proteasome, our evidence suggests that the destruction of one or
more APC substrates is required for disassembly of the Myol complex. One candidate
substrate is the mitotic cyclin Clb2, whose degradation in late mitosis is required for exit
from mitosis and the completion of cytokinesis. In a cdhIA cell, CIb2 is not completely
degraded (Schwab et al., 1997), and this partial stabilization of Clb2 might be expected to
lead to abnormally high Cdk1 activity that inhibits myosin complex disassembly after
ring contraction. This possibility seemed unlikely, however, because it is known that the
Clb-Cdk1 inhibitor Sicl accumulates in late mitosis and suppresses Clb2-Cdk1 activity,
even in cdhIA cells. Nevertheless, to test whether Cdk1 activity helps govern myosin
disassembly, we overexpressed Sicl in cdhlA cells and analyzed Myo1-GFP ring
disassembly. Sicl overproduction did not rescue the myosin disassembly defect in cdhlA
cells, as 95% of the cells contained Myol dots at least 10 min after ring contraction (Fig.
6A, B). Therefore, altering Cdk1 activity did not affect myosin complex disassembly.

If Clb2 degradation is required to inhibit myosin disassembly, then removing
CIb2 should allow myosin to disassemble in a cdhIA cell. To directly test whether Clb2
degradation plays a role in myosin disassembly, we constructed a strain lacking both
CDHI and CLB2. In all of the 12 cells for which we followed Myo1-GFP ring

contraction, myosin dots were visible 10 min after ring contraction (Fig. 6A). Thus, Clb2
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destruction is not sufficient to drive myosin disassembly. Although Cdk1 inactivation
may help promote myosin disassembly, our results suggest that Cdk1 is not a major
inhibitor of myosin disassembly in a cdhIA cell. It is therefore likely that the destruction

of APC targets other than cyclins is critical.

Degradation of several known APC targets does not promote disassembly of the
myosin complex

Asel, Finl, Spol2, and Hsl1 are all substrates of APCC™M If the degradation of
any one of these substrates is required to allow myosin complex disassembly, then
deleting that substrate should reverse the myosin disassembly defect in a cdhIA cell. We
constructed strains lacking both CDHI and each candidate substrate and monitored
Myo1-GFP disassembly using live cell microscopy. Deletion of ASEI, FINI, SPO12, or
HSL1 did not reverse the myosin complex disassembly defect in cdhIA cells. In all
double delete strains, Myol dots persisted for more than 10 minutes in 100% of cells for
which Myol contracted (Fig. 6A).

The Polo-like protein kinase Cdc5 is another APC™™ substrate whose activity is
required for cytokinesis. To test whether degradation of Cdc5 is required for myosin
complex disassembly, we analyzed Myol behavior in cells carrying a non-degradable
form of Cdc5 lacking amino acid residues 5-70, which contain its D-box (Charles et al.,
1998; Shirayama et al., 1998). In cells carrying A5-70-cdc5, Myol contracted with
normal kinetics (6.1 +/- 1.3 min, n=15 cells) and in 16 out of 17 cells, Myol dots were
not present 10 min after ring contraction (Fig. 6A, C). Thus, the stabilization of Cdc5

alone is not sufficient to block myosin complex disassembly.
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We recently identified Iqgl as an APC“™" substrate (Ko et. al., in press). As Iqgl
is required to recruit actin to the bud neck and to initiate actomyosin ring contraction, we
speculated that its APC-dependent degradation might contribute to disassembly of the
Myol complex. We therefore monitored Myo1-GFP in cells carrying a non-degradable
mutant form of Iqgl, A42-iqgl, which lacks the first 42 amino acids that contain its APC
recognition sequence. Myol-GFP dots were observed 10 min after ring contraction in 6
of 17 cells (35%; Fig. 6A, D). Although this dot frequency is similar to that of wild-type,
we noted that the percentage of cells with 2 dots increased 2-fold from 9% of wild-type
(Fig. 2B) to 19% of non-degradable Iqgl cells (see Fig. 8F below). We also examined
whether stabilization of Iqgl affects its own disassembly in cells carrying a GFP-tagged
A42-iqgl. The A42-iqgl-GFP ring contracted (4.8 +/- 0.7 min, n=24 cells) and
disappeared like wild-type Iqgl-GFP (2 of 26 cells had dots 10 min after contraction)
(Fig. 6A, E). Thus, stabilization of Iqgl alone has minor, if any, effects on the
disassembly of Myol or Iqgl.

To further assess the importance of Iqgl destruction in the disassembly of
myosin, we analyzed the Myol disassembly phenotype in cdhIA iqgIA double mutant
cells. Cells lacking /QG1 have substantially reduced Myo1-GFP signal at the bud neck,
making time-lapse microscopy more difficult. To avoid photobleaching, we acquired
images of Myol-GFP every 5 min. Myosin ring contraction occurred in 16.5 min (+/- 5.7
min, n=47 cells), about 10-11 min longer than wild-type or cdhIA cells (Fig. 7A,
Appendix Table 2). In 36 of the 61 cells (59%) in which a myosin ring contracted, Myo1-
GFP dots were visible for more than 10 min after contraction (Fig. 7E). The number of

dots per cell also decreased substantially compared to cdhIA cells. Only 11% of cells
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contained a maximum of 3 or more dots compared to 58% of cdhiA cells (Fig. 2B, 7F).
Thus, compared to cdhiA cells, fewer double mutant cells exhibited a myosin
disassembly defect and the defect was less severe. We also analyzed the disassembly of
Myol in an igg/A cell and observed that ring contraction was similar to that in the double
mutant (15.5 +/- 4.4 min, n=10 cells) (Fig. 7B, Appendix Table 2); however, Myol dots
were present 10 min after ring contraction in only 3 of 13 cells (23%, Fig. 7E). In
summary, deletion of /QG/ seemed to destabilize the myosin ring and partially rescue the
myosin disassembly defect in cdhIA cells. This may indicate that Iqgl destruction
contributes to myosin disassembly.

As eliminating Iqgl allows partial disassembly of myosin foci in cdhIA cells, we
tested whether the deletion of Myol1 affects the disassembly of Iqgl foci in cdhiA cells.
We analyzed the disappearance of Iqg1-GFP in a myoIA strain and a cdhIA myolA
double mutant. In only 5 of 24 myoIA cells (21%), Iqg1-GFP foci were visible more than
10 min after ring contraction (Fig. 7C, E), which is similar to the frequency of Iqg1-GFP
foci in a wild-type background (Fig. 2A); deletion of MYO! therefore has little effect on
Iqgl disassembly. On the other hand, 47 of 82 (54%) cdhIA myolA cells contained
visible Iqg1-GFP dots 10 min after ring contraction (Fig.7C, D, E), compared to 100% of
cdhlA cells (Fig. 2A); 11% of cdhiA myolA cells contained 3 or more dots (Fig. 7F),
down from 60% of cdhiIA cells (Fig. 2B). Thus, deletion of MYO1, like that of IQG 1,
partially suppresses the disassembly defect of cdhIA cells, suggesting that Myol
somehow contributes to the stability of Iqgl complexes in the absence of Cdhl. We do
not believe, however, that Myol is an APC substrate. Although the Myo1 ring normally

disappears after contraction when analyzed by microscopy, we find that the amount of
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Myol protein in the cell remains constant throughout the cell cycle (data not shown), and

Myol is not a substrate of APC™"!

in vitro (data not shown).
The presence of Iqgl foci even in the absence of Myol in a cdhIA cell suggests
that formation and maintenance of these complexes does not depend solely on myosin.

Disassembly of the large macromolecular complex of Myol, Micl, Mlc2, and Iqgl

therefore appears to involve multiple mechanisms.

Disassembly of the Myosin Complex requires multiple pathways.

