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ABSTRACT

Protein phosphorylation is an essential post-translational modification used in cells for
regulating multiple biological processes in all organisms. Particularly, mitotic onset is regulated
in all eukaryotes by an increase in cyclin-dependent kinase 1 (Cdk1) activity caused by the
dephosphorylation of Cdk1 on a conserved tyrosine residue. PP2ARts1 is a phosphatase that
participates in dephosphorylating the conserved tyrosine residue, tyrosine-19 (Y19). PP2ARts1
dephosphorylates phosphorylated serine and threonine residues. However, in vitro experiments
suggest that in conjunction with the mammalian PP2A phosphatase activator (PTPA), PP2A
gains phosphotyrosine specificity. My work indicates that Rrd1 and Rrd2 (the budding yeast
homologs of PTPA) genetically interact with PP2ARts1 and the absence of these proteins cause a
Swe1-dependent delay in mitosis. In parallel, utilizing a candidate approach to identify additional
phosphatases specific to Cdk1-Y19, my work indicates that Ych1 and Arr2 act redundantly with
Mih1 and Ptp1, and Ych1 may act downstream of PP2ARts1. In summation, my work provides the
groundwork for how PP2ARts1 functions to dephosphorylate the conserved Y19 residue on Cdk1
and will lead to a better understanding of its role in regulating mitotic progression.
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1.0 INTRODUCTION

1.1 Importance of the cell cycle
Every organism is made up of cells and new cells can only arise from pre-existing cells.
With such principles discovered, this prompted the question of how cells divided. With the help
of the pioneering work of Howard and Pelc (1953), they determined that for active eukaryotic
cells to divide, they must undergo a series of events which are collectively known as the cell
cycle1. This process allows the cell to delegate tasks into specific phases which are all crucial to
maintain cellular size, organize their newly synthesized genome, and prepare for chromosome
segregation2,3. The cell cycle can be separated into two stages: Interphase (G1, S, and G2) and
Mitosis (M). More specifically, in eukaryotes, DNA replication is strictly confined in Synthesis
(S), or S-phase, and chromosome segregation occurs in Mitosis, or M-phase. In the cell cycle,
there also exists two Gap phases denoted as G1 and G2. They are not to be mistaken for periods
of inactivity but rather points where cells gain sufficient mass, initiate growth signals, and
organize their newly replicated genome in preparation for chromosome segregation2. The Mphase requires strict coordination of events as it is a process that determines cellular size which is
important for proper cell function and survival4,5. Anaphase in M phase involves the irreversible
event of sister chromatid separation. This stresses the imperativeness of the coordination of these
events as mistakes can lead to aneuploidy and lethality6.

1.1.1 Cell cycle checkpoints
Previous work has suggested that yeast cells use cellular checkpoints to coordinate
processes relating to growth and division7–11. In several experiments, conducted in both fused
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human cells and oocytes, crosstalk between S-phase and M-phase was observed2,12–14. That is, a
cell undergoing S-phase could send signals to a nucleus in G2 to delay its entry into mitosis.
Similarly, Weinart and Hartwell (1989) utilized DNA damage to arrest of the cell cycle and
identified the first DNA damage checkpoints15. These checkpoints showed the dependency of
mitosis on the completion of DNA replication and thus, in dividing cells, cell size checkpoints
exist to delay cell cycle transitions to ensure proper growth has occurred.

1.2 Discovering and characterizing the master regulator of mitosis: Cdk1
1.2.1 Maturation promoting factor (MPF)
In the mid 1950s, it had been established that the luteinizing hormone (LH), a
gonadotropin secreted by the pituitary gland, induces ovulation and oocyte maturation in
vertebrates13. Later, in the 1960s, large strides into the reproductive endocrinology of starfish
were made as they found that GSS, the first gonadotropin-like hormone demonstrated in
invertebrates, not only prompted gamete shedding but also induced meiotic resumption in
oocytes16. Shortly after this discovery, purification of the starfish MIS was achieved and
identified as 1-methyladenine (1-MeAde). However, due to the finding that the microinjection of
1-MeAde into immature starfish oocytes failed to induce maturation, this gave rise to the idea
that a third putative substance was responsible for this phenomenon.
Proceeding with such an idea, a cytoplasmic component, found in progesterone-treated
frog oocytes, possessing mitotic promoting capabilities was found17. In this study, this factor was
required to enable oocytes to mature into unfertilized eggs. In turn, this component was termed
as maturation promoting factor (MPF). Shortly after, MPF was demonstrated to be detected
periodically in cleaving blastomeres (highest at mitotic M-phase) of frogs and starfish18–20,
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mammalian cell cultures synchronized at M-phase21, in mouse oocytes22, and in extracts of
budding yeast cell division cycle (cdc) mutants arrested at M-phase19,21. According to these
studies, the concept emerged that MPF is the universal inducer of M-phase in all eukaryotic
cells, whether it being mitosis or meiosis13. Hence, MPF was re-termed from ‘maturation
promoting factor’ to ‘M-phase promoting factor’2.

