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Abstract

Saccharomyces cerevisiae cells exposed to a variety of stresses will transiently delay

bud emergence or bud growth.  To maintain coordination between bud formation and

the cell cycle in such circumstances, the morphogenesis checkpoint delays nuclear

division via the mitosis-inhibitory Wee1-family kinase, Swe1p.  Swe1p is degraded

during G2 in unstressed cells, but is stabilized and accumulates following stress.

Degradation of Swe1p is preceded by its recruitment to the septin scaffold at the mother-

bud neck, mediated by the Swe1p-binding protein Hsl7p, whose localization is

dependent on the septin-binding protein, Hsl1p.  Previous work suggested that the

critical role Hsl1p and Hsl7p play in Swe1p degradation is tethering Swe1p to the

septins.  Our data show even when Swe1p is independently tethered at the septin

scaffold, Hsl1p and Hsl7p are still required to promote degradation.  Additionally we

have found that while the Hsl1p-Hsl7p interaction is dispensible for degradation of a

septin-tethered Swe1p, both Hsl1p’s kinase activity the Hsl7p-Swe1p interaction are still

required.  From this we concluded that Swe1p septin localization is critical for

promoting its degradation, but that Hsl1p and Hsl7p have additional roles in the

pathway.  When the morphogenesis checkpoint is activated experimentally by osmotic

shock or actin depolymerization, Swe1p is stabilized, and previous studies suggested

that this was because Hsl7p was no longer recruited to the septin scaffold following

stress.  Our data show that this is not the case and Hsl7p remains at the septin scaffold in

stress conditions, which argues that the checkpoint pathway does not regulate Swe1p by

delocalizating it from the septins.  Using a CDK mutant that is immune to checkpoint-

mediated inhibition, we show that Swe1p stabilization following stress is an indirect
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effect of CDK inhibition.  These findings demonstrate the physiological importance of a

positive feedback loop in which Swe1p activity inhibits the CDK, which then ceases to

target Swe1p for degradation.  They also highlight the difficulty in disentangling direct

checkpoint pathways from the effects of positive feedback loops active at the G2/M

transition.
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1 The Cell Cycle

Eukaryotic cells duplicate and segregate their cellular components to form two

daughter cells.  Cell division can be divided into four distinct phases: gap 1 (G1),

synthesis (S),  gap 2 (G2), and mitosis (M).  Cell growth and duplication of components

occurs during the G1, S, and G2 phases, notably duplication of DNA, whose synthesis

describes S phase.  The partitioning of these components occurs in mitosis.

Mitosis can be further broken down into five phases: prophase, prometaphase,

metaphase, anaphase, and telophase.  Prophase is characterized by condensation of the

DNA into chromosomes.  After DNA is condensed, prometaphase is when the nuclear

envelope breaks down.  Some organisms, like Saccharomyces cerevisiae, go through

“closed mitosis” where their nuclear envelopes remain intact.  Nuclear envelope or not,

the next step is metaphase, when spindle microtubules attach to the chromosomes and

align them midway between the two spindle poles.  Anaphase marks the microtubules

pulling the sister chromatids apart to the opposite poles.  Lastly, if the nuclear envelope

was dissolved, it is then reassembled in telophase to form two distinct nuclei.  Cells can

now undergo cytokinesis, where the entire cell is divided into two separate daughters.

1.1 A Brief History of the Cell Cycle Field

Advancements in the field of microscopy allowed the delicate mitotic dance to be

described in the late 19th century by Walther Flemming, who observed salamander

chromosomes condensing and segregating in a stereotypical fashion (Paweletz, 2001).

For decades, microscopy continued to describe the features of mitosis, the chromosome

condensation, the cohesion of chromatids, the spindle formation and separation, but

understanding how these events were controlled was still a puzzle.  A huge
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breakthrough came in the 1960s and ‘70s when cytologists working with frog oocytes

used transplantation experiments to reveal that cytoplasmic protein-like elements,

eventually termed maturation-promoting factor (MPF), were controlling nuclear

activities (Masui and Markert, 1971).

At roughly the same time that Flemming was using microscopy to discover

mitosis, Gregor Mendel was performing his famous experiments elucidating how

genetic traits are inherited among pea plants.  Mendel’s work became the foundation for

the new field of genetics in the early 1900s, thanks in large part to Thomas Hunt

Morgan’s work in Drosophila.  Over the years it became clear that DNA contains genes,

the essential blueprints for cellular machinery, and that this DNA must be faithfully

copied and segregated every cell cycle.  But the question remained: how are these

processes controlled?

In the 1970s, as Yosio Masui and Clement Markert were beginning to describe

MPF in oocytes, Leland Hartwell was publishing his cdc (cell division cycle)

temperature-sensitive screen, where yeast were mutagenized and screened by

microscopy for cells that grew well at permissive temperature but arrested their cell

cycle with a specific morphology at the restrictive temperature (Fig. 1)(Hartwell, 1978).

His goal with this work was to identify genes controlling cell cycle progression.  Soon

after Hartwell’s work in Saccharomyces cerevisiae came out, Paul Nurse adopted a similar

methodology in the fission yeast, Schizosaccharomyces pombe (Nurse and Thuriaux, 1980).

It would take years for the embryologists working with oocytes and geneticists working

in yeast to figure out their systems were homologous.
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Figure 1: The Hartwell cdc screen

The Hartwell group chemically mutagenized budding yeast and plated them.  Then they
replica plated each one onto two new plates.  These replicas were grown at the
permissive temperature (23°C) and the restrictive temperature (36°C).  Colonies that
grew at 23°C, but not at 36°C are considered temperature-sensitive (circled on plate).
Saccharomyces cerevisiae have stereotypical cell shapes that generally correspond to where
cells are in the cell cycle, so when the temperature-sensitive mutants were examined by
microscopy at the restrictive temperature, only those that arrested with a uniform
morphology were considered cell division cycle (cdc) mutants.

In 1982, Tim Hunt, guided by data observed in clams, suspected that protein

synthesis after egg fertilization was controlling cell division (Hunt, 2002).  Using sea

urchin eggs, he radiolabeled newly synthesized proteins immediately following

fertilization and watched their levels over time.  The levels of numerous proteins rose

after fertilization, but one in particular fell precipitously prior to cleavage, a protein he

named “cyclin” (Evans et al., 1983).  During the next few years, cyclin A and B were
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cloned and shown to promote frog oocyte maturation (Swenson et al., 1986; Murray and

Kirschner, 1989).

At this point, it had been shown biochemically that cyclins and MPF promoted

mitosis in many species.  Genetic data suggested that the fission yeast CDC2 gene

product was promoting mitosis and could be functionally replaced by its human

homolog (Lee and Nurse, 1987).  The somewhat disparate cell cycle field found unity in

the late 1980s when protein purification showed that Xenopus MPF consisted of two

proteins, one that looked a lot like Cdc2p and another that looked like cyclin B (Lohka et

al., 1988).  The picture that emerged through homology searches was that eukaryotic

species each carry multiple cyclins that are synthesized and degraded periodically

through the cell cycle.  These cyclins form active kinase complexes with Cdc2p

homologs, which were given the name cyclin-dependent kinases (CDKs).  The highly

conserved nature of cyclins and CDKs, in addition to their apparent ubiquity in

eukaryotes, cemented the genetically tractable Saccharomyces cerevisiae as an ideal tool for

studying the regulation of cell cycle control (Morgan, 2007).

1.2 Cyclin Dependent Kinases

The order of cell cycle events occurs in a stereotypical fashion.  The coordination

of these events is tied to the activity of specific cyclin/CDK complexes.  Studies of

cyclin/CDK dynamics in S. cerevisiae and S. pombe have benefited from the fact that the

yeast cell cycle relies on only one cyclin dependent kinase (Cdc28p), whereassome

organisms, like X. laevis, use different CDKs for different cell cycle phases.

In the S. cerevisiae G1 phase, the CDK forms complexes with three cyclins, Cln1p,

Cln2p, and Cln3p.  Cln3p is expressed at a low level throughout the cell cycle, while



5

Cln1p and Cln2p levels rise abruptly in late G1.  These three cyclins in concert with the

CDK trigger polarized growth and bud emergence to mark the start of the cell cycle.  S-

phase cyclins, Clb5p and Clb6p, also rise in late G1.  These cyclin complexes are

activated by G1 cyclin/CDK complexes and promote S-phase events like DNA

replication.  Following S-phase,  the cyclins Clb1-4p promote G2/M phase events,

including assembly of the mitotic spindle and chromosome alignment.  The G2/M cyclin

complexes then phosphorylate targets that activate the anaphase-promoting complex,

which degrades G2/M cyclins to effectively shut down CDK activity.  Cells then

undergo mitotic exit and cytokinesis to restart the whole cycle again.

1.3 Cell Cycle Checkpoints

Not only is ordering the events of the cell cycle important, but completion of

critical events must occur prior to mitosis.  Cell cycle checkpoints are surveillance

pathways that are able to sense specific problems and arrest the cell cycle in response

(Hartwell and Weinert, 1989). The checkpoint signal can also trigger activation of repair

pathways to fix the problem, and, if the problem persists, cells may overcome the arrest

or activate apoptotic pathways (Morgan, 2007).  My research is driven by two questions:

how do checkpoints sense problems and how do they stop the cell cycle?

1.3.1 DNA Damage Checkpoint

The mammalian DNA damage G2/M checkpoint is probably the most well-

known cell cycle checkpoint, as defects in this pathway are implicated in many human

cancers.  Cells encountering irradiation or alkylating agents will be subject to DNA

damage.  This damage will recruit the Mre11, Rad50, Nbs1 (MRN) complex which
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begins a repair process which will include resection part of the double-stranded DNA

(Williams et al., 2010).  The MRN complex also activates the kinase ATM, which

functions in transducing the damage signal to downstream effectors (Lee and Paull,

2005).  Resection will create a portion of single-stranded DNA, which becomes coated by

RPA (Nimonkar et al., 2011).  This coating of RPA helps recruit two protein complexes to

the DNA damage sites: a heterotrimeric protein complex consisting of Rad9, Rad1, and

Hus1 (9-1-1 complex) and a complex of the protein Rad17 with four small replication

factor c subunits (Rfc 2-5) (Raderschall et al., 1999).  This multiprotein structure serves to

activate the ATM and ATR/ATRIP proteins to transduce the damage signal to

downstream effectors (Zou and Elledge, 2003; Ball et al., 2005).

Figure 2: Activation of ATM and ATR/ATRIP by DNA damage

Double strand DNA breaks directly recruit the Mre11, Rad50, Nbs1 (MRN) complex.
DNA repair proteins resect the DNA away from the break, which creates single stranded
DNA (ssDNA) that is coated by RPA.  This coated ssDNA recruits two complexes:
Rad17 with Rfc 2, 3, 4, 5 and the Rad9, Rad1, Hus1 (9-1-1) complex.  These recruited
complexes activate ATM and ATR/ATRIP.

Once activated, the ATM and ATR/ATRIP protein kinases phosphorylate many

targets, notably the protein products of cancer-associated genes: BRCA1 and BRCA2

(Cortez et al., 1999).  ATM and ATR/ATRIP also phosphorylate the checkpoint kinases,
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Chk1 and Chk2, which phosphorylate numerous targets, including the tumor-

suppressor p53, to promote DNA transcription, DNA repair, chromatin remodeling, and

apoptosis (Banin et al., 1998; Prives and Hall, 1999; Vousden, 2000).  Chk1 and Chk2 also

play a critical role in promoting the checkpoint cell cycle arrest.  The mechanisms by

which Chk1 and Chk2 arrest the cell cycle have been studied extensively in X. laevis, and

discussed in the next section.

1.3.2 DNA Replication Checkpoint

Studies in Xenopus laevis have shed light on the intricacies of cell cycle arrest in

DNA responsive checkpoints, in part because the cell-free egg extract system allows for

greater biochemical tractability than most systems.  The DNA replication checkpoint is

highly related to the aforementioned DNA damage checkpoint.  During DNA synthesis,

if replication fork stalls, the replication machinery becomes decoupled from the helicase,

and continues unwinding the double-stranded DNA .  This produces a stretch of single-

stranded DNA, which, as previously described, recruits RPA protein.  This sets off a

highly similar cascade of protein recruitment as occurs in the DNA damage checkpoint.