A myosin disassembly phenotype has also been observed in cells lacking Mlc2. If
Mic2 and Cdhl regulate myosin disassembly through the same pathway, then the
disassembly defect in a mic2A cdhIA double mutant should resemble that in one of the
single mutants. To assess the regulatory interactions between Cdhl and Mlc2, we
monitored Myo1-GFP disassembly in live cells lacking both CDHI and MLC2. In all 19
cells observed, Myo1-GFP dots persisted for more than 10 min after ring contraction
(Fig. 8A, 8E). Thus, as in cdh A cells, 100% of double mutant cells displayed a myosin
disassembly defect. However, further analysis revealed three significant differences in the
phenotypes of cdhIA and mic2A cdhiA cells: (1) In 47% of mlc2A cdhlIA cells, myosin
foci were observed away from the bud neck before ring contraction, whereas none were
visible in cdh 1A cells (Fig. 8A, Appendix Table 4); (2) The percentage of cells with 3 or
more Myo1-GFP dots was 59% for cdhIA and 87% for the double mutant (Fig. 2B, 8F);
and (3) Myo1-GFP dots were less mobile in the double mutant as compared to cdhIA
cells. The percentage of cells in which Myol1 dots traveled toward the bud neck dropped

from 65% in cdhiA cells to 11% in the double mutant (Appendix Table 2). We did not
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observe an appreciable myosin disassembly defect in cells lacking Mlc2 alone (Fig. 8B,
E). Nevertheless, the fact that the double mutant displayed a more severe disassembly
defect than that seen in either single mutant suggests that Cdh1 and Mlc2 function in
separate pathways to promote myosin ring disassembly.

These conclusions are supported by simple analysis of cytokinesis in these cells.
We observed that about 5% of mlc2A cells were found in clusters of 3-4 cells, but the
number of clustered cells increased 4-fold to 18% of mlc2A cdhIA cells (Appendix Fig.
1). As Iqgl was the only APC“™ substrate we found whose deletion partially
rescued the myosin disassembly defect in a cdhIA cell, we next tested whether
stabilization of Iqgl in the absence of Mlc2 would produce a myosin disassembly defect.
Analysis of Myol-GFP in A42-iggl mlc2A cells revealed that myosin did not disappear
after ring contraction (Fig. 8C). In 14 of 16 cells (88%), myosin dots were visible at least
10 min after ring contraction (Fig. 8E). Although the majority of cells had myosin dots
after 10 minutes, the number of dots per cell was less than that in a cdhlA cell: only 13%
of A42-iggl mlc2A cells had 3 or more dots after 10 min compared to 58% of cdhIA cells
(Fig. 2B, 8F). Therefore, a cell containing a non-degradable version of Iqgl and lacking
Mlc2 has a myosin disassembly defect that is similar to but less severe than that in cdhlA
cells.

Similar results were obtained when we examined the disassembly of Iqg1 itself in
the absence of Mlc2. Like Myo1-GFP, A42-igg1-GFP contracted and did not disappear in
mlc2A cells, and the fluorescent dot in these cells could be seen moving around the
daughter cell (Fig. 8D). Iqg1-GFP dots were visible in 8 of 24 cells (33%) at least 10 min

after ring contraction (Fig. 8E). In A42-igg-GFP cells containing wild-type Mlc2 , only
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8% had Iqg1-GFP dots 10 min after contraction (Fig. 6A). Although deletion of MLC?2 in
combination with non-degradable Iqg] significantly disrupted Iqgl disassembly, the
phenotype was not as severe as that in a cdh A strain, where 100% of cells had Iqgl foci
10 min after contraction (Fig. 2A). A potential explanation for these results is that
deletion of MLC?2 eliminates one mechanism of actomyosin ring disassembly, making
disassembly more dependent on an alternate mechanism involving the degradation of
Iqgl. However, stabilization of Iqgl (even in the absence of Mlc2) does not completely
phenocopy the cdhIA defect, indicating that additional regulatory mechanisms (requiring
the destruction of other APC“™ substrates) promote efficient actomyosin ring

disassembly.

Functional interactions between the APC and septins in cytokinesis

Members of the septin family, including Cdc12, are also required for myosin
contraction and disassembly. In a cdcl2-6 temperature-sensitive mutant growing near the
restrictive temperature, Myol disassembly is slowed by about 5-10 minutes (Dobbelaere
and Barral, 2004). To investigate potential functional interactions between APC“™" and
septins, we tested whether deletion of CDH1 had any effect on the growth of the cdc12-6
allele. The cdc12-6 strain is inviable at 37°C and viable at 30°C. When CDH1 is deleted
from this strain, the restrictive temperature shifts down to 30°C (Fig. 9A). Analysis of
the double mutant cells at 30°C revealed the same phenotype seen with cdc2-6 cells at
37°C: chains of cells with multiple DNA masses (Fig. 9B).

We also investigated myosin disassembly at room temperature in the cdcl2-6

cdhIA double mutant using live cell microscopy of Myol-GFP, expressed from a low-
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copy plasmid. In 8 of 9 cells (88%), Myo1-GFP foci were present more than 10 min after
ring contraction (Fig. 9C). However, as in the mlc2A cdhIA double mutant, the number of
Myol dots was greater in the cdc12-6 cdhIA double mutant than it was in cdh A cells.
The proportion of cells containing three or more dots increased 3-fold (from 20% to 63%)

h1
CCd

in the double mutant compared to cdhIA cells (Fig. 9D). Thus, septins and AP also

appear to promote myosin disassembly through different pathways.
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DISCUSSION

The experiments in this chapter explored how the disassembly of the actomyosin
complex is regulated so that the cytokinesis machine is efficiently turned off after cell
division. We began by investigating the function of a major cell cycle regulator, the APC,
in the control of cytokinesis. In wild-type cells, the actomyosin ring contracts and then
disassembles immediately after mitosis, and does not reform until the start of the
following cell cycle. We observed that in cells defective for APC function, the
actomyosin ring fails to efficiently disassemble. This disassembly defect was
characterized by the presence of large foci immediately following ring contraction. These
foci contained Myol, Mlc2, Micl, and Iqgl, and seemed very dynamic as they moved
around the cell and merged with each other. The foci were present during all of G1 and
finally disappeared at the start of the following cell cycle. Our results suggest that in a

wild-type cell, the activation of APC“™™

in late mitosis promotes the disassembly of the
actomyosin ring after contraction. Our findings raise a number of interesting questions.
First, what is the molecular nature of the myosin foci? Second, what is the identity of the

APC“™ substrates that must be degraded to promote efficient myosin disassembly?

Third, what other pathways promote myosin disassembly in parallel to APC"'?

What are the myosin foci?
Two lines of evidence suggest that Myol, Mlc2, Mlcl, and Iqgl are associated in
large macromolecular complexes after actomyosin ring contraction: (1) All of these

proteins exhibited a similar behavior after ring contraction in cdhiA cells; and (2) Mcll,
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Mlc2, and Iqg1 all co-localize with every Myol focus. Some Mlcl in cdhIA cells is also
present in locations where no Myol is located. We speculate that these other sites
represent Mlc1 bound to Sec2-containing secretory vesicles that are not associated with
Myol.

Thus far, we have identified 3 proteins that associate with Myol foci. The
observation that foci are still present in igg/A cdhilA and myol A cdhlA cells suggests
that the formation of these foci does not depend entirely on Iqgl or Myol. Mlcl may be
the cornerstone of the complex. Mlc1 binds to both Iqgl and Myol and is known to
associate with many other proteins (Sec2 and Myo2, for example). (Luo et al., 2004)
identified an mlcl-11 mutant that no longer associates with Iqgl and has diminished
binding to Myol. Therefore, if Mlc1 acts as the glue for these complexes, then the mici-
11 mutant may suppress the myosin disassembly defect in a cdhlA cell. If myosin
disassembly is not affected by a mlci-11 mutant, then further studies to identify other

members of this complex will help us understand how it is taken apart in a wild-type cell.

What APC“™ substrates are degraded to promote efficient myosin disassembly?
Our evidence suggests that Iqgl is the only known APC target whose destruction
might contribute to disassembly of myosin ring complexes. Deletion of /QG/ partially
rescued the disassembly defect. The non-degradable version of Iqgl did not have an
appreciable effect on myosin disassembly by itself but did have a profound disassembly
defect in the absence of MLC2. Degradation of Iqgl by APC“™™ is therefore required for
efficient myosin disassembly. The fact that the myosin disassembly defect in a A42-igg]

mlc2 A strain was not as severe as that in a cdh A strain suggests that there must be
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additional APC“™ substrates whose degradation, in combination with that of Iqgl,
promotes myosin disassembly. The identities of these other substrates remains unknown.
As we described in Chapter 1, we screened over 100 cytokinesis proteins and Iqgl was
the only APC“™™ substrate identified. Although far from complete, the screen included all
of the major players in cytokinesis.