1.2.2 Cyclins and cyclin-dependent kinase 1 (Cdk1)
In parallel to the numerous studies about MPF, a study involving sea urchins
demonstrated that in addition to the rise in MPF levels during early embryonic cleavage (Mphase), a series of proteins also appeared and disappeared in synchrony as well23. Notably, upon
maturation of sea urchin oocytes, Evans et al. observed that some proteins would increase and
decrease in a periodical, or cyclic, manner – where maximal levels would be reached preceding
the cleavage event23. At the time, these were the first proteins whose abundance varied during
the cell cycle, and they were named as ‘cyclins’.
The fluctuations of these cyclins serve as an important switching mechanism that triggers
major cellular events in the cell division cycle3. These cyclins are necessary as they are
activating partners of a highly conserved family of proline-directed kinases, cyclin-dependent
kinases (CDKs)24. There are three main points that cyclin-Cdk complexes control; Start (G1/S),
mitotic entry, and metaphase-anaphase transition25. The temporal degradation of cyclins and
activation by phosphorylation are the two factors required for the full activation of CDKs.
Generally, the concept of cyclins is conserved throughout the eukaryotes3. In budding yeast,
there are a total of nine cyclins, three Cln cyclins (1-3) and six Clb (1-6) cyclins. More
specifically, Cln1-3 are involved in Start events (e.g. G1 and G1/S transition), Clb5 /6 drive S-
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phase, Clb3/4 promote early mitotic events, and Clb1/2 are responsible for the completion of
mitosis26,27. Notably, in budding yeast, there are six conserved CDKs that exist: Cdk1 (originally
named Cdc28), Pho85, Kin28, Ssn3, Ctk1, and Bur128–31. However, only a single Cdk, Cdk1, is
essential for cell cycle progression and interacts with all nine cyclins and mediates most
transitions in the cell cycle28. Cdk1 is very well known as the master regulator of mitosis because
even alone, it is both necessary and sufficient to drive cell cycle progression. In consequence, the
gene encoding Cdk1 is essential30. In studies where cdk1 mutants were generated, it was
exhibited that cell cycle progression was arrested at Start when shifted restrictive
temperatures32,33. Furthermore, defects in Cdk1 have been shown to have many downstream
consequences such as defective post-mating nuclear fusion, mitotic chromosome stability, and
meiosis34–36.

1.2.3 Cdk1 as a kinase
Phosphorylation is a post-translation modification (PTM) that involves the process of
adding a phosphoryl group onto a substrate whereas the inverse process, removing of a
phosphoryl group, is called dephosphorylation. Reversible phosphorylation of proteins is an
essential mechanism utilized by all organisms to regulate biological processes1. Moreover,
approximately one third of the proteome in cellular organisms are reversibly phosphorylated,
implicating the role of phosphorylation in many processes37. The phosphorylation status of
substrates acts as an intricate form of regulation during mitotic events because it can affect their
localization, interactions, and functions38. As previously mentioned, Cdk1 is a proline-directed
kinase that preferentially phosphorylates the minimal consensus sequence S/T-P as well as the
consensus sequence S/T-P-x-K/R (where x is any amino acid)39. Cdk1 interacts with all nine
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cyclins as this interaction with the cyclins is important for its kinase activity and substrate
specificity39. Additionally, some cyclins help determine the cellular localization of some cyclinCdk complexes, like Clb2-Cdk134. Although there is significant overlap between the cyclins
demonstrated by the rescue of clb1,2,3,4,5,6∆ via the over-expression of a single Clb (e.g. Clb1),
it is worth noting that sequential synthesis and degradation of different cyclins are important for
the ordering of cellular and phosphorylation events during the cell cycle40. Although the kinase
activity of Cdk1 is influenced by multiple and complex controls, the protein abundance of Cdk1
remains unchanged throughout the cell cycle41. Moreover, given that over-expression of wildtype Cdk1 is well tolerated by the cell, transcriptional and translational regulation of Cdk1 has
not been considered important50. Therefore, PTMs have been a large focus in determining the
regulation and control of Cdk1. In yeast, inhibitory phosphorylation of Cdk1 has been previously
shown to mediate the checkpoint that delays mitosis until sufficient cell growth has occurred in
the events such as DNA damage and/or small cell size,7,8,11,44.