Once activated by the replication stress signal, the downstream effectors of the

checkpoint promote stabilization/reloading of replication machinery, DNA repair, and

cell cycle arrest.  The X. laevis DNA replication checkpoint cell cycle arrest is controlled

by the downstream activation of kinases Chk1 and Chk2.  These checkpoint kinases

arrest the cell cycle in G2 by indirectly inhibiting the mitotic cyclin B/Cdc2 complex.

1.3.2.1 Regulation of mitotic CDK complexes

Mitotic entry is driven by the activation of a complex formed between the mitotic

cyclin and CDK.  This pathway is highly conserved and was first described in S. pombe,
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where the CDK, Cdc2, binds the cyclin, Cdc13 (Hagan et al., 1988; Booher et al., 1989).

This Cdc2/Cdc13 complex is phosphorylated by Wee1 and Mik1 on the conserved

tyrosine 15 residue (Russell and Nurse, 1987; Lundgren et al., 1991; McGowan and

Russell, 1993).  This phosphorylation inhibits mitotic entry until the phosphoryation is

removed by the phosphatase, Cdc25 (Solomon et al., 1990; Gautier et al., 1991; Millar et

al., 1991; Kumagai and Dunphy, 1991).  The DNA damage checkpoint in Xenopus

provides a window into the regulation of mitotic entry via modification of Wee1 and

Cdc25 (Fig. 3).

The X. laevis mitotic inhibitor, Wee1 is phosphorylated at low levels on Ser549 in

interphase, but at mid-mitotis, levels of Ser549 phosphorylation increase (Stanford and

Ruderman 2005).  The phosphorylation of Ser549 is necessary for binding of a small

acidic protein, 14-3-3, that increases Wee1 kinase activity (Lee et al., 2001; Rothblum-

Oviatt et al., 2001).  Even though phosphorylation levels of Wee1 Ser549 are high in mid-

mitosis, binding to 14-3-3 is very low at this stage of the cell cycle, which keeps Wee1

activity low and Cdc2 uninhibited (Stanford and Ruderman 2005).  However, following

DNA checkpoint activation, phosphorylation of Ser549 and 14-3-3 binding both increase,

which promotes cell cycle arrest (Stanford and Ruderman, 2005; Lee et al., 2001).

Additionally, DNA stresses block degradation of Wee1 (Michael and Newport, 1998;

Yamada et al., 2004).  These processes which increase in Wee1 activity, in conjunction

with Cdc25 inhibition, causes greater inhibition of cyclin B/Cdc2 and cell cycle delay.

In X. laevis, Cdc25 is inhibited during interphase by phosphorylation on serine

residue 287, a modification that causes Cdc25 to be bound by the 14-3-3 protein

(Kumagai et al., 1998a; Peng et al., 1997; Dougherty and Morrison, 2004).  This protein-

protein interaction prevents Cdc25 entry into the nucleus where it would normally
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localize to activate cyclin B/Cdc2 (Kumagai et al., 1998b; Yang et al., 1999).  To promote

mitosis, Cdk2 phosphorylates Cdc25 on threonine 138, which causes release of 14-3-3.

This exposes the Ser287 phosphorylation, which is rapidly dephosphorylated by the

phosphatase, PP1 (Margolis et al., 2003).

Figure 3: Summary of Wee1 and Cdc25 regulation in Xenopus

Wee1 phosphorylates and inhibits cyclin/Cdc2, which is reversed by Cdc25.  Wee1 is
activated by binding 14-3-3, which is promoted by Ser549 phosphorylation. Cdc25 is
inhibited by binding 14-3-3, which is promoted by Ser287 phosphorylation. 14-3-3
binding is reversed by phosphorylation of Thr138. Phosphorylation of Ser285 on Cdc25
promotes PP1-mediated dephosphorylation of the Ser287 phosphorylation.

When cells experience DNA stress, checkpoints act upon Cdc25 to promote its

inhibition and delay mitotic entry.  First, the Ser287 phosphorylation of Cdc25 is

maintained by the checkpoint kinase, Chk1 (Kumagai et al., 1998a).  Additionally, Chk1

phosphorylates a subunit of the phosphatase PP2A in a way that activates this enzyme

to keep Cdc25 unphosphorylated on Thr138 (Margolis et al., 2006).  In tandem, these

modifications of Cdc25 by Chk1, keep this protein bound to 14-3-3 in the cytoplasm and

delay mitotic entry.

In addition to the regulation described above, Cdc25 is also regulated by a

positive feedback loop with Cdc2.  Activation of Cdc25 by cyclin B/Cdc2-catalyzed



10

phosphorylation represents the simplest positive feedback loop and has been shown to

promote full activation of abrupt mitotic entry in Xenopus extracts (Izumi and Maller,

1993; Izumi et al., 1992; Hoffman et al., 1993).  Additionally, as described above,

phosphorylation of Thr138 is inhibited by DNA checkpoints because this modification

helps activate Cdc25.  In an unstressed cell cycle, another CDK, Cdk2, has been shown to

directly phosphorylate Cdc25 on this residue, creating a positive feedback loop leading

to mitosis (Margolis et al., 2003).  Cdc2 also relieves Cdc25 inhibition by phosphorylating

the phosphatase on residue serine 285.  Cdc25 molecules with this modification bind the

phosphatase PP1, which promotes dephosphorylation of the inhibitory phosphorylation

of Ser287 (Margolis et al., 2006).

1.3.3 Morphogenesis Checkpoint

In the budding yeast Saccharomyces cerevisiae, regulation of the Clb/Cdc28p (the

complex formed from cyclin B and Cdc2 homologs) is similar to the regulation of mitotic

entry described in X. laevis above.  The budding yeast morphogenesis cell cycle

checkpoint presents a good model to study the regulation of Clb/Cdc28p activity by

Wee1 kinase and Cdc25 phosphatase.  This is because although budding yeast have

DNA responsive checkpoints, these surveillance pathways halt the cell cycle in S-phase

and do not involve the Clb/CDK-Wee1-Cdc25 system.

The Clb/Cdc28p complex in yeast is inhibited by phosphorylation on tyrosine

residue 19 by the Wee1-family kinase, Swe1p (Booher et al., 1993).  This inhibitory

phosphorylation can be reversed by the Cdc25-family phosphatase, Mih1p.  In yeast,

these proteins are involved in mitotic entry, but neither SWE1 nor MIH1 are essential
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genes.  But during the budding yeast morphogenesis cell cycle checkpoint, regulation of

Clb/Cdc28p by Swe1p and Mih1p becomes critically important.

Yeast in the wild encounter environmental stresses like temperature shifts and

changes in osmolarity, which cause cells to depolarize their actin cytoskeleton and grow

isotropically while they adapt to the stress (Chowdury et al., 1992; Lillie and Brown,

1994; Delley and Hall, 1999).  A consequence of this depolarization of growth is that it

delays the construction of a bud, which must be completed before nuclear division to

prevent S. cerevisiae from becoming binucleate.  Presumably because being binucleate

presents fitness defects for S. cerevisiae, these yeast have evolved a morphogenesis

checkpoint that can sense a budding delay and enact a compensatory G2/M delay (Lew

and Reed, 1995).

In order to prove that this delay in response to stress was a true cell cycle

checkpoint, the cdc24-1 temperature-sensitive mutation was used (Lew and Reed, 1995).

The cdc24-1 mutant, when shifted to the non-permissive temperature, loses its ability to

grow in a polarized fashion.  So, if a population of unbudded cdc24-1 cells is incubated

at the restrictive temperature, the culture will remain unbudded and all cells will arrest

their cell cycles at G2/M.  This cell cycle delay was made permanent when MIH1 was

deleted and abolished when SWE1 was deleted (Sia et al., 1996).  Additionally, mutation

of the target of Swe1p phosphorylation, the Tyr19 residue of Cdc28p, to a non-

phosphorylatable residue significantly impaired the cell’s ability to arrest the cell cycle

in response to budding delays (Lew and Reed 1995).
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Figure 4: The morphogenesis checkpoint

(A) Normal S. cerevisiae cell cycle. (B) Budding stress without a compensatory cell cycle
delay would lead to binucleate cells.  (C) To prevent this outcome, the morphogenesis
checkpoint delays the cell cycle in G2 to allow for bud formation.

In order to prove that this delay in response to stress was a true cell cycle

checkpoint, the cdc24-1 temperature-sensitive mutation was used (Lew and Reed, 1995).

The cdc24-1 mutant, when shifted to the non-permissive temperature, loses its ability to

grow in a polarized fashion.  So, if a population of unbudded cdc24-1 cells is incubated

at the restrictive temperature, the culture will remain unbudded and all cells will arrest

their cell cycles at G2/M.  This cell cycle delay was made permanent when MIH1 was

deleted and abolished when SWE1 was deleted (Sia et al., 1996).  Additionally, mutation

of the target of Swe1p phosphorylation, the Tyr19 residue of Cdc28p, to a non-

phosphorylatable residue significantly impaired the cell’s ability to arrest the cell cycle

in response to budding delays (Lew and Reed 1995).
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1.3.3.1 Mih1p regulation

The morphogenesis checkpoint pathway, like the previously discussed

checkpoints, regulates its cell cycle by stabilizing the Wee1-family kinase, Swe1p and

inhibiting the Cdc25-family phosphatase, Mih1p.  In X. laevis, DNA checkpoints regulate

Cdc25 via cytoplasmic sequestration and, similarly, in S. cerevisiae, Mih1p can shuttle

between the cytoplasm and the nucleus (Keaton, et al., 2008).  Furthermore, Mih1p

mutants that are unable to localize to the nucleus show a prolonged G2/M

morphogenesis checkpoint arrest, which one might take to mean that Mih1p, like

Xenopus Cdc25, could be regulated through cytoplasmic sequestration (Keaton et al.,

2008).  But, because immunofluorescence shows that Mih1p is cytoplasmic until mitotic

exit, there is no reason to think that Mih1p is regulated by cytoplasmic sequestration in

vivo (Keaton et al., 2008).

DNA checkpoints in X. laevis inhibit Cdc25 through phosphorylation, which may

also be the case for Mih1p inhibition during a morphogenesis checkpoint arrest.  Mih1p

phosphorylation is periodic: the protein is hyperphosphorylated during the early cell

cycle and is rapidly dephosphorylated, likely by PP2A, as cells enter mitosis (Anastasia

et al., 2012).  During a morphogenesis checkpoint arrest, Mih1p remains in its

phosphorylated form, although we do not know if this phosphoform has any difference

in its activity as compared to unphosphorylated Mih1p (Anastasia et al., 2012).

We may not know if phosphorylation inhibits Mih1p, but we can infer that

Mih1p is inhibited during the morphogenesis checkpoint arrest.  The MAP kinase,

Mpk1p, acts in a signal cascade that helps maintain cell wall integrity when cells

encounter stresses that trigger the morphogenesis checkpoint (Harrison et al., 2001).

When MPK1 is deleted, cells encountering stress are unable to delay their cell cycle, a
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defect that is rescued when MIH1 is deleted in conjunction with MPK1 (Harrison et al.,

2001).  Given this result, in conjunction with other genetic interaction data, it appears

that when yeast encounter stresses Mpk1p is empowered to inhibit Mih1p, thereby

promoting a cell cycle delay (Harrison et al., 2001).  But, when MPK1 is deleted, Mih1p

remains active and counteracts Swe1p-mediated phosphorylation of Clb/Cdc28p.  The

nature of this Mpk1p-mediated inhibition of Mih1p is unknown.