In metazoans, the cytokinesis protein anillin has been reported to be a substrate of
the APC. We found that the closest budding yeast homolog of anillin, Bud4, is degraded
during G1 but is not a direct APC™™" substrate in vitro. Although the exact substrates

may not be conserved, the involvement of APC™!

activity in cytokinesis seems to be
conserved. In HeLa cells, for example, proteasome activity is required to terminate

cytokinesis (Straight et al., 2003).

What other pathways, parallel to APC“™", promote myosin disassembly?

Previous work suggests that Mlc2 and septins aid myosin disassembly. Our results
support this model and further suggest that these proteins act in parallel to APC“™. The
disassembly phenotype for both cdhlA mic2A and cdhlA cdcl2-6 was more pronounced
than that in either single mutant. Mlc2 may promote myosin disassembly by stimulating
the transport of myosin along actin cables after ring contraction. Consistent with this
possibility, we observed that deletion of MLC2 decreased the motility of the myosin dots
that move around cdhlA cells after ring contraction.

Temperature-sensitive septin mutants fail to localize Myol to the presumptive
bud site. Instead, myosin co-localizes with multiple septin foci around the cell cortex

(Roh et al., 2002). In addition, Myol and Iqgl are mislocalized near the bud neck as a
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dots in the absence of Shs1, a non-essential component of the septin complex (Iwase et
al, 2007). Therefore, it is possible that the synthetic lethality between cdhlA and cdc12-6
is due to a two-pronged effect on myosin localization: that is, deletion of CDH1 causes
improper disassembly, and the cdc12-6 mutation causes improper assembly. Although
MYOI is not essential, the severe mislocalization of Myol could sequester other essential
proteins such as Iqgl and Mlc1. Preliminary data indicates that when MYO! is deleted
from a cdhlA cdcl2-6 double mutant, the restrictive temperature shifts from 30°C to
37°C (data not shown). Thus, deleting MYOI may rescue the synthetic interaction
between cdhlA and cdc12-6. Therefore, one role of myosin complex disassembly may be
to disassociate these proteins so that in the next cell cycle, their association with the
cytokinesis machine is properly regulated to occur at the right time and place.

These questions of myosin regulation by the APC and septins need further
investigation. Some follow-up experiments that may either support or negate this model
are: (1) Analyze the genetic interactions between cdhlA and other septin mutants. As
previously mentioned, shs/A cells exhibit myosin mislocalization; therefore, crossing
cdhlAto shs1A (and other septin mutants) may reveal similar genetic interactions. (2)
Determine whether Mlc2 and septins function in the same or parallel pathways. Although
the myosin disassembly defect in a mlc2A cell is less severe than that in a cdhiA cell, an
mlc2A may display a genetic interaction with septins if they are genetically redudant. (3)
As APC™ destruction of Iqg1 contributes to myosin disassembly, then non-degradable

A42-iggl may also exhibit a synthetic interaction with cdc2-6.

Myosin filament regulation.
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Most of the work regarding myosin disassembly has focused on how phosphorylation
regulates the self-assembly of bipolar myosin filaments. In higher eukaryotes,
phosphorylation of myosin light chain promotes filament assembly, whereas in lower
eukaryotes, phosphorylation of the heavy chain prevents filament assembly (Matsumura,
2005). In Dictyostelium, for example, phosphorylation of 3 threonines on myosin II
causes thick filaments to disassemble. Substituting the threonines with alanine causes
myosin to aggregate. In budding yeast, the C-terminal 26 amino acids of Myol are
required for phosphorylation in vivo (Negron et al., 1996); however, it is not known
whether this regulates filament formation. Deletion of this C terminus does not prevent
myosin localization to the bud neck or ring contraction (Lister ef al., 2006). As this
region is not required for filament assembly, it may be required for disassembly. As in
Dictyostelium, phosphorylation of myosin in yeast may promote filament disassembly. If
this is true, then deletion of the C-terminal domain may disrupt myosin disassembly.
Analyzing the disassembly of myol-26A-GFP in a wild-type and sensitized backgrounds
(cdhlA, mlc2A, cdcl2-6, or A42-iggl) should provide more insight into the mechanisms

by which the actomysoin ring is properly disassembled in a wild-type cell.
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MATERIALS AND METHODS

Strains, Plasmids, Growth Conditions, and Genetic Methods

All strains were based on the W303 or S288C genetic background as indicated
and were grown at 30 °C unless otherwise indicated. 2% glucose was used as carbon
source except for experiments involving 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, polymerase
chain reaction (PCR), and other molecular biological procedures (Guthrie and Fink,
1991).

The strains and plasmids used in this study that were kindly shared by other
laboratories are listed below: APC bypass strain (apc2A pdsi1A clb5A SIC110X) from
David Toczyski (Thornton and Toczyski, 2003). hsl/IA swel A cdhlA strain from Mark
Solomon (Burton and Solomon, 2001). TPM2-GFP and pGFP-MlIcl plasmid from Mark
Pellman. pGFP-Myol plasmid from Matt Lord (Lord ef al., 2005). igglA , myol A,
cdc12-6 strains from John Pringle (Nishihama et al., in press). mCherry plasmids from
Peter Walter.

Non-degradable A42-iggl-GFP strain was made by transforming GFP-tag library

(Huh et al., 2003) IQG1-GFP strain with pGT04 (described in previous chapter).

Cluster Indices
To determine cell-cluster indices, 1 ml of the culture grown to Log phase was
washed once with water by centrifugation, resuspended, sonicated briefly, and observed

by DIC microscopy. For each strain, 400 cell clusters were counted.
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Fixed Microscopy

Visualization of F-actin, Myo1p-GFP, and DNA in the same cells was done as
described in (Bi et al., 1998). Log phase growing cells were pelleted by centrifugation for
30 sec in a nanofuge and then fixed by resuspending the cell pellet in ice-cold 70%
ethanol followed by incubation on ice for 10 min. Cells were then incubated at room
temperature for 2 min with 20U/ml (0.66uM) TRITC-phalloidin (Invitrogen) in PBS
containing 10 mg/ml BSA. Cells were then washed three times with PBS by
centrifugation and then resuspended in mounting medium containing 1 pg/ml 4',6-
Diamidino-2-phenylindole dihydrochloride (DAPI). 2-3 ul of this suspension were placed
on a slide, covered with a coverslip, and then pressed with a weight (usually a centrifuge
rotor) for 10 min before microscopic examination.

Fluorescence and differential interference contrast (DIC) microscopy was
performed using an Axiovert 200M microscope (Carl Zeiss, Jena Germany), 63x NA 1.4
oil immersion DIC objective (Plan-Apochromat, Zeiss), equipped with an X-cite 120
mercury arc lamp (EXFO) and an Orca ER camera (Hamamatsu, Bridgewater, NJ).
MetaMorph (Molecular Devices, Sunnyvale, CA) was used for data collection. 7 images
in the GFP (750ms) and Texas Red (50ms) filters, 1x1 binning, were acquired at 0.5um
intervals, which were 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 ImagelJ (http://rsb.info.nih.gov/ij/) and Photoshop (Adobe

Systems Corp., San Jose, CA).
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Live Microscopy

Live microscopy was done with the same microscope and imaging software
described above. For all time-lapse movies, Log phase cells grown at room temperature
in minimal SD media (supplemented with 0.01% Ade/Trp) to minimize background
florescence. The cells were adhered with Concavalin A (Sigma) on 35mM glass bottom
Petri dishes (MaTek, Cat. No. P35G-1,5-14-C). Briefly, 300ul of 50ug/ml in PBS pH 7.4
Concavalin A was incubated for 10 min, and washed 3 times with PBS pH 7.4. Once
dried, 300ul of cell culture was added for at least 30 min at room temperature for
complete adhesion to the dish. Cells were washed 3 times with minimal SD media. All
live cell experiments were performed at RT.