1.3.3.2 Swe1p regulation

Studies of the morphogenesis checkpoint have revealed much more information

about how stress regulates Swe1p than about Mih1p regulation.  Swe1p levels are

periodic, peaking in S-phase before falling precipitously in G2/M (Ma et al., 1996; Sia et

al., 1996; Sia et al., 1998).  Swe1p transcription is driven by an SBF-responsive promoter,

which is transcribed in late G1 then inhibited by rising Clb/CDK levels in G2/M.  The

observed drop-off in Swe1p levels is due to this cessation in transcription as well as a

degradation pathway that  targets Swe1p to the proteasome following construction of a

bud (Sia et al., 1996; Raspelli et al., 2011).  When cells encounter stresses that trigger the

morphogenesis checkpoint, this degradation pathway is suspended, Swe1p is stabilized,

and as a result, Clb/Cdc28p is inhibited (Sia et al., 1996; Sia et al., 1998).

There are numerous upstream mediators of Swe1p degradation that could be

regulated by stress to stabilize Swe1p when cells encounter budding stress.  Prior to its

degradation, Swe1p is hyperphosphorylated and subsequently conjugated with

ubiquitin, in part by the ubiquitin ligases, Dma1p and Dma2p (Raspelli et al., 2011).

These modifications accumulate as cells traverse the cell cycle, with the

hyperphosphorylated species peaking just prior to Swe1p degradation and mitotic entry.

The hyperphosphorylation of Swe1p depends on two kinases, Clb/Cdc28p and the polo
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kinase, Cdc5p (Sakchaisri et al., 2004; Asano et al., 2005).  In particular it appears that

Clb/Cdc28p may phosphorylate Swe1p first and that this modification “primes” Swe1p

for the subsequent phosphorylation by Cdc5p (Asano et al., 2005). This closely mirrors

what is thought to occur in human cells where Wee1A is phosphorylated by Cdc2 and

the polo kinase, Plk1, and this phosphorylation creates a phosphodegron that is

recognized by the ubiquitin ligase (Watanabe et al., 2004; Watanabe et al., 2005).

Figure 5: The Swe1p degradation pathway

Swe1p is phosphorylated on multiple sites by Clb/Cdc28p. Next, Swe1p is
phosphorylated on yet more sites by the polo kinase, Cdc5p. Then, the
hyperphosphorylated Swe1p is conjugated with ubiquitin by E3 ligases, Dma1p and
Dma2p. he ubiquitinated Swe1p is then degraded by the proteasome.

In order for Swe1p to be efficiently phosphorylated, and thus targeted for

degradation, it must colocalize with its inhibitory kinases at the bud neck in S-phase.

Experiments that mutationally disrupt the neck-targeting of Cdc5p, Swe1p, and

Clb2/Cdc28p appear to increase stability of Swe1p levels (Longtine et al., 2000; Bailly et

al. 2003; Park et al., 2004).  Bud neck localization of Swe1p, and to a lesser extent, Cdc5p,
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is impaired by deletion of two genes: HSL1 and HSL7 (Shulewitz et al., 1999; Longtine et

al., 2000).  Swe1p interacts directly with Hsl7p, and Hsl7p interacts directly with Hsl1p, a

Nim1-family kinase (Shulewitz et al., 1999; McMillan et al., 1999a).  Hsl1p tethers itself,

Hsl7p and Swe1p at the bud neck via its own direct interaction with septin proteins at

the bud neck (Barral et al., 1999; Longtine et al., 2000).

Septins are a conserved family of structural proteins that polymerize and

assemble into structures that help septation occur in cytokinesis (Versele and Thorner,

2005).  In yeast, there are four essential septin genes: CDC3, CDC10, CDC11, and CDC12

(Hartwell, 1971).  Prior to bud emergence, these four septins are recruited to the

presumptive bud site where they form a ring structure (Ford and Pringle, 1991; Kim et

al., 1991).  Once the ring forms, Hsl1p localizes to this septin scaffold (Theesfeld et al.,

2003).  As the bud emerges, the ring structure reorganizes to form a three-dimensional

collar structure around the newly formed bud neck (Ford and Pringle, 1991; Kim et al.,

1991).  As septins make this structural change, Hsl1p becomes active, recruiting Hsl7p as

well as phosphorylating itself and Hsl7p (Theesfeld et al., 2003).  The specific role that

phosphorylation plays in the Hsl1p-Hsl7p is unknown, but data show that a kinase-

dead Hsl1p is less able to recruit Hsl7p to the bud neck (Theesfeld et al., 2003).  As Hsl7p

is recruited to the septin scaffold, it brings Swe1p there as well, putting it in place to be

modified by Clb/Cdc28p and Cdc5p (Fig. 6)(Longtine et al., 2000).
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Figure 6: Localization of Swe1p is a critical step in the degradation pathway

Septins are structural proteins that form a collar at the bud neck.  The kinase Hsl1p
binds septins and the protein Hsl7p. Hsl7p binds Swe1p, thereby recruiting it to the bud
neck.  This septin collar localization is required for the hyperphosphorylated of Swe1p
by Cdc5p and Clb/Cdc28p.

The data on the Swe1p degradation pathway presents a model where Swe1p

localizes to the septins where it is marked for degradation, but only after the bud has

emerged.  Coincidentally, the activity of the septin-binding protein, Hsl1p, also increases

only after bud emergence.  These facts make it tempting to suspect that when cells

encounter a budding delay due to stress, Hsl1p acts as a sensor for bud emergence.  This

is because data show that without a bud, Hsl1p remains inactive, fails to recruit Hsl7p

and Swe1p, Swe1p remains stable and as a result, inhibits mitotic entry.  A glaring

problem with this sensor hypothesis is that it is inadequate to explain how stresses can

cause a G2/M morphogenesis checkpoint delay in cells with small buds, where Swe1p

would already have been recruited.
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1.3.3.3 Cell Size Control

As described, the morphogenesis checkpoint will arrest the cell cycle in response

to a budding delayand since most other eukaryotes do not reproduce by budding, one

might suspect that the study of the morphogenesis checkpoint is of limited interest.

However, the process of cell size control has been studied extensively in

Schizosaccharomyces pombe, and interestingly, this mechanism is strikingly similar to the

morphogenesis checkpoint pathway.

S. pombe are rod-shaped fission yeast that grow in a bipolar manner and divide

down the middle to form two daughter cells of the same size.  The majority of cell

growth in fission yeast occurs during G2 phase and the transition from G2 to mitosis is

controlled by a pathway homologous to that found in S. cerevisiae.  Specifically, the B-

type cyclin/CDK complex (Cdc13/Cdc2 in S. pombe) is inihibited by Wee1-mediated

phosphorylation, which can be reversed by the phosphatase, Cdc25.  The timing of

mitotic entry in these cells is triggered by inhibition of Wee1, which leads to greater

Cdc13/Cdc2 activation (Nurse 1975; Nurse et al., 1976).  This is analogous to the

morphogenesis checkpoint in that budding yeast delay mitotic entry until they build a

sufficient bud, while fission yeast wait until they are the correct size.

Cell size sensing in S. pombe works by virtue of a gradient system that relays size

information to the Wee1 regulators (Martin and Berthelot-Grosjean, 2009; Moseley et al.,

2009).  Wee1 localizes to cortical foci that decorate the middle of the yeast cell, foci which

will later help create the cytokinetic ring (Wu et al., 2003; Moseley et al., 2009).

Colocalizing with Wee1 are the Hsl1p-related kinases, Nim1 and Cdr2, both of which

inhibit Wee1 activity (Wu and Russell, 1993; Kanoh and Russell, 1998).  A protein called

Pom1 inhibits Cdr2, thereby activating Wee1 and delaying mitosis (Martin and
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Berthelot-Grosjean, 2009; Moseley et al., 2009).  Pom1 protein localization is graded so

that it is most concentrated at the poles of the cell and. as cells grow, the concentration of

Pom1 in the middle of the cell decreases.  When Pom1 concentrations get low enough,

Pom1 can no longer inhibit Cdr2 at the middle of the cell, which allows Cdr2 to promote

inhibition of Wee1, and allow mitotic entry (Martin and Berthelot-Grosjean, 2009;

Moseley et al., 2009).

This system in bears some interesting parallels with the morphogenesis

checkpoint despite the fact that fission yeast and budding yeast are highly divergent

species.  In both fission and budding yeast, the Wee1 kinase is mostly nuclear, but

localizes to the future site of cell division as cells near mitosis.  In both cells there are

kinases (Nim1 and Cdr2 in S. pombe, Hsl1p in S. cerevisiae) which help translate

information about cell shape into Wee1 kinase regulation.  And both pathways seem to

serve the same purpose, delaying mitosis until there is a sufficient daughter cell body to

contain replicated cell contents.  Although we only know of a morphogenesis checkpoint

occuring in budding yeast, the prinicple of a cell size control mechanism is far more

conserved among metazoans.  Therefore, the study of the design prinicples of the

morphogenesis checkpoint might even be an effective model of cell size control in

metazoans.

1.4 Objectives of this Thesis

The central question of this work asks: what parts of the Swe1p degradation

pathway are being regulated by the morphogenesis checkpoint?

Chapter 2 describes work where Hsl1p and Hsl7p were examined for their role in

Swe1p degradation.  Specifically, we asked whether Hsl1p and Hsl7p act as simple
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tethers for Swe1p at the septin scaffold.  Our data show that Hsl1p and Hsl7p do act as

tethers and that this activity is critical for Swe1p degradation to occur, but that is not

their sole function.

Chapter 3 asks how Swe1p is stabilized by stress.  Previous work had suggested

that stress can delocalize Swe1p from the septins in budded cells, but our data does not

reproduce that result (Clotet et al., 2006).  Instead, we find that once Swe1p is tethered at

the septins, it is primarily regulated by a Clb/Cdc28p feedback loop.
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2 The roles of Hsl1p and Hsl7p in Swe1p degradation:

beyond septin-tethering1

2.1 Introduction

Yeast cells in the environment are exposed to variations in temperature,

osmolarity, and nutrient conditions that can delay budding formation.  A common

response to sudden (presumably stressful) environmental changes is to depolarize the

actin cytoskeleton and transiently halt bud growth until the cells adapt to the stress

(Chowdhury et al., 1992; Delley and Hall, 1999).  During this interval there is a

concommitant delay of the cell cycle in G2, enforced by the morphogenesis checkpoint,

which maintains coordination between the budding and nuclear cycles and prevents the

formation of binucleate cells (Lew, 2003).  The morphogenesis checkpoint cell-cycle

delay requires the Wee1-family kinase, Swe1p, which inhibits the mitotic Clb/CDK

complex by phosphorylating a conserved tyrosine residue on the CDK, Cdc28p (Lew

and Reed, 1995; Sia et al., 1996; Keaton et al., 2007).  The delay is also thought to involve

inhibition of the counteracting Cdc25-family phosphatase, Mih1p, which would

otherwise dephosphorylate Cdc28p (Harrison et al., 2001).  The best-characterized aspect

of the morphogenesis checkpoint concerns the degradation of Swe1p.  Swe1p

degradation is halted in response to stress (Sia et al., 1998), promoting G2 delay, and this

has served as a valuable assay to dissect how stresses impact the cell cycle.  Here we

have tested a prevailing hypothesis for the role of two proteins, Hsl1p and Hsl7p, that

                                                       
1 This chapter is adapted from an article published as King, K., Jin, M., and Lew, D. (2012). The roles of
Hsl1p and Hsl7p in Swe1p degradation: beyond septin-tethering. Eukaryotic Cell.
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are thought to be primary transducers of stress signals to control Swe1p degradation

(Cid et al., 2001; McMillan et al., 2002).

Swe1p accumulates periodically in the cell cycle, peaking in late S/G2-phase,

and then falling sharply in late G2/M-phase.  Swe1p abundance is controlled at the

levels of transcription (SWE1 mRNA accumulates in a sharp pulse in late G1 and

disappears in S phase) and degradation (Swe1p is degraded slowly in G1/S and quickly

in G2/M) (Sia et al., 1996; Sia et al., 1998).  The phosphorylation state of Swe1p also

changes during the cell cycle, with multiple sites phosphorylated in G2/M by

Clb2/CDK and the polo-family kinase Cdc5p (Sakchaisri et al., 2004; Asano et al., 2005).