Images were acquired using Metamorph. Briefly, movies lasted 30 minutes and
images were taken at 1 min intervals (unless otherwise indicated) at multiple stage
positions (3-5). For GFP and mCherry, image acquisition ranged from 300-750ms
depending on fluorescence intensity with 1x1 binning. Maximum projections of the
fluorescence images were generated by acquiring 7 images at 0.5um intervals for each
stage position. Power levels of the mercury arc lamp (EXFO) were lowered to minimize

photo-toxicity.

Image analysis and quantification
Ring contraction
All quantification was performed manually using ImageJ. Briefly, for each

projected stack of images, every cell that showed ring contraction given a number. Only
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the cells where the start and end of ring contraction was 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
left in the movie were included. If a GFP dot was visible after the 10 min time point, then
it was marked as GFP visible > 10 min..
Myol movement

To measure Myol movement toward bud neck, only cells that had a GFP signal
visible 10 min after the end of ring contraction were included. If GFP dots that were seen
moving in the direction of the bud neck (in most cases it merged with a dot at the bud
neck), then it was marked as movement toward the bud neck.
Myol dots per cell

To estimate the number of GFP dots per cell, the maximum number of GFP foci
were counted only in cells for which a GFP signal was visible 10 min after ring
contraction ended. Dots visible in both the mother and daughter cells were added together
to calculate the maximum number of dots.
GFP-mCherry colocalization

For co-localization quantification, only cells in which GFP foci were present after
10 minutes were analyzed. The co-localization of each GFP and mCherry dot was
manually monitored at each time point. Only cells in which GFP-mCherry co-localization
was constant (from the end of ring contraction until the end of the time-lapse) were
counted as positives.

Myol dot outside bud neck
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If a GFP dot was visible at any time before ring contraction began during the 30
minute time-lapse, then the cell was counted as a positive for having a GFP dot outside

bud neck before contraction.
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FIGURES

Figure 1. Cdhl is required for normal disassembly of the actomyosin ring. (A)
Representative images of a Myol-GFP cdhIA cell fixed with ethanol and stained with
TRITC-Phalloidin (red) to visualize actin filaments. Myo1-GFP is shown in green. The
presence of large actin patches at the bud neck suggests recent completion of cytokinesis.
(B) Time-lapse images of a Myo1-GFP cell in an asynchronous population, captured by
epifluorescence microscopy. Images were taken at one-minute intervals, and time point 0
marks the initiation of ring contraction. The cell outline is drawn in the first panel. (C)
Time-lapse images of a Myo1-GFP cdhiA cell. A Myol-GFP dot moving toward the bud
neck is marked with an asterisk in panels 23°-26°. (D) Myo1-GFP dots persist until
formation of a new myosin ring and bud in cdhIA cells. Images of Myo1-GFP cdhiA
were acquired every 10 minutes to observe myosin dots throughout G1 up to the

formation of myosin ring and budding. Bar, 1 um.
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Figure 1.

A. Myo1-GFP cdh1A
actin GFP

B Myo1- GFP

C Myo1- GFP cdhm
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Figure 2. Myol, Mlc2, Mlcl1, and Iqgl exhibit similar disassembly defects in APC
mutant cells. (A) The percentage of cells with visible GFP dots at least 10 minutes after
ring contraction was counted for each of the indicated strains. The exact percentages, and
number of cells counted, are presented in Appendix Table 2. (B) The maximum number
of dots per cell, at least 10 minutes after ring contraction, was calculated for the indicated

strains.
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Figure 3. APC activity is required for myosin ring disassembly. Time-lapse images of
Myol-GFP were acquired in a strain (pdsIA c/b5A 10XSICI) that can survive without the
APC. This strain serves as the parental (wild-type APC?2) control. (B) Images were
acquired in a strain lacking APC?2 to abolish all APC activity. Images were taken at one-
minute intervals, and time point 0 marks the initiation of ring contraction. The cell outline

is drawn in the first panel. Bar, 1 um.
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Figure 3.

A. Myo1-GFP APC2

B. Myo1-GFP apc2A
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Figure 4. APC“™! is required to disassemble the myosin light chains Mlc2 and Mlcl
and the IQGAP, Iqgl. Time-lapse images were acquired at one-minute intervals in
strains carrying GFP-tagged proteins as follows: (A) Mlc2-GFP, (B) MIc2-GFP cdhliA,
(C) GFP-Mlcl, (D) GFP-Mlcl cdhiA, (E) Iqgl-GFP, and (F) Iqgl-GFP cdhIA. Time
point 0 marks the initiation of ring contraction; the cell outline is drawn in the first panel.

Bar, 1 um.
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Figure 4.

A. Mlc2-GFP

B. MIc2-GFP cdh1A
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Figure 4.
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E. Iqg1-GFP
OI

F. 1qg1-GFP cdh1A
(o) 1'

= (%] ~ N

N 2 J )
- ‘ 3

= D o

w

= (] ]
L a

=

79



Figure 5. Myol co-localizes with Mlc2, Mic1, and Iqgl in cdhIA cells. Representative
images of Myol-Cherry (red) and (A) Mlc2-GFP, (B) Iqgl-GFP, (C) GFP-MIcl, and (D)
Sec2-GFP. The asterisks in C indicates faint GFP-Mlc1 dots for which no Myol-Cherry

dots are present. All GFP images are shown in green. All images are a selected time point

from time-lapse series in Supplementary Figures 2-5. Bar, 1 pm.
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Figure 5.
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Figure 6. Deletion or stabilization of several APC“*"' substrates does not affect
myosin disassembly. (A) Percentage of cells with visible GFP dots at least 10 minutes
after ring contraction for the indicated strains. Images for some strains are shown in later
panels. The exact percentage for each strain is provided in Appendix Table 2. (B)
Overexpression of the CDK inhibitor Sicl does not rescue the myosin disassembly defect
in cdhiA cells. Time-lapse images of Myol-GFP GAL-SICI cdhlIA cells, 3 h after
addition of galactose to induce expression of SICI. (C, D) Stabilization of the APC™!
substrates Cdc5 and Iqgl does not affect myosin disassembly. Time-lapse series of
Myo1-GFP in cells expressing non-degradable A5-70-cdc5 (C) or non-degradable A42-

CC Time-

iggl (D). (E) Iggl disassembly does not depend on its degradation by the AP
lapse images of A42-igg1-GFP were taken at one-minute intervals, and time point 0

marks the initiation of ring contraction. The cell outline is drawn in the first panel. Bar, 1

pum.
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Figure 6.
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Figure 6.
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Figure 7. Deletion of IQG1 or MYOI partially rescues the disassembly defect in
cdhlIA cells. All images were acquired every 5 minutes to decrease photobleaching of the
weak Myo1-GFP or Iqg1-GFP signals. Time-lapse images were acquired of the following
strains: (A) Myol-GFP iggIA cdhiA, (B) Myol-GFP iggIA, (C) Iqgl-GFP myoIA, and
(D) Iqg1-GFP myoIA cdhlIA. Time 0 indicates initiation of ring contraction. (E)
Percentage of cells with visible GFP dots at least 10 min after ring contraction for the
indicated strains. The exact percentage for each strain is provided in Appendix Table 2.
(F) Maximum number of dots per cell at least 10 min after ring contraction. The MYO1-

GFP cdhlA data from Fig. 2B is included here for convenience. Bar, 1 pm.
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Figure 7.
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Figure 8. Mlc2 and APC“™" function together to disassemble the actomyosin ring.
Time-lapse images of (A) Myol-GFP mic2A cdhiIA and (B) Myol-GFP mlic2A cells
acquired every minute; time 0 indicates initiation of ring contraction. The asterisk in (A,
time 0) indicates a Myo1 dot present before ring contraction. (C) Deletion of MLC?2 in
combination with non-degradable A42-igg/ inhibits myosin disassembly. Time-lapse
images of a Myo1-GFP A42-iggl mlc2A cell acquired every minute. (D) Non-degradable
A42-iqg [-GFP disassembly is also inhibited by deletion of MLC2. Time-lapse images of
a A42-igg1-GFP mic2A cell acquired every minute. (E) Percentage of cells with visible
GFP dots at least 10 min after ring contraction for the indicated strains. The exact
percentage for each strain is shown in Appendix Table 2. (F) Maximum number of dots
per cell at least 10 min after ring contraction. The MYOI-GFP cdhl A data from Fig. 2B

is included here for convenience. Bar, 1 um.
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Figure 8.
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Figure 8.
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Figure 9. Deleting CDH 1 lowers the restrictive temperature of a septin mutant. (A)
Wild-type, cdhIA, cdcl2-6, and cdcl2-6 cdhiA cells were patched on YPD agarose
plates and grown at the indicated temperatures. (B) cdc12-6 cdhiA cells at 30°C die as
chains of cells with multiple DNA masses. Representative images of wild-type, cdhiA,
cdcl2-6, and cdcl2-6 cdhiA cells were stained with DAPI to observe DNA masses and
visualized by DIC microscopy. (C) Percentage of cells with visible GFP dots at least 10
min after ring contraction for the indicated strains. The exact percentage for each strain is
shown in Appendix Table 2. (D) Maximum number of dots per cell at least 10 min after

ring contraction. Bar, 1 pm.
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Figure 9.