Phosphorylation by the CDK primes Swe1p for subsequent phosphorylation by Cdc5p,

which is necessary for Swe1p degradation (Asano et al., 2005).  Following its

hyperphosphorylation, Swe1p is probably ubiquitylated by the redundant E3 ubiquitin

ligases, Dma1p and Dma2p, which target it for degradation by the proteasome (Raspelli

et al., 2011).

Swe1p degradation is also correlated with Swe1p subcellular localization.  In G1

phase, Swe1p is localized primarily in the nucleus, and stable (Sia et al., 1998; Longtine et

al., 2000). As the cell builds a bud in S-phase, some of the Swe1p accumulates at the bud

neck.  Neck localization relies on Swe1p interaction with Hsl7p (McMillan et al., 1999a;

McMillan et al., 2002), which itself localizes to the neck through its interaction with the

septin-binding kinase, Hsl1p (Shulewitz et al., 1999; Longtine et al., 2000).  The septins

are conserved, filament-forming proteins that assemble a cortical scaffold at the

cytoplasmic face of the plasma membrane at the mother-bud neck (Weirich et al., 2008).

Genetic perturbation of septin scaffold assembly results in a Swe1p-mediated delay of
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mitosis, suggesting that septin-mediated Swe1p neck localization is important for Swe1p

degradation (Barral et al., 1999; Longtine et al., 2000).

Hsl1p and Hsl7p are both required for Swe1p degradation, and mutations that

specifically disrupt the Hsl1p-Hsl7p or Hsl7p-Swe1p interactions result in Swe1p

delocalization and stabilization (McMillan et al., 1999a; McMillan et al., 2002; Cid et al.,

2001).  These findings suggest that Hsl1p and Hsl7p tether Swe1p to the bud neck,

leading to its degradation.  Because both Clb2p/CDK (Bailly et al., 2003) and Cdc5p

(Asano et al., 2005) also accumulate at the bud neck, it is attractive to speculate that

tethering serves to co-concentrate Swe1p together with its upstream kinases, thereby

enhancing the Swe1p phosphorylations that target it for degradation.

The tethering model for Swe1p degradation presents an elegant explanation for

how yeast couple budding to nuclear division, as the neck only exists after bud

emergence, so degradation of the Swe1p mitotic inhibitor would depend on prior

budding.  After budding, some stresses can transiently displace Swe1p (and possibly

also Hsl7p) from the neck (Longtine et al., 2000; Clotet et al., 2006), potentially explaining

why such stresses can stabilize Swe1p to delay mitosis even after bud emergence.

However, actin depolymerization in budded cells does not immediately displace Swe1p

from the neck (Longtine et al., 2000), and the basis for Swe1p stabilization in those cells

remains unclear.

A prediction of the tethering model is that the need for Hsl1p and Hsl7p in

Swe1p degradation could be bypassed if Swe1p were to be tethered directly to the

septins at the bud neck.  Here we tested this prediction by fusing Swe1p to the septin

Cdc3p.  The fusion protein was degraded normally in G2/M, but although neck

localization was no longer dependent on Hsl1p and Hsl7p, we found that both of these
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proteins were still required for Swe1p degradation, revealing additional roles for Hsl1p

and Hsl7p in the degradation pathway.

2.2 Results

If the role of Hsl1p and Hsl7p is simply to recruit Swe1p to the septin cortex at

the neck, then artificial linkage of Swe1p to a septin should bypass the need for Hsl1p

and Hsl7p in Swe1p degradation.  To test this hypothesis, we created a fusion protein

that joins GFP-Cdc3p (a septin) with Swe1p-myc, under control of the SWE1 promoter

(referred to hereafter as “septin-Swe1p”)(Fig. 7A).  We integrated this plasmid at an

exogenous locus so that septin-Swe1p does not replace endogenous Swe1p or Cdc3p.

As anticipated, septin-Swe1p was localized to the bud neck independent of Hsl1p and

Hsl7p (Fig. 7B).



25

Figure 7: Localization and degradation of a septin-Swe1p fusion

(A) Schematic of the Cdc3-GFP-Swe1p fusion protein. (B) Localization of Cdc3-GFP-
Swe1p to the neck is independent of Hsl1p and Hsl7p. GFP-Swe1p is shown as a control.
Cells were grown overnight at 30°C. Representative cells are shown, and over 200 cells
of each strain were scored for bud neck signal. Strains containing GFP-Swe1p with the
indicated genotypes: DLY12320 (WT), 12369 (hsl7Δ), 12237 (hsl1Δ), 12229 (hsl1hsl7Δ) and
strains containing Cdc3-GFP-Swe1p: DLY 12321 (WT), 12238 (hsl1Δ), 12370 (hsl7Δ), 12230
(hsl1hsl7Δ). (C) Swe1p and septin-Swe1p levels rise and fall in parallel as cells traverse
the cell cycle. Cells containing both Swe1p-12Xmyc and septin-Swe1p-12Xmyc
(DLY12321) were arrested in G1 with pheromone and released into fresh media at 30°C
to traverse the cell cycle. Pheromone was reintroduced 60 min after release to rearrest
cells at the next G1. Samples taken at 15 min intervals were analyzed by Western
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blotting with anti-myc (Cdc11: loading control), and quantitated (graph). (D) Synchrony
parameters (budding and nuclear division) for the experiment in (C) were scored for
>200 cells per sample. (E) Swe1p degradation kinetics are reproducible between
experiments. Five replicates of the experiment in (C) were quantified and an average
degradation profile for WT Swe1p is plotted as a dotted black line. (F) Degradation of
septin-Swe1p occurs independent of wild-type Swe1p. A single-cycle synchrony
experiment as in Fig. 7C was performed with the swe1Δ strain DLY15563. (G) Synchrony
parameters (budding and nuclear division) for the experiment in (A) were scored for >
200 cells per sample.

To directly compare Swe1p and septin-Swe1p levels, both proteins were myc-

tagged in the same strain.  Cells were synchronized in G1 using mating pheromone,

released to traverse the cell cycle, and re-arrested in the subsequent G1 by re-addition of

pheromone.  The kinetics of Swe1p accumulation and degradation were highly

reproducible using this protocol (Fig. 7E).  The septin-Swe1p fusion accumulated,

became hyperphosphorylated, and then disappeared with a timing comparable to that

of the wild-type Swe1p-myc control (Fig. 7C), suggesting that the normal Swe1p

degradation machinery can target the full septin-Swe1p fusion for degradation.

If Hsl1p and Hsl7p simply tether Swe1p to the neck for degradation, then septin-

Swe1p should be degraded in strains lacking those proteins even though wild-type

Swe1p is stable.  However, a complication arises in strains containing both wild-type

Swe1p and septin-Swe1p, because Swe1p degradation also requires active CDK (Sia

1998).  If the wild-type Swe1p is stable, it would inhibit the CDK, and that inhibition

could indirectly stabilize septin-Swe1p.  To avoid this complication, we introduced the

E12K mutation into the CDK Cdc28p.  Cdc28pE12K is highly resistant to Swe1p-

dependent inhibition, unlike the non-phosphorylatable Cdc28pY19F, which is still

susceptible to inhibition by binding to Swe1p (McMillan et al., 1999b).  We used this

CDC28E12K background for all Swe1p stability experiments, and as shown in the controls
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below, cell cycle progression in this background was unaffected by any of the

manipulations of Swe1p, Hsl1p, or Hsl7p.

In hsl1Δ or hsl7Δ deletion strains, we found that both Swe1p and septin-Swe1p

were stabilized in G2/M (Fig. 8). These findings do not support the idea that Hsl1p and

Hsl7p act simply by tethering Swe1p to the neck: at minimum, they must play additional

roles in promoting Swe1p degradation.

Figure 8: Hsl1p and Hsl7p are required for degradation of septin-tethered
Swe1p in G2/M

(A) Swe1p and septin-Swe1p are both stabilized upon deletion of HSL1. A single-cycle
synchrony experiment as in Fig. 7C was performed with the hsl1Δ strain DLY12238. (B)
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Synchrony parameters (budding and nuclear division) for the experiment in (A) were
scored for > 200 cells per sample. (C) Swe1p and septin-Swe1p are both stabilized upon
deletion of HSL7. A single-cycle synchrony experiment as in Fig. 7C was performed with
the hsl7Δ strain DLY12370. (D) Synchrony parameters (budding and nuclear division) for
the experiment in (C) were scored for > 200 cells per sample.

Hsl1p has an N-terminal kinase domain and a long C-terminal tail containing

several regions with sequence motifs that are conserved among Saccharomycetes.  In

particular, region 8 mediates Hsl1p-Hsl7p interaction (Fig. 9A)(Crutchley et al., 2009).  In

a strain where HSL1 is replaced with HSL1Δ
8, neither Hsl7p nor Swe1p are recruited to

the bud neck, and Swe1p is stable.  However, we found that septin-Swe1p was degraded

normally in this strain (Fig. 9B), showing that septin tethering bypasses the need for the

Hsl1p-Hsl7p interaction in Swe1p degradation.

Figure 9: The interaction between Hsl1p and Hsl7p is not required for
degradation of septin-tethered Swe1p

(A) Schematic of Hsl1p. (B) Swe1p is stabilized upon deletion of Hsl1p region 8, but
septin-Swe1p is not. A single-cycle synchrony experiment as in Fig. 7C was performed
with the hsl1Δ

8 strain DLY15224. (C) Synchrony parameters (budding and nuclear
division) for the experiment in (B) were scored for > 200 cells per sample.
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Like region 8, the kinase activity of Hsl1p is important for recruiting Hsl7p to the

bud neck (Theesfeld et al., 2003).  In a strain where HSL1 is replaced with the kinase-

dead HSL1K110R, Swe1p is not detectably enriched at the bud neck and it is stable.

Although septin-Swe1p was effectively localized to the bud neck in a HSL1K110R strain, it

was not degraded in G2/M (Fig. 10).  Thus, the kinase activity of Hsl1p is needed not

only for effective recruitment of Swe1p to the bud neck but also for some subsequent

step in Swe1p degradation.

Figure 10: Hsl1p kinase activity is required for degradation of septin-tethered
Swe1p.

(A) Schematic of Hsl1p. The K110R point mutation in the kinase domain is noted by an
asterisk. (B) Septin-Swe1p is localized to the bud neck in hsl1K110R cells, but GFP-Swe1p is
not. Cells of strains DLY12973 and DLY15597 were grown at 30°C and photographed.
(C) Swe1p and septin-Swe1p are both stabilized in a strain harboring kinase-dead
hsl1K110R. A single-cycle synchrony experiment as in Fig. 7C was performed with the
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hsl1K110R strain DLY12973. (D) Synchrony parameters (budding and nuclear division) for
the experiment in (C) were scored for > 200 cells per sample.

A screen for SWE1 mutants that caused a lethal G2 arrest in the absence of MIH1

identified many point mutants in a small conserved region in the Swe1p N-terminal

regulatory domain (McMillan et al., 2002).  Deletion of that region (in a protein

designated Swe1Δ
1p) did not impair Swe1p function, but greatly reduced its interaction

with Hsl7p and eliminated detectable neck localization.  Fusion of Swe1Δ
1p to the septin

Cdc3p restored neck localization, but the septin-Swe1Δ
1p was not degraded in G2/M

(Fig. 11).  The simplest interpretation of this result is that the Swe1p-Hsl7p interaction is

required for Swe1p degradation, even when Swe1p is tethered to the neck.

Figure 11: The interaction between Swe1p and Hsl7p is required for
degradation of septin-tethered Swe1p
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(A) Schematic of Swe1p. (B) Septin-tethered Swe1pΔ
1 is localized to the bud neck. Cells of

strain DLY13156 were grown at 30°C and photographed. (C) Swe1pΔ
1 and septin-Swe1p⊗1

are both stable in G2/M. A single-cycle synchrony experiment as in Fig. 7C was
performed with strain DLY13156. (D) Synchrony parameters (budding and nuclear
division) for the experiment in (C) were scored for > 200 cells per sample.

2.3 Discussion

In this study we have tested the hypothesis that the role of Hsl1p and Hsl7p in

Swe1p degradation consists of tethering Swe1p to the septins at the bud neck.  Our data

indicate that even when Swe1p is artificially tethered to the neck by fusion to a septin,

degradation of the tethered septin-Swe1p still requires both Hsl1p and Hsl7p.  Thus,

Hsl1p and Hsl7p play roles in promoting Swe1p degradation beyond simply tethering it

to the neck.

Cells with a septin-tethered Swe1p still required the Swe1p-Hsl7p interaction for

degradation.  As phosphorylation by Cdc5p is thought to be the trigger for Swe1p

ubiquitination, one possibility would be that Hsl7p-Swe1p interaction presents Swe1p to

Cdc5p as a substrate.  Hsl7p has also been reported to enhance Cdc5p neck localization,

consistent with the idea that Hsl7p may interact with Cdc5p as well, potentially bridging

a Cdc5p-Swe1p interaction.

Cells with a septin-tethered Swe1p also required Hsl1p kinase activity for

degradation to occur.  Hsl1p is homologous to the Nim1 kinase in S. pombe, which can

directly phosphorylate the Swe1p homolog Wee1 in vitro.  However, direct

phosphorylation of Swe1p by Hsl1p has been difficult to detect in vitro (Cid et al., 2001),

and it remains unclear whether or not it occurs in vivo.  Hsl1p is thought to

phosphorylate Hsl7p in vivo (McMillan et al., 1999a), and it also catalyzes extensive

autophosphorylation (Barral et al., 1999), but the functional relevance of these

modifications is unknown.  As Hsl1p kinase activity is required for optimal Hsl7p
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recruitment, it could be that the phosphorylation of either Hsl1p or Hsl7p enhances the

interaction between those proteins.  However, degradation of septin-tethered Swe1p did

not require an intact Hsl1p-Hsl7p interaction, so promoting that interaction cannot be

the only role for Hsl1p kinase activity.

The finding that the need for Hsl1p-Hsl7p interaction in Swe1p degradation can

be bypassed by tethering Swe1p to the septins provides strong evidence that tethering is

indeed one important role for Hsl1p and Hsl7p.  Thus, our findings in aggregate indicate

that Hsl1p and Hsl7p play at least two separate roles in promoting Swe1p degradation:

tethering Swe1p to the septins, and a downstream role perhaps involving presentation

of Swe1p to other regulators for targeting to the degradation pathway.

2.4 Materials and Methods

2.4.1 Yeast strains and plasmids

Yeast strains are in the BF264-15DU background and are listed in Table 1. The

creation of the following alleles has been described previously: SWE1myc (McMillan et

al., 1999a); SWE1Δ
1myc (McMillan et al., 2002); hsl1::URA3, hsl7::URA3 (Ma et al., 1996);

swe1::LEU2 (Booher et al., 1993); hsl1K110R (Theesfeld et al., 2003); hsl1Δ
8 (Crutchley et al.,

2009); CDC3-GFP (Caviston et al., 2003); SWE1E12K (McMillan et al., 1999b).

Table 1: Yeast strains used in chapter 2

Strain Genotype
DLY12229 a bar1 CDC28E12K SWE1myc:HIS2 hsl1::URA3 hsl7::URA3 GFP-SWE1-

12Xmyc:TRP1
DLY12230 a bar1 CDC28E12K SWE1myc:HIS2 hsl1::URA3 hsl7::URA3 CDC3-GFP-

SWE1-12Xmyc:TRP1
DLY12237 a bar1 CDC28E12K SWE1myc:HIS2 hsl1::URA3 GFP-SWE1-12Xmyc:TRP1
DLY12238 a bar1 CDC28E12K SWE1myc:HIS2 hsl1::URA3 CDC3-GFP-SWE1-

12Xmyc:TRP1
DLY12320 a bar1 CDC28E12K SWE1myc:HIS2 GFP-SWE1-12Xmyc:TRP1
DLY12321 a bar1 CDC28E12K SWE1myc:HIS2 CDC3-GFP-SWE1-12Xmyc:TRP1
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DLY12369 a bar1 CDC28E12K SWE1myc:HIS2 hsl7::URA3 GFP-SWE1-12Xmyc:TRP1
DLY12370 a bar1 CDC28E12K SWE1myc:HIS2 hsl7::URA3 CDC3-GFP-SWE1-

12Xmyc:TRP1
DLY12973 a bar1 CDC28E12K SWE1myc:HIS2 hsl1 K110R CDC3-GFP-SWE1-

12Xmyc:TRP1
DLY13156 a bar1 CDC28E12K swe1::LEU2 SWE1Δ

1myc:URA3 CDC3-GFP-SWE1-
12Xmyc:TRP1

DLY15224 a bar1 CDC28E12K SWE1myc:HIS2 hsl1Δ
8myc:URA3 CDC3-GFP-SWE1-

12Xmyc:TRP1
DLY15563 a bar1 CDC28E12K swe1::LEU2 CDC3-GFP-SWE1-12Xmyc:TRP1
DLY15597 a bar1 CDC28E12K SWE1myc:HIS2 hsl1 K110R GFP-SWE1-12Xmyc:TRP1

To create GFP-SWE1-myc and CDC3-GFP-SWE1-myc, we began with the

plasmid pDLB2340 (Keaton et al., 2008), which contains the SWE1 promoter, the Swe1p

ORF fused in frame to a 12Xmyc epitope tag, and SWE1 3’ sequences cloned into the

integrating TRP1 vector pRS304.  A linker with PstI and SphI sites (5’-

GCATGCATGTGGGTAAAACTGCAG-3’)was introduced into the NcoI site at the

Swe1p start codon in pDLB2340, yielding pDLB3276.  PCR products containing either

GFP or CDC3-GFP coding sequences with flanking PstI and SphI sites were then cloned

into the corresponding sites in pDLB3276 to make pDLB3290 (GFP-SWE1-12Xmyc) and

pDLB3291 (CDC3-GFP-SWE1-12Xmyc).  The CDC3-GFP PCR template, pDLB3137,

contains GFP coding sequences inserted at codon 13 of CDC3, which has been shown to

retain Cdc3p function (Caviston et al., 2003).

The CDC3-GFP-SWE1Δ
1-12Xmyc plasmid, pDLB3381, was constructed by

replacing the EcoRI/BamHI fragment (encoding a Swe1p N-terminal region) in

pDLB3291 with the corresponding fragment from pJM1103 (McMillan et al., 2002), which

contains the Δ1 mutation.

The plasmids described above were digested at the unique Bsu36I site and

transformed into yeast to target integration at the TRP1 locus.
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2.4.2 Media, growth conditions, and cell-cycle synchrony

Yeast strains were grown in YEPD (1% yeast extract 2% Bacto Peptone, 2%

dextrose, 0.012% adenine, and 0.01% uracil) or synthetic complete media at 30°C.  For α-

factor arrest-release-rearrest experiments, exponentially growing cells were treated with

100 ng/ml α-factor (Research Genetics, Huntsville, AL) for 3 h, harvested by

centrifugation, released into fresh YEPD, and after 60 min fresh 100 ng/ml α-factor was

added so that cells would arrest in the subsequent G1 phase.  Samples for western

blotting and nuclear staining were taken every 15 min.

2.4.3 Fluorescence staining and microscopy

To visualize nuclear DNA, cells were fixed in 70% ethanol overnight at 4°C.  The

cells were then harvested by centrifugation, resuspended in 0.2 µg/ml 4’,6’-diamidino-2-

phenylindole (DAPI) in phosphate-buffered saline (PBS), centrifuged again, and finally

resuspended in mounting medium (90% glycerol, 9.2 mM p-phenylenediamine in PBS

[Sigma-Aldrich, St. Louis, MO]).  Cells were scored for budding and nuclear division on

an Axioskop apparatus with an 100x objective equipped with epifluorescence and

differential interference contrast optics (Zeiss, Thornwood, NY).  For DIC and GFP

photography, cells were grown in complete synthetic media containing dextrose and

spotted on a 2% agarose slab made with synthetic media.    Images were acquired with

an Axioimager apparatus with an 100x objective equipped with epifluorescence and

differential interference contrast optics (Zeiss) and photographed with an Orca ER

monochrome cooled-charge-coupled device camera (Hamamatsu, Bridgewater, NJ).

Images were captured using MetaMorph software (Millipore, Billerica, MA).
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2.4.4 Western blotting

Cell lysis was performed by the TCA method (Keaton et al., 2008).  Samples were

subjected to SDS-PAGE on a 6% polyacrylamide gel. Proteins were transferred to a

nitrocellulose membrane (Pall, East Hills, NY) and blocked for 1 h with PBS containing

3% nonfat dry milk (Kroger, Cincinnati, OH).  Antibodies were diluted in blocking

buffer supplemented with 0.1% Tween-20 (Bio-Rad, Hercules, CA), and membranes

were probed overnight with 1:250 mouse anti-myc 9E10 and 1:50,000 rabbit anti-Cdc11p

(Santa Cruz Biotechnology, Santa Cruz, CA).  Membranes were then washed three times

with PBS/0.1% Tween 20 and then probed with 1:7500 goat anti-mouse IRdye800

(Rockland Immunochemicals, Gilbertsville, PA) or 1:7500 goat anti-rabbit AlexaFluor680

(Invitrogen, Carlsbad, CA) for 1 h in blocking buffer containing 0.1% Tween 20 and

0.01% SDS. Blots were then washed as above and visualized using an Odyssey scanner

(Li-Cor Biosciences, Lincoln, NE). Fluorescence was quantified using Odyssey software

(Li-Cor Biosciences), where the intensities of the myc bands were normalized to the

Cdc11 loading controls.
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3 Feedback control of Swe1p degradation in the yeast

morphogenesis checkpoint

3.1 Introduction

Cell-cycle checkpoints are surveillance pathways that monitor the progress of

key events and act to delay cell cycle progression in the face of problems (Hartwell and

Weinert, 1989; Morgan, 2007).  The best-known checkpoints monitor DNA damage,

DNA replication, and bipolar alignment of chromosomes during mitosis (Morgan, 2007).

In budding yeast, a “morphogenesis checkpoint” also monitors aspects of bud

formation, and delays nuclear division until a bud has been formed (Lew, 2003).  The

precise aspects of morphogenesis that might be monitored by the checkpoint remain

controversial, and may include bud emergence (Theesfeld et al., 2003; McNulty and Lew,

2005), bud growth (Anastasia et al., 2012), septin organization (Barral et al., 1999), and

actin organization (McMillan et al., 1998).

The cell-cycle delay triggered by the morphogenesis checkpoint involves

inhibition of mitosis-promoting CDK complexes via tyrosine phosphorylation of the

CDK, Cdc28p, at Y19 (Lew and Reed, 1995; Sia et al., 1996).  Y19 phosphorylation is

controlled by the balance between the activities of the Wee1-family kinase, Swe1p, and

the Cdc25-family phosphatase, Mih1p (Russell et al., 1989; Booher et al., 1993).  Following

stress, Swe1p degradation is temporarily halted and its abundance increases (Sia et al.,

1998).  Mih1p phosphorylation is also regulated by stress (Anastasia et al., 2012), perhaps

causing its inhibition (Harrison et al., 2001).  In combination, Swe1p stabilization and
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Mih1p inhibition promote a delay in nuclear division that is thought to maintain

coordination between budding and the nuclear cycle (Lew, 2003).

Swe1p degradation in unstressed cells proceeds via several sequential

modifications: initial phosphorylation by Cdc28p primes Swe1p for further

phosphorylation by the Polo-family kinase Cdc5p, leading to ubiquitination (possibly by

the ubiquitin ligases Dma1p and Dma2p) and degradation by the proteasome

(Sakchaisri et al., 2004; Asano et al., 2005; Raspelli et al., 2011).  Interestingly, Swe1p

degradation appears to be coupled to its localization: after bud emergence Swe1p

accumulates at the mother-bud neck, and mutations that interfere with Swe1p neck

targeting also block its degradation (Longtine et al., 2000; McMillan et al., 2002; Theesfeld

et al., 2003; Crutchley et al., 2009). At least one such mutation can be bypassed by

artificial tethering of Swe1p to the neck (King et al., 2012), directly implicating Swe1p

neck targeting as an important step in Swe1p degradation.