A.

23°C 30°C 37°C
cdc12-6 cdhi1A

9-¢Lop2

cdh1A

cde12-6, 30°C cdc12-6, 37°C

cdh1A cdc12-6, 30°C cdh1A cdc12-6, 37°C

93



Figure 9.
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APPENDIX
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Figure 1. cdhIA and mic2A cell clustering is enhanced in a mlc2A cdhIA double
mutant. For each of the indicated strains, 400 cells were counted and clusters were

defined as groups of 3 or more cells after brief sonication, as described in Materials and

Methods.
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Figure 2. Myol and Mlc2 co-localize after ring contraction in cdhIA cells. Time-lapse
images of a Myo1-Cherry Mlc2-GFP cdhiA cell, showing: (A) Myol-Cherry (red); (B)
Mlc2-GFP (green); (C) merged composite of Myo1-Cherry and Mlc2-GFP; and (D)

corresponding DIC images. Bar, 1 pm.
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Figure 3. Myol and Iqgl co-localize after ring contraction in cdhIA cells. Time-lapse
images of a Myol-Cherry Iqg1-GFP cdhiA cell, showing: (A) Myol-Cherry (red); (B)
Iqg1-GFP (green); (C) merged composite; and (D) corresponding DIC images. Bar, 1

pum.
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Figure 4. Myol and Mic1 co-localize after ring contraction in cdhIA cells. Time lapse
images of Myol-Cherry GFP-Mlcl cdhlA cells, showing: (A) Myol-Cherry (red); (B)
GFP-Mlcl (green); (C) merged composite; and (D) corresponding DIC images. Bar, 1

pum.
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Figure 4.
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Figure 5. Myol and Sec2 do not co-localize after ring contraction in cdhIA cells.
Time-lapse images of a Myo1-Cherry Sec2-GFP cdhiA cell, showing: (A) Myo1-Cherry
(red); (B) Sec2-GFP (green); (C) merged composite; and (D) corresponding DIC images.

Bar, 1 um.
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Figure 5.
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Table 1. Cell cycle abundance of cytokinesis proteins. The 103 cytokinesis proteins
that were tested in the cell cycle arrest screen (described in Materials and Methods) are
shown with their corresponding transcription peak; number of potential Cdk1 sites; D-
box and KEN sequences; Western blots illustrating their abundance in G1 and G2/M
arrested cells; and a brief description of protein function from SGD. A “y” or “n”

(indicating yes or no) are in the columns labeled visible band, absent G1 &

present G2/M, and band shift. The first 7 proteins are also shown in Chapter 2 Fig. 1.
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Table 1

protein

Cdki D- wvisible
peak sites box KEN band

absent_G{ &
present_G2/M

band
shift

LE-G“ -G2/M

positive repeat
G1-G2/M-G1-G2/M

SGD Function

[elnle}

Ga2M 1 0 1y

yin

Serinefthreonine protein kinase required for exit
from mitosis; may be involved in operation of the
mitotic spindle, member of the polo family of
protein kinases

1ac1

GamM 4 2 2y

Essential protein required for determination of
budding pattem, promotes localization of axial
imerkers Buddp and Gde12p and funclionally
interacts with Sec3p, localizes to the contractile
ring during anaphase, member of the IQGAP
family

Bud neck-localized, SH3 domain-containing
protein required for cytokinesis; regulates
actomyosin ring dynamics and seplin
localization; interacts with the formins, Bnilp and
Bnrip, and with Cyk3p, rpip, and BniSp

MOB1

GzM 2 0 0 oy

Compeonent of the mitatic exit network;
associates with and is required for the activation
and Cdc1 Sp-dependent phosphorylation of the
Dbi2p kinase; required for cytokinesis and cell
separation

BUDS

GaM 6 0 0 oy

Protein involved in bud-site selection and
required for axial budding pattern; kocalizes with
septins fo bud neck in mitosis and may
constitute an axial landmark for next round of
budding: potential Cde28p substrate

TEM1

GTP-binding protein of the ras superfamily
involved in termination of M-phase; controls
actomyosin and septin dynamies during
eytokinesis

ELM1

SIG2 1

Eerinefthreonine protein kinase that regulates
cellular morphogenesis, septin behavior, and
cytokinesis; required for the regulation of other
kinases; forms par of the bud neck ring

BUDZ2

GTPase activating factor for Rsrip/Budip
required for both axial and bipolar budding
patems; mutants exnibit random budding in all
cell types

BUD3

s@ 5 0 1 y

not visible

Protein involved in bud-site selection and
réduinégd tor axial budding patterm; lacalizas wih
septins to bud neck in mitosis and may
constitute an axial landmark for next round of
budding

yin

not visible

Essential protein with dual roles in spliceosome
assembly and exocylosis; the exocyst complex
(Sec3p, Secsp, Sechp, SecBp, Sec10p, Sec1sp,
ExoT0p, and ExoB4p) mediates polarized
targeting of secrelory vesicles 1o active sites of

yin

not visible

GDPIGTF exchange protein (GEF) for Rho1p;
jons are ically lethal with i
in rom2, which alsa encodes a GEP

PRK{

win

— gy

Frotein serine/threonine kinase; regulates the
erganization and function of the actin
cytoskeleton through the phosphorylation of the
Panip-Slaip-Emd3p protein complex

SECS

yin

not test

Essential 107kDa subunit of the exocyst
complex (Secip, SecSp, Secip. Seclp, Secl10p,
Secl5p, ExoT0p, and ExnB4p), which has the
essential function of mediating polarized
targeting of secretory vesicles 1o active sites of

SEC10

Essential 100kDa subunit of the exocyst
complex (Sec3p, SecSp, Sechp, SecBp, Secilp,
Sec15p, Exo70p, and ExoB4p), which has the
essential function of mediating polarized
targeting of secretory vesicles to active sites of
exncylosis

CDC3

Compenent of the seplin ring of the mother-bud
neck thal is required for cylokinesls; septins
recruil proteins to the neck and can acl as a
barrier to diffusion at the membrane, and they
comprise the 10nm filaments seen with EM

CDCA

Component of the septin ring of the mother-bud
neck that is required for cytokinesis; seplins
recruit proteins to the neck and can actas a
barrer to diffusion at the membrane, and they
comprise the 10nm flaments seen with EM
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Table 1

Cdkd

D-

visible absent G1& band

protein  peak  sites box KEN band  present GZM _shift

positive repeat
G1-G2M-G1-G2/M

SGD Function

SHS1

©One of five related septins (Cdc3p, Cdo10p,
Cdet1p, Cdel2p, Shsip) that form a corical
flamentous collar at the mother-bud neck which
is necessary for normal morphegenesis and
cylokinesis

GINg c1/8

2

P

Protein kinase invalved in bud growth and
assembly of the seplin ring, proposed o have
= o °

activities; undergoes autophosphonylation;
similar to Keedp and Hsl p

SACT

| —

GTPase activating protein (GAP) for Rholp,
involved in signaling to the actin cytoskelaton,
null mulations suppress tor2 mulations and
temperalure sensitive mutations in actin;
potential Cde28p substrale

HER1

Serinefihreoning rich cell suface protein;
OSMOSensor; involved in the reguiation of cell
wiall beta-1,3 gluean synthesis, bud site selection
and hyp i Xpressi
confers resistance to Hansenula mrakii killer
toxin HM-1

CDCAS

Protein kinase of the Mitotic Exit Network that is
localized to the spindle pole bodies at late
anaphase; promotes mitotic exit by directly
swilching on the kinase activity of Dbf2p

Member of the ChsSp-Arfip-binding proteins
{ChAPs), a group of 4 related, interacting
proleins (Beh1p, FmpS0p, BudTp, Ghsep) that
mediate export of Spacific cargo proteins,
ineluding ehitin synthase Chs3p, from the Golgi
to plasma

DBF2 G2m

SerThr kinase involved in transcription and
stress response:; funclions as part of a netwark
of genes in exit from mitosis; localization is call
cycle regulated; activated by Cdc15p during the
exit from mitosis.

BFA1

[+ of the GTP: ing Bfa‘lp-
Bub2p complex involved in multiple cell cycle
checkpolnt pathways that control exil from
mitosis

YCK1 S/G2

1

 —

F plasma bound cassin
kinasé | isolod, shares redundant funchons wilh
Yck2p in marphogenesis, praper septin
assembly, endocytic traficking; provides an
essential function overapping with that of Yck2p

BEM3

Fimam

b

Rho GTPase activeting protein (RhoGAP)
involved in centrol of the cytoskeleton
organization; targets the essential Rho-GTPase
Cded42p, which controls establishment and
maintenance of cell polarity, including bud-site

SPA2

"

Compenent of the polarisome, which functions in
actin eytoskeletal erganization during polarized
growth; acts as a scaffold for Mikk1p and Mpkip
cell wall integrity signaling components; potential
Cdc28p substrate

BEM2

Rho GTPase activating protein (RRoGAP)
involved in the control of cytoskeleton
organization and cellular morphogenesis;
required for bud emergence

PANT

Part of actin cyloskeleton-regulatory complex
Pan1p-Slaip-End3p, associales with actin
palches on the cell corlex, promoles peotein-
protain iong essential for g
previeugly thought to be a subunit of pely(4)

CLA4

———

Cde42p activated signal transducing kinase of
the PAK (p21-activated kinase) family, involved
in seplin fng assembly and cytokinesis; directly
phospharylates septins Cdep and Cde10p;
other yeast PAK family members are Ste20p and
Skmip

SEC15

Essential 113kDa subunit of the exocyst complex
{Sec3p, Secsp. Sechp, SecBp, Sec10p. Secisp,

Exo70p, and Exo84p), which mediales polarized

targeting of vesicles to active sites of exocylosis;

Sec15p associstes with Secdp and vesicles

BENI4 G1

Targeling subunit for Glc7p protein phosphatase,
localized to the bud neck, required for
localization of chitin synthase Il to the bud neck
wia Interaction with the chitin synthase |11
regulatory subunit SkiSp
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Table 1

Cdki D- visible absent Gi1& band positive repeat
protein peak sites box KEN band present G2/M  shift LE-G1-02.|'M G1-G2/M-G1-G2/M SGD Function
Actin- and formin-interacting protein, invelved in
aclin cable nucleation and polanzed cell growth;
BuDs 2 o 0 ¥ n yin -.. - = isolated as bipolar budding mutant; potential

o —

- Cdc28p subsirate

Protein phosphatase required for mitotic exit;
located in the nueleclus until libarated by the
CDC14 [i] o 0 ¥ n VN et e - ga—— FEAR and Mitatic Exit Metwork in anaphase,
enabling it to act on key substrates to effect a
decraase in COK/B-cyclin activity and mitotic axit

— Type |l myosin heavy chain, required for wild-
= L type cytokinesis and cell separation; localizes to
[ e the aclomyosin ring; binds to myosin light chains
’ Mic1p and MicZp through its 121 and 102 motifs
pa respectively

MYO1 GzmM 0 2 2 y n n

GTPIGDP exchange factor for Rst1p (Bud1p)
required for both axial and bipoiar budding
BUDS o o o0 ¥ n n ~ - = pattems: mutants exhibit random budding in 2l
cell types.

Mitotic exit network regulator, forms GTPase-
aclivating Bfa1p-BubZp complex that binds
BUBZ SiG2 o Q a ¥ n n — — B Temip and spindle pole bodies, blocks cell cycle
fore in 1o
spindle and kinetochore damage

Activator of Chs3p (chitin synthase |1I), recruils
K Ghs3p to the bud neck via interaction with Bnidp;
8KTS e oo 1 1 ¥ n n iz i - w has similarity 1o Shep, which aclivates Chs3p
during sporulation

Protein involved in bud-site selection; diploid
mutanis display & random budding pattern

BUD20 o o 0 ¥ n n P—
\ - instead of the wild-type bipolar pattem

Pratein invelved in bud-site selection; diploid
BuUD1T o [+] a ¥ n n -— — T display a random budding patiern
= — g instead of the wild-type bipolar patiem

Essential 88kDa subunit of the exoeyst complex,
— = wﬂl{tl‘\ Méﬂlﬂlé.é pﬁ!énzéd larga&mg_ at S.Mlébdfy
SECE 0 o o ¥ n N . ——— e vesicles o active sites of exocytosis; dimeric
™ — form of Secp interacts with Seclp in vitro and
inhibits 1-SMARE assembly

Component of the septin ring of the mother-bud

P s neck that is required for cytokinesis; septins

cDhCc10 SiG2 o a 1 ¥ n n — ———  S— recruit proteins to the neck and can acl as a
barrier to diffusion at the membrane, and they
comprise the 10nm filaments seen with EM

Protein that interacls with mitotic cyclin ClbZp,
required for the regulation of microtubule
NAPT 0 o 0 ¥ n n e dynamics during mitosis; controls bud
— morphogenesis; involved in the transport of H2A
and H2B histones to the nucleus

C of mRNP i with
g 1 polyribosomes; implicated in secretion and
BRI 1 o ¥ n T — ——— e nuclear segregation; multicopy suppressor of
BFA (Brefeldin A) sensitivily

Endochitinase, required for cell separation after

..d milosis; ranscriplional activation during late G
and early M eell cycle phases is mediated by
transcription factor Ace2p

T8 G1 1 o 0 ¥ n n

plasma bound casein
kinase | isoform; shares redundant functions with
YCK2Z o o 0 ¥ n n -—— Yok1p in morphogenesis, proper septin
assembly, endocylic trafficking; provides an
essential function overdapping with that of Yokip

Actin assembly factor, activates the Arp2/3
protein complex that nucleates branched actin

LASIT o a a ¥ n n ——— - — filaments; localizes with the Arp2/3 complex to
aclin patches; homaolog of the human Wiskoti-
Aldrich syndrome protein (WASP)

Conserved 90S pre-fibosomal eomponant
essential for proper endonucleolytic cleavage of

PWF2 o a a ¥ n n * the 35 S rRNA precursor at A0, A1, and A2 sites;
—_— - contains eight WD-repeats; PWP2 deletion leads
to defects in cell cycle and bud momphogenesis
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Table 1

protein

Cdki D- visible absent_G1& band

peak sites box KEN band

present_G2/M _ shift

LE-(H -G2IM

positive repeat
G1-G2M-G1-G2/M

5GD Function

MYO2

COne of two type V myasin motors (along with
MYO4) involved in actin-based transport of
cargos; required for the polarized delivery of
secretory vesicles, the vacuole, late Golgi
elements, peroxisomes, and the mitotic spindle

RAX2

MN-glycosylated pratein involved in the
maintenance of bud site selection during bipalar
budding; localization requires Rax1p

CHS3

Chitin synthase |Il, catalyzes the transfer of N-
acetylglucosamine (GleNAc) to chitin; required
for synthesis of the majority of cell wall chitin, the
chitin fing during bud emergence, and spore wall
chitosan

PIK1

e

4-kinage, first step
in the of i 4.5-
i may control i through
the actin eytoskeleton

ARK1

-
— -

Serine/ihreaning protein kinase involved in
regulation of the cortical actin cytoskeleton;
Invalved in control of endocytosis