Swe1p is recruited to the neck by interaction with Hsl7p, which in turn binds to

the checkpoint kinase Hsl1p, which binds to septins at the mother-bud neck (Lew, 2003).

The septins are a family of conserved filament-forming proteins that polymerize to form

a stable scaffold beneath the plasma membrane at the neck (Gladfelter et al., 2001).

Localization of Swe1p to the septin scaffold may provide enhanced access to the kinases

(Clb2/Cdc28p and Cdc5p) that target it for degradation, as both of those kinases are

themselves enriched at the neck (Song et al., 2000; Bailly et al., 2003).

Septins assemble into a ring at the future bud site, and then expand to form an

hourglass-shaped collar at the neck following bud emergence (Haarer and Pringle, 1987;

Kim et al., 1991).  Hsl1p and Hsl7p both localize to the collar (Barral et al., 1999;

Shulewitz et al., 1999; Longtine et al., 2000), but when bud emergence is blocked by
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depolymerizing F-actin with Latrunculin (Lat), the septin ring recruits only Hsl1p, and

not Hsl7p, so Swe1p also fails to localize (Theesfeld et al., 2003).  Even after a bud has

formed, osmotic shock transiently displaces Hsl7p from the neck (Clotet et al., 2006), and

temperature shift transiently displaces Swe1p from the neck (Longtine et al., 2000).

Thus, an appealing “localization hypothesis” is that stresses stabilize Swe1p by

displacing it from the septin scaffold.

The localization hypothesis predicts that if Swe1p displacement from the neck

were blocked, then Swe1p would continue to be degraded even following stress.  We set

out to test this prediction.  Our findings imply that at least in budded cells, stresses do

not stabilize Swe1p by displacing it from the neck.  Rather, stresses empower Swe1p to

inhibit Cdc28p, and it is the Cdc28p inhibition that indirectly leads to Swe1p

stabilization.  Thus, Swe1p stabilization is due to a feedback loop and is not the primary

cause of checkpoint-mediated cell-cycle delay.

3.2 Results

We recently reported that a septin-Swe1p fusion protein is targeted to the neck

independent of the normally required targeting factors Hsl1p and Hsl7p, and is

phosphorylated and degraded with normal timing during the cell cycle (King et al.,

2012).  Furthermore, septin tethering bypassed the need for Hsl1p-Hsl7p interaction in

Swe1p degradation (King et al., 2012).  We set out to test whether septin tethering would

similarly force Swe1p degradation to continue after osmotic shock, a stress reported to

displace Hsl7p from the neck (Clotet et al., 2006).

To assess Swe1p and septin-Swe1p degradation, we performed single-cycle

synchrony experiments in which cells released from pheromone-induced G1 arrest were
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re-arrested in G1 following a single cell cycle.  This protocol allowed us to follow the fate

of Swe1p that is made in a transcriptional pulse in late G1/S phase (Sia et al., 1996),

without confounding effects from the lack of perfect synchrony as cells enter a second

cell cycle. To directly compare the behavior of septin-tethered Swe1p with that of wild-

type Swe1p, both proteins were tagged with the myc epitope and expressed from the

SWE1 promoter in the same cells.  To avoid potential indirect effects due to Cdc28p

inhibition following stress, we replaced wild-type CDC28 with the CDC28E12K mutant.

Previous work showed that the non-phosphorylatable CDC28Y19F mutant is still

susceptible to Swe1p inhibition via binding, whereas the CDC28E12K mutant is more

(though still not completely) resistant to Swe1p (McMillan et al., 1999b). Thus, in these

cells Cdc28p should remain active even following stresses that would normally trigger

Swe1p-mediated inhibition of Cdc28p.

3.2.1 Swe1p degradation following osmotic shock

Both Swe1p and septin-Swe1p accumulated and then disappeared as cells

progressed through the cell cycle (Fig. 12A,B).  Remarkably, osmotic shock had no effect

on this profile, for either protein (Fig. 12C,D).  This was surprising because degradation

of wild-type Swe1p was previously shown to stop following comparable osmotic shock

treatments (Sia et al., 1998).  To assess whether degradation of wild-type Swe1p might be

indirectly affected by the presence of the septin-tethered Swe1p, we repeated the

experiment in cells containing only wild-type Swe1p.  Again, osmotic shock failed to

block or even detectably delay Swe1p degradation (Fig. 12E,G), although the altered

budding and nuclear division profiles indicated that the salt-shocked cells were

experiencing stress (Fig. 12F,H).  The key difference between this experiment and those

reported previously (Sia et al., 1998) is the presence of the CDC28E12K mutant.  We
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reproduced the previous finding that Swe1p levels continue to accumulate following

osmotic shock in cells with wild-type CDC28 (not shown).  These findings imply that

stabilization of Swe1p in budded cells exposed to osmotic shock is an indirect

consequence of Cdc28p inhibition: when such inhibition is (mostly) abrogated, osmotic

shock does not block Swe1p degradation.
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Figure 12: Degradation of Swe1p is not affected by osmotic shock in the
absence of feedback via Cdc28p.

(A) Swe1p and septin-Swe1p levels rise and fall in parallel as cells traverse the cell cycle.
Cells containing CDC28E12K to prevent Swe1p-mediated Cdc28p inhibition (DLY12321)
were arrested in G1 with pheromone and released into fresh media at 30°C to traverse
the cell cycle.  Pheromone was reintroduced 60 min after release to re-arrest cells at the
next G1.  Samples were taken at 15 min intervals and the levels of myc-tagged Swe1p
and septin-Swe1p were analyzed by Western blotting with anti-myc (Cdc11: loading
control), and quantitated (graph).  (B) Synchrony parameters (budding and nuclear
division) for the experiment in (A) were scored for > 200 cells per sample.  (C) Swe1p
and septin-Swe1p levels are unaffected by osmotic shock.  Cells were treated as in (A)
except that 0.4 M NaCl was added at 45 min. (D) Synchrony parameters for the
experiment in (C) show that osmotic stress transiently perturbed bud formation and
nuclear division. (E) A single-cycle synchrony experiment as in (A) was performed with
strain DLY12034, which does not express septin-Swe1p. (F) Synchrony parameters for
(E). (G) Cells were treated as in (E) except that 0.4 M NaCl was added at 45 min. (H)
Synchrony parameters for (G).

3.2.2 Swe1p degradation requires assembled septins

The finding that Swe1p degradation continues even following stress in CDC28E12K

mutants suggests that Swe1p stabilization is not a primary effect of stress, but rather an

indirect effect of Cdc28p inhibition.  Combined with the previous finding that osmotic

shock displaces Hsl7p from the neck (Clotet et al., 2006), our results raised the possibility

that Swe1p degradation is occurring without need for Swe1p to visit the neck.  Although

previous studies showed that Swe1p promotes a G2 delay in septin mutants (Barral et

al., 1999; Longtine et al., 2000), Swe1p degradation has not been directly examined in

septin mutants, and it seemed possible that as with osmotic shock, septin disassembly

might affect Swe1p indirectly via inhibition of Cdc28p.  To address this question, we

asked whether septin disassembly would affect Swe1p degradation in CDC28E12K

mutants.  We performed single-cycle synchrony experiments as above but using cdc12-6

mutants in which the septin scaffold is temperature-sensitive (Haarer and Pringle, 1987;

Ford and Pringle, 1991; Kim et al., 1991).  Unlike in cells exposed to osmotic shock,

Swe1p was stable upon shift of the septin mutant to restrictive temperature, even in cells
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with CDC28E12K (Fig. 13).  Thus, septin assembly is needed for Swe1p degradation

whether or not Cdc28p is inhibited.

Figure 13: Swe1p is stable in cells lacking assembled septins, regardless of
feedback

(A)  A single-cycle synchrony experiment was performed using temperature-sensitive
cdc12-6 mutant cells (DLY14556). Cells were grown and arrested in pheromone at 18°C,
then released into fresh media at 33°C, and Swe1p-myc levels were quantified as in Fig.
7. (B) Synchrony parameters for (A). (C) Swe1p is stable regardless of feedback in septin-
mutant cells.  cdc12-6 CDC28E12K cells were treated as in (A). (D) Synchrony parameters
for (C).

3.2.3 Re-examination of Hsl7p localization in cells exposed to osmotic shock

Our results present an apparent conundrum: if Swe1p degradation requires its

recruitment to the septin cortex by Hsl7p (McMillan et al., 1999a; Longtine et al., 2000)
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(Fig. 13), then displacement of Hsl7p (and hence Swe1p) from the septins following

stress (Clotet et al., 2006) should result in Swe1p stabilization.  Yet, Swe1p in CDC28E12K

mutants is not stabilized following salt shock (Fig. 12). To resolve this conundrum, we

re-assessed whether or not Hsl7p is displaced from the septins following salt shock.  To

that end, we used a GFP-Hsl7p fusion that was functional by the criterion that it rescued

the hsl7∆ mih1∆ synthetic lethality (McMillan et al., 1999a).

Figure 14: Hsl7p does not leave the septin collar following osmotic shock

Cells marked with GFP-Hsl7p (DLY15839) or Hog1p-GFP (DLY15123) were mixed and
imaged in a microfluidics chamber.  After 30 min, the culture medium was replaced
with fresh medium containing 0.4 M NaCl. Hog1p-GFP (bottom row) rapidly
translocated into the nucleus following the shock, and gradually returned to the
cytoplasm over the subsequent 90 min as cells adapted to the stress.  GFP-Hsl7p (top
row) remained at the bud neck throughout the 90 min following the shock.
Representative cells of each genotype are shown at selected times.

Cells expressing GFP-Hsl7p were mixed with cells expressing Hog1p-GFP in a

microfluidic chamber.  Hog1p is a MAPK activated by osmotic stress, and Hog1p

concentrates in the nucleus following stress (Brewster et al., 1993; Ferrigno et al., 1998).

Upon switching to media containing 0.4 M NaCl, Hog1p-GFP rapidly accumulated in

the nucleus (Fig. 14), confirming that the cells in the chamber experienced osmotic stress.

However, in neighboring cells in the same chamber, GFP-Hsl7p remained at the mother-

bud neck throughout the subsequent 90 min and was not displaced following stress (Fig.

14).  The continued recruitment of Hsl7p to the neck following osmotic shock can
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explain the continuing septin-dependent degradation of Swe1p following osmotic shock

in CDC28E12K mutants.

3.2.4 Swe1p degradation following actin depolymerization

The experiments discussed above indicate that rather than directly stabilizing

Swe1p, osmotic shock leads to Swe1p stabilization indirectly via Cdc28p inhibition.  This

raised the question of whether other stresses would similarly regulate Swe1p.  One well-

characterized stress that leads to Swe1p-dependent cell-cycle delay is actin

depolymerization caused by Latrunculin (Lat) (Ayscough et al., 1997; McMillan et al.,

1998).  In budded cells, Hsl7p remained at the neck following Lat treatment (Longtine et

al., 2000).  However, immunofluorescence experiments indicated that if budding was

prevented by Lat treatment, then Hsl7p was not recruited to the septin ring (Theesfeld et

al., 2003).  Thus, as proposed for osmotic shock, a block of budding would be expected to

stabilize Swe1p by preventing its Hsl7p-mediated recruitment to the septin ring.

We examined Swe1p degradation in single-cycle synchrony experiments similar

to those described above. Lat was added 30 min after release from G1 arrest, at which

point only ~20% of cells had formed visible buds (Fig. 15B,D).  In cells containing wild-

type CDC28, Swe1p levels remained elevated following exposure to Lat, as expected

(Fig. 15A,B).  However, in cells containing CDC28E12K, Swe1p was degraded (Fig. 15C,D).