EXOT70

Essential 7T0kDa subunit of the exocys! complex
(Sec3p, Sec5p. Sectp, Sechp, Sec1Op. Secisp,
Exo70p, and ExoB4p), which has the essential
function of mediating polarized targeting of
secretory vesicles 1o aclive sites of exocylosis

BuD22

- —

e —

Protein involved in bud-site selection; diploid
mutants display a random budding pattern
instead of the wild-type bipalar pattem

MM

Mitochondrial outer membrane protein,
compenent of the Mdm10-Mdm12-Mmm1
complex involved in import and assembly of
outer membrane beta-barrel proteins

END3

FH damain-eontaining protain inunled in

is, actin ization and
cell wall morphogenesis; forms a complex with
Slatp and Fanip

BUD23

Protein involved in bud-site selection; diploid
mutants display a random budding pattern
instead of the wild-lype bipolar patiemn

BUD32

Prolein kinase proposed 1o be involved in bud-
site selection, telomere uncapping and

and iption; of the
EKC/KEOPS protein complex with Kae1p,
Cgi121p, Peclp, and Gonp

RDH

Rhe GDP dissaciation inhibitor involved in the
localization and regulation of Cded2p

BUDH

Protein mvolved in bud-site selection; analysis of
integrated high-throughput datasets predicts an
involvernent in RNA splicing; diploid mutants
display a random budding patiern instead of the
wild-type bipalar pattern

HYM1

Compenent of the RAM signaling network that is
involved in regulation of Ace2p activity and
cellular morphogenesis, interacts with Kic1p and
So092p, localizes to sites of polarized growth
during budding and during the mating response

THP1

Nuclear pore-associated protein, forms a
complex with Sac3p that is involved in
transciiption and in mRNA export from the
nucleus; containg a PAM damain implicated in
protein-protein binding

BUD2T

Protein invelved in bud-site selection, nutrient
signaling, and gene expression controlled by the
TOR kinase; diploid mutants display a random
budding pattern instead of the wild-lype bipolar
pattern
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Table 1

Cdki D- visible absent G1& band positive repeat
protein peak sites box KEN band present G2/M shift LE-Gi-GZJM G1-G2/M-G1-G2/M SGD Fun

H3-domain protein lecated in the mother-bud
neck and the cytokinetic actin fing; mutant
phenotype and genetic interactions suggest a
role in cytokinesis

CYKs MGt 1 0 0y n n-.-,-

Signal transducing kinase of the PAK (p21-
activated kinase) family, involved in pheromone

. ™ ang ivee grovelly
STE20 s 0 0 " L T L pathways, sctivated by Cdcd2p; binds Stedp at 3

GBEB motif present in noncatalytic domains of
PAK kinases

Protein kinase of the bud neck involved in the
septin checkpaint, asseciates with septin
proteins, negatively regulates Sweip by
phosphorylation, shows siructural homology to
bud neck kinases Gindp and Hellp

Kees 61 2 0 1y n [P,

Daughter cell-specific secreted protein wilh
— similarity to glucanases, degrades cell wall from
the daughter side causing daughter to separate
from mother

Non-essential subunit of the exocyst complax
(Sec3p, SecSp, Secép, Seclp, Sec10p, Secisp,
Exo70p, Exp@4p) which mediates targeting of
post-Golgi vesicles (o sites of active exocylosis;
Sec3p specifically is a spalial landmark for
secrelion

SEC3 2 0 1y n bt Seasy

Formin, nucleates the formation of linear actin
filaments, involved in cell processes such as

BMNR1 2 1 1 ¥ n n . budding and milotic spindle orientation which
require the formation of polarized actin cables,
functionally redundant with BNI1

Formin, nucleates the formation of linear actin

filaments, involved in cell processes such as

YR s 0 o2 oy n T T budding and miotic spindle orientation which
require the formation of polarized actin cables,
functionally redundant with BNRA

) Protein required for nuclear migration, localizes
te the mother cell cortex and the bud tip; may
NuMt o sGz o2 00 13y n n *“' . ol - mediale interactions of dynein and cyloplasmic
microtubules with the cell cortex

Protein mvolved in bud-site selection and
telomere maintenance, diploid mutants display a

\ random budding pattemn instead of the wild-type
bipolar pattern; has similarity to pyridoxal
kinases

BUD18 a '] o ¥ n n

Essential subunit of the Dam1 complax {aka
DASH complex), couples kinetochores to the
force produced by MT depolymerization thereby
aiding in chromosome segregation; also
localized to nuciear side of spindie pole body

SPC34 s o [ ] y n n

Protain invalved in bud-site selection; diplaid
mutants display & random budding patiern
instead of the wild-type bipolar pattern

BUD25 ¥ n n

|

Sporulation-specific homolag of the yeast
CORC3/M10M 1412 family of bud neck microfilameant
genes; meiotic septin expressed at high levels
durling melotic divisiens and ascospore formation

SPR28 o o o ¥ n n

GOPIGTP exchange protein (GEP) for Rholp
and Rhozp; mulations are synthetically lethal
with mutations in rom1, which also encodes a
GEP

ROMZ 2 0 0 ¥ n n e

Catalytic subunit of type 1 serinathreonine
protein phosphatase, involved in many
processes including glycogen metabolism,
7 ’ .
GLE ¥ " n _-'/ sporulation, and mitosis; interacts with multiple
regulatory subunits; predominantly isolated with
Sd522p

SUMO ligase, catalyzes the covalent attachment
MFI1 o a o n of SUMO (Smi3p) Lo proteins, involved in
maintenance of proper telomere length

Essential kinelochore protein assaciated with
micretubules and spindle pole bodies;
AME1 o 1] L] n it of the ki b Pl
COMA (CIf19p, Okp1p, Mcm21p, Ametp);
involved in spindle checkpoint maintenance
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Table 1

protein  peak

Cdk1 D- wvisible
sites  box KEN  band

absent_G1& band
present_G2/M _ shift

L22-G1 -G2/M

positive repeat
G1-G2M-G1-G2/M

S5GD Function

MLC2

Regulatery kght chain for the type || myosin,
Myo1p; binds 1o an IQ motif of Myop,
localization to the bud neck depends on Myolp;
involved in the disassembly of the Mya1p ring

cDCc12

Compenent of the septin ring of the mather-bud
neck that is required for cylokinesis; septins
recrud proteins to the neck and can act as a
barrier o diffusion at the membrane, and they
comprise the 10nm flaments seen with EM

BUDS G1

Protein nvolved in bud-site selection; diploid
mutants disolay a unipolar budding pattern
instead of the wild-type bipolar pattern, and bud
at the distal pole

AXL2 G1

Integral plasma membrane pratein required for
axial budding in haploid cells, localizes to fhe
incipient bud site and bud neck: glycosylated by
Pmidp; potential Cde28p substrate

Hapleid specific endopretease that peforms ene
of twio M-1 | ges during af
a-factor maling pheromone, required for axial
budding pattern of haploid cells

Nim1p-relalad protein kinase that regulates the
mor and septin

associates with the assembled septin filament;
required along with Hsi7p for bud neck
recruitment, phaspharylation, and degradation of
Swelp

PIP2

Autoregulatary oleate-specific transcriptional
aclivator of peroxisome proliferation, contains
2Zn(2)-Cys(8) cluster domain, forms heterodimer
with Oallp, binds oleate response elements
{OREs), aclivales bela-oxidation genes

Daughter cell-specific secreted protein with

similanty 1o glucanases, degrades cell wall from
the daughter side causing daughler 1o separale
fram mother; expression is repressed by CAMP

RSR1 G1

GTP-binding prolein of the ras superfamily
required for bud site selection, morphological
changes in response to mating pheramene, and
efficient cell fusion; localized to the plasma

i similar to i

Rap GTPases

BUD19

Dubicus open reading frame, unlikely to ancode
a protein; not conserved in closely related
Saccharomyces species; 8% of ORF overlaps
the verified gene RPL3S; diploid mutant displays
a weak budding pattem phenotype in a
syslemalic assay

YOR300W

Dubious open reading frame, unlikely to encade
a proteln; overlaps with verified gene
BUDT/YOR289W,; mutation affects bipolar
budding and bud site selection, though
phenotype could be due 1o the mutation's effects
on BUDT

Profilin, actin- and phosphatidylinositol 4,5-
bisphasphate-binding protein, plays a role in
cytoskeleton arganization, required for narmal
timing of actin polymerization in response to
thermal stress: localizes to plasma membrane
and cytosol

BUD2S

Dubicus open reading frame, unlikely to encode
a protein; not conserved in closely related
Saccharomyces species; 98% of ORF overlaps
the verified gene RPLZ2A. diploid mutant
displays a weak budding pattemn phenctype in a
syslemalic assay

CcDC42

Small rho-like GTPase, essential for
eslablshment and maintenance of cell polarity;
mutants have defects in the organization of actin
and septing

BUD13

Subunit of the RES complex, which is required
for nuclear pre-mRMA retention and splicing:
involved in bud-site selection; diplox mutanis.
display a unipolar budding pattern instead of the
wild-lype bipolar pattern

BMIS G1

Protein mvolved in organization of septins at the
mother-bud neck, may interact directly with the
Cde1p septin, localizes to bud neck in a septin-
dependent manner
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Table 1

protein peak

Cdki  D- wvisible
sites box KEN band

absent_Gi1 & band
present_GZ/M  shift

LE-GFGZI'M

positive repeat
G1-G2M-G1-G2/M

S5GD Function

Protein involved in bud site seleciion during
bipolar budding, localization requires RaxZp, has
similarity 1o members of the insulin-related
peptide superfamily

CET9

SUMO E3 ligase; required for synaptonemal
complex formation; localizes Lo synapsis
inifiation sites on meiotic ehromosames;
potential Cdc28p substrate

BuUDa GaM

Protein involved in bud-site selection; diploid
mutanis display a unipolar budding patiern
instead of the wild-type bipolar pattern, and bud
at the proximal pale

GPI

Membrane protein involved in the synihesis of N-
(GleNAC-
PIy, the first intermediate in the synthesis of
glycosylphosphatidylinositel (GPI) anchors:
human and mouse GPI1p are functional
hamologs

EGTZ MIG1

Glycosylphosphatidylinosital (GPI)-anchoered cell
wall endoglucanase required for proper cell

ion after i \ ion is
activated by SwiSp and fightly regulated in & cell
cycle-depandent manner

CHS2 G2m

Chitin synthase 11, requires activation from
zymogenic form in order to catalyze the transfer
of N-acetylghicosamine (GleNAC) ta chifin:
required for the synthesis of chitin in the primary
septum during cylokinesis

SECE

Essential 121kDa subunit of the exocyst
complex (Sec3p, Sechp, Secbp, Secip, Sec1lp,
Seclop, Exe0p, and Exo84p), which has the
easential function of mediating polarized
largeting of secretory vesicles 1o active sites of
exnGylosis

BUD28

Dubicus open reading frame, unlikely 1o encode
a protein; not conserved in closely related
Saccharomyces species; 1% of ORF overlaps
the verified gene SNUSE: diplaid mutant displays
aweak budding pattern phenotype in a

ic assay

MLCH

Essential hght chain for Myolp, light chain for
Myo2p; stabilizes Myo2p by binding to the neck
region; interacts with Myo1p, lqg1p, and Myo2p
to coordinate farmation and confraction of the
actomyosin ring with targeted membrans
deposition

BUD30

Dubious open reading frame, unlikely to encode
a protein; not conserved in closely related
Saccharomyces species; 96% of ORF overlaps
the verified gene RPCS3. diploid mutant displays
aweak budding patten phenatype in a

ic assay

RHO1

GTP-binding protein of the rho sublfamily of Ras-
like proteins, involved in establishment of cell
polarity; regulates protein kinase C (Pke1p) and
the cell wall synthesizing enzyme 1,3-beta-
glucan synthase (Fks1p and Gsc2p)

EEC4

Secrelory vesicle-associated Rab GTPase
essential for exocylasis; associates with the
exocyst component Secl5p and may regulate
polarized delivery of transport vesicles o the
exocyst at the plasma membrane

ACT1

Actin, structural protein involved in cell
larization, . and other

functions

3PR3

Sporulation-specific homalog of the yeast
CDC30M1112 family of bud neck microlilament
genes; seplin protein involved in sponulation;
regulated by ABFI
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Table 2. Microscopy data of ring contraction, disassembly, and dot mobility for all
strains analyzed. This table contains all of the tabulated microscopy data as described in

Materials and Methods. The strains are grouped according to the charts in the text.
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Table 2

Myo1
ring GFP movement
contraction | standard | # cells |visible >| # cells toward # cells

genotype (min) dev. counted | 10 min | counted | bud neck | counted
MYO1-GFP 57 1.1 39 35% 46 n.a
MYO1-GFP cdhiA 6.5 1.3 27 100% 33 64% 33
MYO1-GFP APC2 6.3 2.3 3 25% 4 n.a.
MYO1-GFP apc2A 5.1 1.0 10 1% 7 n.a.
MLC2-GFP 5.1 1.2 14 12% 17 na
MLC2-GFP cdh14 6.9 1.7 15 100% 11 36% 11
GFP-MLC1 5.7 11 24 100% 22 14% 21
GFP-MILC1 cdhiA 6.2 16 14 100% 19 63% 16
1QG1-GFP 46 1.0 7 9% 11 0%
IQG1-GFP cdhiA 5.3 1.5 8 100% 9 11% 9
MYO1-GFP GAL-SIC1 cdh1A 51 1.2 18 95% 19 n.a.
MYO1-GFP clb2A cdh1A 9.1 1.5 16 100% 12 50% 12
MYO1-GFP hsl1A swe1A cdh1A 7.6 1.7 10 100% 11 64% 11
MYO1-GFP ase1A cdh1A 6.3 1.0 13 100% 18 89% 18
MYO1-GFP fin1A cdhiA 8.7 1.5 7 100% 9 63% 8
MYO1-GFP spo124 cdh1A 59 1.0 12 100% 15 67% 15
MYO1-GFP 5-70A-cdcs 6.1 1.5 15 6% 17 na.
MYO1-GFP 42A-igg1 57 13 20 35% 17 na.
42A-igg1-GFP 4.8 0.7 24 8% 26 n.a.
MYO1-GFP iqg1A cdh1A 17 56 47 59% 61 n.a.
MYO1-GFP igg1A 16 4.4 10 23% 13 n.a
1QG1-GFP myo1A 17 8.9 16 21% 24 n.a.
1QG1-GFP myo1A cdhi1A 21 7.9 44 54% 82 n.a.
MYO1-GFP mic2A cdh1A 55 1.0 15 100% 19 1% 19
MYO1-GFP mlc2A 6.1 1.1 26 23% 26 n.a.
MYO1-GFP A42-igg1 mic2A 6.4 1.6 20 88% 16 7% 14
42A-1gg91-GFP mic2A 5.0 1.1 24 33% 24 n.a.
MYO1-GFP CEN/ARS cdc12-6 52 1.7 14 0% 15 na.
MYO1-GFP CEN/ARS cdhiA 57 0.8 12 100% 11 55% 11
MYO1-GFP CEN/ARS cdc12-6 cdh1A 6.2 1.4 9 88% 9 29% 8
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Table 3. Myo1-GFP co-localizes with Mlc2, Iqgl, Mlcl. This table displays the
percentage of GFP and Cherry co-localization for the indicated strains. The number of
cells in which Myo1-Cherry was visible after 10 minutes (as described in Materials and

Methods) are shown for each strain.
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Table 3

# Myo1-Cherry
genotype co-localzation cells
[MLC2-GFP MYO1-Cherry cdh1A 100% 8
IQG1-GFP MYO1-Cherry cdh1A 100% 14
GFP-MLC1 MYO1-Cherry cdh1A 73% 11
SEC2-GFP MYO1-Cherry cdh1A 13% 8
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Table 4. Myol dots outside bud neck in mlc2A cdhl1A strains. The percentage of cells
in which a Myo1-GFP dot was visible outside of the bud neck before ring contraction are
displayed. Only in the double mlc2A cdhlA cells were dots present before ring

contraction.
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Table 4

genotype

dot outside
budneck before
contraction

MYO1-GFP
MYQ1-GFP cdh1A
MYQO1-GFP cdh1A mlc2A

0%
0%
47%
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