Thus, as with osmotic shock, Swe1p stabilization upon actin depolymerization is to a

large degree an indirect consequence of Cdc28p inhibition.
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Figure 15: Degradation of Swe1p in cells treated with Latrunculin

(A) Accumulation of Swe1p in wild-type cells following treatment with Latrunculin B. A
single-cycle synchrony experiment was performed with cells containing wild-type
Cdc28p (DLY5330), and 100  µM Latrunculin B was added at 30 min.  Swe1p-myc levels
were quantified as in Fig. 12. (B) Synchrony parameters for (A).  (C) Swe1p
accumulation is due to feedback via Cdc28.  CDC28E12K cells (DLY12034) were treated as
in (A). (D) Synchrony parameters for (C).

3.2.5 Re-examination of Hsl7p localization in cells exposed to Latrunculin

As with osmotic shock, the degradation of Swe1p in Lat-treated cells raised the

conundrum of how such degradation could proceed in the absence of Hsl7p-mediated

recruitment of Swe1p to the septins.  One possibility was suggested by the previous

finding that in cells released from pheromone arrest, recruitment of Hsl7p to the septin

ring could occur even following Lat treatment if the local cell geometry was tubular
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rather than flat (i.e. if the septin ring formed within the mating projection) (Theesfeld et

al., 2003).  Thus, it seemed possible that Hsl7p was indeed recruited to the septin rings

even in cells treated with Lat.  Using live-cell microscopy of cells expressing Cdc3p-

mCherry (a septin) and GFP-Hsl7p, we imaged cells that were released from G1 arrest

and then, ~10 min later, placed on agar slabs either with or without Lat to block

budding.  In the control cells, septin rings formed and recruited Hsl7p after ~15 min,

approximately coincident with bud emergence (Fig. 16A,C).  Upon Lat treatment, Hsl7p

recruitment was delayed (~30 min after initiating a septin ring), but not blocked, despite

the apparent absence of a bud (Fig. 16B,C).  Interestingly, in many cells Hsl7p was

recruited to septin rings even though they did not form within the mating projection

(Fig. 16B). These findings suggest that Hsl7p recruitment to the septin ring is dependent

on some event (possibly septin “maturation”: see Discussion) that is normally coincident

with bud emergence and is delayed, but not blocked, upon Lat treatment.
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Figure 16: Hsl7p can be recruited to septin rings even in unbudded cells2

Cells marked with both GFP-Hsl7p and the septin Cdc3p-mcherry (DLY15772) were
arrested in G1 with pheromone and released into fresh media. 10 min later the cells were
placed on agar slabs for imaging.  (A) Control cells assembled septin rings, budded, and
recruited Hsl7p to the neck. (B,D) Cells placed on slabs containing 100 µM latrunculin B
assembled septin rings but failed to form visible buds.  Nevertheless, Hsl7p was
recruited to the septin ring (often after a delay).  Most cells in this experiment formed
septin rings away from the mating projection (B) but some formed rings within the
projection (D).  Hsl7p was recruited in both cases.  Selected frames from the indicated
times after plating are shown and marked with arrows indicating initial septin ring
assembly (Cdc3p-mCherry) or initial Hsl7p recruitment (GFP-Hsl7p). Prior to its
                                                       
2 The data in this experiment was collected by Hui Kang.
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recruitment to the septins, Hsl7p is localized to the spindle pole body (SPB)(Cid et al.,
2001), which appears as a dot.  (C) Quantification of the interval between initial septin
ring assembly and initial Hsl7p recruitment.  Each circle is one cell, and the line marks
the average interval.  For this analysis we scored only cells in which septin rings formed
away from the mating projection (as in A,B), because when rings formed within the
projection it was difficult to determine exactly when the ring assembled due to the
presence of septins at the base of the projection. The Latrunculin-induced delay was
statistically significant (p<0.001) as assessed by the Student’s t-test.

3.2.6 Delay of Swe1p degradation upon earlier exposure to Latrunculin

As Hsl7p recruitment to the septin ring is delayed following exposure of cells to

Lat, we would expect that degradation of Swe1p might also be delayed, yet Swe1p

degradation proceeded without a noticeable delay in our previous experiment (Fig. 15).

A possible explanation is that Hsl7p recruitment is necessary but not rate-limiting for

Swe1p degradation.  Alternatively, exposure to Lat at 30 min following release from G1

arrest (as in Fig. 15) may not have affected Hsl7p recruitment.  To distinguish between

these possibilities, we repeated the experiment of Fig. 15 but added Lat just 15 min after

release from G1 arrest.  In this case, degradation of Swe1p in cells carrying CDC28E12K

was delayed, compared to the experiment in which Lat was added at 30 min (Fig. 17).

That some Swe1p degradation still occurred was suggested by comparing Swe1p levels

with those in the septin mutant situation (Fig. 17E).  We conclude that if Lat is added

early enough to delay Hsl7p recruitment to the septin ring, then Swe1p degradation is

also delayed.  However, Lat exposure after that time does not stabilize Swe1p in

CDC28E12K mutants.  Thus, the Swe1p stabilization observed in wild-type cells upon later

exposure to Lat is an indirect effect of Swe1p-mediated inhibition of Cdc28p.
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Figure 17: Delayed Swe1p degradation upon earlier treatment with
Latrunculin

(A-D) The experiment of Fig. 15 was repeated with the same cells, except that
Latrunculin was added 15 min following release instead of 30 min following release
from G1 arrest.  In this case, we did not detect any bud formation, and Swe1p
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degradation was delayed even in the cells with CDC28E12K (C).  (E) The Swe1p
abundance from (C) was compared to that from Fig. 13C (cdc12-6, Swe1p stable) and
that from Fig. 15C (30 min Latrunculin addition: Swe1p degraded).

3.3 Discussion

3.3.1 Feedback control of Swe1p abundance following stress

Swe1p degradation requires Clb1-4/Cdc28p activity (Sia et al., 1998; Asano et al.,

2005).  In turn, Swe1p inhibits Clb1-2/Cdc28p, and to a lesser extent Clb3-4/Cdc28p

(Keaton et al., 2007). This sets up a potential positive feedback loop in which Swe1p

promotes its own stabilization by inhibiting Cdc28p (Fig. 18).  Here we show that at least

two stresses (osmotic shock and actin depolymerization) stabilize Swe1p via this

feedback loop.

Figure 18: Feedback between Swe1p and Cdc28p controls Swe1p abundance
following stress

Swe1p inhibits Cdc28p, which in turn antagonizes Swe1p by promoting its
transcriptional repression and its degradation.  In cells with mature septin rings, stresses
due to osmotic shock or Latrunculin do not directly stabilize Swe1p.  Rather, they
somehow promote Swe1p’s ability to inhibit Cdc28p, leading to subsequent stabilization
and accumulation of Swe1p via feedback.
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Like Swe1p degradation, timely repression of SWE1 transcription requires

Clb/Cdc28p activity, so Swe1p promotes its own transcription via a parallel feedback

loop (Sia et al., 1996) (Fig. 18).  We find that in budded cells, stress-mediated Swe1p

accumulation can be entirely accounted for feedback, because CDC28E12K cells in which

Swe1p cannot inhibit Cdc28p do not up-regulate Swe1p abundance in response to stress.

The situation is a bit more complicated for unbudded cells, as discussed below.

3.3.2 Swe1p degradation requires septin ring assembly

We found that septin disassembly stabilized Swe1p, regardless of feedback.

Thus, unbudded cells would only be able to degrade Swe1p once they had assembled a

septin ring capable of recruiting the Swe1p degradation machinery.  We confirmed

previous studies showing that there is a delay between assembly of a detectable septin

ring and recruitment of Hsl7p to the ring (Theesfeld et al., 2003). When budding was

prevented by actin depolymerization, Hsl7p recruitment was further delayed, and there

was a concomitant delay in Swe1p degradation.

What is the basis for the delay in Hsl7p recruitment?  We previously suggested

that Hsl7p recruitment was responsive to a reorganization of the septins upon bud

formation, triggered by the change in the local curvature of the plasma membrane

(Theesfeld et al., 2003; Keaton and Lew, 2006).  This model was attractive in that the

geometrical change in cell shape during bud emergence would enable Hsl7p

recruitment, licensing cells to degrade Swe1p.  More recently, we discovered that septin

ring assembly and collar formation are not clearly separable events: rather, septin

proteins are gradually and continuously recruited to a growing septin ring, over a

period of several minutes spanning bud emergence (Chen et al., 2011).  Moreover, Hsl7p

can be recruited to the septin ring (albeit after a significant delay) even in unbudded
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cells. Thus, Hsl7p recruitment appears to involve some “maturation” of the septin ring

that is delayed by the absence of polymerized actin.  The nature of that maturation

remains to be determined.

We found that Hsl7p remains at the septin ring following osmotic shock.  The

basis for the apparent discrepancy between our results and those previously reported

(Clotet et al., 2006) is unknown, but it is unlikely to reflect insufficient stress, because we

did not detect any displacement of Hsl7p from the neck even following exposure to 0.8

M NaCl (not shown). In addition, we found that Hsl7p could be recruited to septin rings

in unbudded cells (after a delay) even if the rings were not within the mating projection.

This was also somewhat surprising given previous findings that only unbudded rings

within the projection could recruit Hsl7p (Theesfeld et al., 2003). It remains possible that

we missed the presence of small “bumps” near the septin rings that may have

sufficiently altered local cell geometry to allow shape-dependent septin maturation.

Alternatively, it could be that the Hsl7p recruitment to rings outside the projection does

not survive fixation/immunofluorescence protocols, and was therefore missed in

previous work.  In any case, together with the Swe1p degradation data out findings

support the hypothesis that Hsl7p recruitment to the septin ring is a prerequisite for

cells to degrade Swe1p.

3.3.3 Implications for other systems

Positive feedback appears to be a very common, if not universal, feature of the

G2/M transition (Dunphy, 1994; Morgan, 2007).  In that context, it is far from

straightforward to determine how checkpoints restrain cell-cycle progression,

disentangling direct effects of the checkpoint from indirect effects due to the feedback

loops.  For example, in animal cells, checkpoint kinases activated by DNA damage are
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able to phosphorylate Cdc25C at a regulatory site (S216) that keeps it in the inactive, G2

state (Peng et al., 1997).  This finding suggested the attractive model that checkpoint-

mediated G2 arrest follows from direct checkpoint-induced phosphorylation of that site.

However, several other kinases also phosphorylate S216, and it remains unclear how

quantitatively important or effective the additional checkpoint-induced phosphorylation

might be.  Dephosphorylation of S216 occurs concomitant with entry into mitosis, and

active mitotic CDK can promote S216 dephosphorylation in a positive feedback loop

(Margolis et al., 2006).  Thus, continuing Cdc25 S216 phosphorylation during a

checkpoint arrest might simply reflect indirect feedback regulation rather than direct

checkpoint regulation of that regulatory site.

One way to determine whether a given checkpoint effect on a CDK regulator is

direct or indirect is to render the CDK immune to checkpoint signals, and ask whether

that bypasses the checkpoint effect on the regulator.  Direct checkpoint effects would

occur regardless of CDK status whereas feedback effects would disappear if CDK

regulation were disabled.  Applying that strategy to the yeast morphogenesis

checkpoint, our findings suggest a distinction between two types of checkpoint triggers.

Stresses (or mutations) that block assembly of a “mature” septin scaffold directly

stabilize Swe1p, regardless of feedback.  However, stresses that depolymerize actin or

halt bud growth after septin maturation stabilize Swe1p indirectly via feedback.  The

direct effects of such stresses that cause G2 arrest remain to be determined.

3.4 Materials and Methods

3.4.1 Yeast strains and plasmids

Yeast strains are in the BF264-15DU (ade1, his2, leu2-3,112, trp1-1a, ura3Δns,

(Richardson et al., 1989)) background and are listed in Table 2. The following alleles have
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been described previously: SWE1myc:HIS2 (McMillan et al., 1999a); CDC3-GFP-SWE1-

myc:TRP1 (King et al., 2012); CDC3-mCherry:URA3 (Fang et al. 2010); CDC28E12K

(McMillan et al., 1999b); cdc12-6:LEU2 (Longtine et al., 2000).

Table 2: Yeast strains used in chapter 3.

Strain Gentoype
DLY5330 a bar1 SWE1myc:HIS2
DLY12034 a bar1 CDC28E12K SWE1myc:HIS2
DLY12321 a bar1 CDC28E12K SWE1myc:HIS2 CDC3-GFP-SWE1-12Xmyc:TRP1
DLY14556 a bar1 SWE1myc:HIS2 cdc12-6:LEU2
DLY14559 a bar1 CDC28E12K SWE1myc:HIS2 cdc12-6:LEU2
DLY15123 a HOG1-GFP::kanR

DLY15772 a bar1 CDC28E12K GFP-HSL7 CDC3-mCherry:URA3
DLY15839 a bar1 GFP-HSL7

HOG1-GFP was generated by the PCR-based C-terminal tagging method

(Longtine et al., 1998) using pFA6a-GFP-KanMX6 as template.

To create GFP-HSL7 we began with YCplac111-HSL7 (pDLB1545), which was

constructed by amplifying the HSL7 ORF, including 606bp of 5’UTR and 398bp of

3’UTR, out of the genome and cloning it into YCplac111 cut with HindIII and EcoRI.

Next, a PCR-amplified GFP fragment with NdeI sites at both ends and no stop codon

was cloned into the NdeI site at the N-terminus of Hsl7p in pDLB1545, yielding

YCplac111-GFP-HSL7 (pDLB3176).  An integrating version of this plasmid was made by

swapping the plasmid backbone with that of YIplac128 using AatII/SacI sites, yielding

YIplac128-GFP-HSL7 (pDLB3591). A GFP-HSL7 fragment containing 564bp of 5’ and

398bp of 3’ HSL7 sequence was excised from this plasmid using HindIII and SacI, and

transformed into a strain containing hsl7::URA3.  Replacement of hsl7::URA3 with GFP-

HSL7 was selected on plates containing 5-fluoroorotic acid, which kills cells that have

URA3.  Expression of GFP-Hsl7p was confirmed by fluorescence microscopy.
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3.4.2 Media, growth conditions, and cell-cycle synchrony

Yeast strains were grown in YEPD (1% yeast extract 2% Bacto Peptone, 2%

dextrose, 0.012% adenine, and 0.01% uracil) or synthetic complete media at 30°C.  For a-

factor arrest-release-rearrest experiments, exponentially growing cells were treated with

100 ng/ml a-factor (Research Genetics, Huntsville, AL) for 3 h, harvested by

centrifugation, released into fresh YEPD, and after 60 min fresh 100 ng/ml α-factor was

added so that cells would arrest in the subsequent G1 phase.  For the experiment of Fig.

13, cells were grown and arrested at 18°C, and shifted to 33°C upon release from

pheromone arrest.  Samples for western blotting and nuclear staining were taken every

15 min.

3.4.3 Osmotic shock and Latrunculin B treatment

For osmotic shock experiments, NaCl was added to 0.4 M from a 5 M stock at the

indicated time. Treatment with 100 µM latrunculin B (Enzo Life Sciences, Farmingdale,

NY) occurred either 15 or 30 min after pheromone release, as indicated.  Control cells

were treated with 1% dimethyl sulfoxide (DMSO) instead.  For imaging (Fig. 16) 100 µM

latrunculin B was added to the agarose slabs on the microscope slides.

3.4.4 Nuclear staining and microscopy

To visualize nuclear DNA, cells were fixed in 70% ethanol overnight at 4°C.  The

cells were then harvested by centrifugation, resuspended in 0.2 µg/ml 4’,6’-diamidino-2-

phenylindole (DAPI) in phosphate-buffered saline (PBS), centrifuged again, and

resuspended in mounting medium (90% glycerol, 9.2 mM p-phenylenediamine [Sigma-

Aldrich, St. Louis, MO] in PBS).  Cells were scored for budding and nuclear division on
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an Axioskop apparatus with a 100x objective equipped with epifluorescence and

differential interference contrast optics (Zeiss, Thornwood, NY).

3.4.5 Live Cell Microscopy

Cells were grown at 30°C in synthetic media with dextrose and imaged at room

temperature.

For Fig. 16, cells were pheromone arrested and released, then mounted on slabs

solidifed with 2% agarose (Denville Scientific, Inc. Metuchen, NJ) and sealed with

Vaseline (Unilever, London, UK). Imaging was performed using an Andor XD

revolution spinning disk confocal microscope (Andor Technology, Belfast, UK) with a

100X/1.4 Plan Apochromat oil immersion objective and an Andor Ixon3 EM-CCD

camera controlled by Metamorph software (Universal Imaging, Sunnyvale, CA).  Both

the GFP (488nm laser) and mCherry (561nm laser) channels were captured using a gain

setting of 200 and a 50 ms exposure time.  Time-lapse imaging was set up to take 30 Z-

steps of 250 nm each, every 1.5 min.

Images were deconvolved using Huygens Essential Software (Scientific Volume

Imaging, Hilversum, the Netherlands), using the classic maximum likelihood estimation

and predicted point-spread function with a background value set constant across all

images from the same timelapse, and a signal to noise ratio of 10.  Deconvolved images

were compiled in MetaMorph (Molecular Devices, Silicon Valley, CA).  GFP and

mCherry localization was scored visually using these images.

3.4.6 Filming Microfluidic Chamber

Cells for Fig. 14 were introduced into a microfluidic device (Y04C; CellASIC

Corp., Hayward, CA) in which the flow of fresh media was controlled by the ONIX

microfluid perfusion system (CellASIC Corp.) at a flow pressure of 4 lb/in2.  Images
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were captured using a DeltaVision Elite deconvolution microscope with a 100X/1.4 N.A.

oil immersion objective (Applied Precision, Inc., Issaquah, Washington) equipped with

an Evolve EM-CCD camera (Photometrics, Tucson, AZ) using 5% excitation light, 200

ms exposure and 25 Z steps of 250 nm each, every 3 min.  Shown are maximum

projections of the Z stacks.  Image processing was carried out using ImageJ (U.S.

National Institutes of Health, Bethesda, MD).

3.4.7 Western blotting

Cell lysis was performed by the trichloroacetic acid (TCA) method (Keaton 2008).

Samples were subjected to SDS-PAGE on a 6% polyacrylamide gel. Proteins were

transferred to a nitrocellulose membrane (Pall, East Hills, NY) and blocked for 1 h with

PBS containing 3% nonfat dry milk (Kroger, Cinncinati, OH).  Antibodies were diluted

in blocking buffer supplemented with 0.1% Tween-20 (Bio-Rad, Hercules, CA), and

membranes were probed overnight with 1:250 mouse anti-myc 9E10 and 1:50,000 rabbit

anti-Cdc11 (Santa Cruz Biotechnology, Santa Cruz, CA).  Membranes were washed three

times with PBS/0.1% Tween 20 and probed with 1:7500 goat anti-mouse IRdye800

(Rockland Immunochemicals, Gilbertsville, PA) or 1:7500 goat anti-rabbit AlexaFluor680

(Invitrogen, Carlsbad, CA) for 1 h in blocking buffer containing 0.1% Tween 20 and

0.01% SDS. Blots were then washed as above and visualized using an Odyssey scanner

(Li-Cor Biosciences, Lincoln, NE). Fluorescence was quantified using Odyssey software

(Li-Cor Biosciences), and the intensities of the myc bands were normalized to the Cdc11

loading controls.
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4 Conclusions and Future Directions

4.1 Hsl7p Regulation

The main role in Swe1p degradation for Hsl7p was previously thought to be

tethering Swe1p at the septin scaffold.  The work described here reinforces that role for

Hsl7p, but adds a layer of complexity. Even when Swe1p is tethered at the neck, it still

must bind Hsl7p in order to be targeted for degradation (King et al., 2012).  Further

study into Hsl7p regulation may shed light on how this protein promotes Swe1p

degradation, and how its activity is regulated.

Hsl7p levels are continuous through the cell cycle, but the protein is

phosphorylated only after bud emergence, which is also when Hsl7p localizes to the

septins (Theesfeld et al., 2003).  We suspect Hsl1p is responsible for this Hsl7p

phosphorylation for two reasons: first, Hsl1p binding to Hsl7p is coincident with Hsl7p

phosphorylation and second, Hsl1p phosphorylates Hsl7p in vitro.  We know that Hsl7p

is modified, but we have no data suggesting what relevance, if any, this phosphorylation

plays in the Swe1p degradation pathway.  It would be useful to isolate the phosphosites

on Hsl7p so that we could create phosphorylation-resistant and phosphomimetic

mutants and observe whether these alterations affect Hsl7p localization.  For example,

phosphorylation may be required for Hsl7p to bind Hsl1p, in which case a phospho-

resistant mutant would be unable to localize to the septins.  Lack of Hsl7p at the septins

would mean Swe1p would fail to localize as well, which would likely prevent its

degradation.
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4.2 Hsl7p Recruitment

We now know that Hsl1p’s role in Swe1p degradation, like that of Hsl7p, is more

than simple tethering.  The additional activity of Hsl1p in the Swe1p degradation

pathway appears to require Hsl1p’s kinase activity.  The delayed recruitment of Hsl7p to

the septins relevant to Hsl1p’s arrival there, leads us to ask: what is required to bring

Hsl7p to the neck?

We know from domain analysis of Hsl1p which portion of the protein is

interacting with Hsl7p (Crutchley et al., 2009), but how is that interaction delayed until

after bud emergence?  If we fuse the Hsl7p-binding region of Hsl1p to a septin, like we

did with Swe1p, we may be able to get Hsl7p recruitment at the septins prior to bud

emergence.  And, if so, we can add back additional portions of the Hsl1p protein to find

which regions are required to restore the delay in Hsl7p recruitment.  For example, a

previous study indicated that Hsl1p may have a domain that autoinhibits Hsl1p’s kinase

activity.  Perhaps this domain is responsible for preventing Hsl7p recruitment until after

bud emergence.

Once we have isolated domains which are responsible for regulating Hsl7p

recruitment, we can look more closely at them.  Hsl1p is a highly phosphorylated

protein, so is the regulatory region is modified, we could examine what effect that has

by using a phosphomimetic mutant.

4.2 Wee1 Localization

Swe1p must localize to the bud neck in order to be degraded; this is something

we have seen over and over.  In X. laevis embryos, Wee1 levels are relatively constant in

a normal cell cycle, so Wee1 must be inactivated by means other than degradation
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(Stanford and Ruderman, 2005).  Interestingly, in mitosis, Wee1 is phosphorylated on

Ser549, which at other times in the cell cycle would  promote binding of 14-3-3 and Wee1

kinase activation.  How is it that the same modification on the same residue can have

differing effects at different cell cycle stages?  Also, why doesn’t 14-3-3 bind Wee1

during this mitotic spike of Ser549 phosphorylation?  One possibility may be changes in

subcellular localization.

In one study using immunofluorescence, Wee1 in mitotic human cells localizes

abruptly and strongly at the cleavage furrow in mitosis (Baldin and Ducommun, 1995).

This is similar to the localization of Swe1p at the cell division site (the bud neck) in S.

cerevisiae.  Perhaps this type of localization occurs in X. laevis as well, no one seems to

have looked.  If a similar type of localization does occur, it would be coincident with the

aforementioned, unexplained phosphorylation of Ser549.  Ser549 phosphorylation is

known to promote binding of 14-3-3, but this is not detected in mitosis, despite the high

levels of phosphorylation, why is that?  Where is 14-3-3 localized at this time?  Perhaps

this modification, in mitotic cells, creates a binding site for an unknown protein that can

sequester Wee1 away from the CDK, so that it does not inhibit mitosis. Tracking the

localization of wild-type Wee1 and comparing it to that of the non-phosphorylatable

Wee1 mutant may shed some light on a new form of regulation in X. laevis.
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