1.2.4 Cell division cycle 2 (cdc2) and Cell division cycle 28 (CDC28)
Inspired from the initial demonstrations of MPF in several organisms, the question of the
molecular identity was still unclear. After successfully purifying and isolating MPF
biochemically from frog oocytes, it was discovered that MPF consisted of two major proteins
that together demonstrated kinase activity phosphorylating a model substrate, histone H145.
These components were identified to be homologs of the fission yeast cdc2 gene product and
cyclin B. Hence, it was concluded that MPF is a histone H1 kinase consisting of the complex
cyclin B-Cdc2. Both the fission yeast and budding yeast have been used extensively as model
organisms for studies done on the eukaryotic cell cycle. Accordingly, such work in these

5

organisms have utilized temperature-sensitive cdc mutants, which arrest during the cell cycle at
restrictive temperatures, to identify over 25 cdc genes in fission yeast and 40 cdc genes in
budding yeast46. Among these, cdc2 of fission yeast and CDC28 of budding yeast were identified
to be necessary for bud emergence and DNA replication47,48. Interestingly, across the two
organisms, it has been found that isolated cdc28 of budding yeast can complement mutations of
cdc2 in fission yeast and that human Cdc2 can complement fission yeast cdc247. This suggested
that these two proteins not only share similar properties, but also that cell cycle events in both
organisms proceed under a similar molecular basis.

1.3 Regulation and control of Cdk1
1.3.1 Discovery of Wee1/Cdc25
In fission yeast, the Wee1 kinase is responsible for phosphorylating and inhibiting Cdk1
(Y15 in fission yeast) which delays mitosis4,8,49,50. Wee1 delays Cdk1 via inhibitory
phosphorylation of a conserved tyrosine residue (Y15 in fission yeast ; Y19 in budding yeast) on
the N-terminus49–52. Moreover, Gould and Nurse (1989) showed that activation of cyclin B-Cdc2
is preceded by the phosphorylation of the 15th residue (Y15) on the Cdc2 subunit49. By mutating
this tyrosine residue to a non-phosphorylatable phenylalanine (cdc2-F15), mitosis was initiated
earlier suggesting that this residue plays a key role in negatively regulating cyclin B-Cdc2
activation. Additionally, work by Russell and Nurse (1987) determined that the affect of Wee1
on cell size is dose-dependent, where decreased activity of Wee1 led to premature entry into
mitosis at a reduced cell size, whereas increased activity of Wee1 led to delayed entry and
increased cell size8,53.
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Conversely, the Cdc25 phosphatase acts as an inducer of mitosis by dephosphorylating
and promoting Cdk1 activity54–57. Thus, both Wee1 and Cdc25 are targets for cell-cycle
checkpoints because activating Wee1 or inhibiting Cdc25 will cause a delay in mitotic onset58.
Recent work in budding yeast has shown that Swe1, the budding yeast homolog of Wee1, also
delays mitotic entry and is required for cell-size control as swe1∆ cells enter mitosis prematurely
and produce abnormally small cells59,60. Inversely, loss of Mih1, the budding yeast homolog of
Cdc25, causes delayed entry into mitosis and produces abnormally large cells. Moreover,
budding yeast Swe1 can rescue the temperature-sensitive phenotype of wee1∆ cells in fission
yeast61. Altogether, these observations show that the basic functions of fission yeast Wee1 and
Cdc25 are conserved in budding yeast26.

1.3.2 Phosphorylation of a conserved tyrosine residue during DNA damage
In a similar way that checkpoints exist to monitor and ensure proper cell growth is
proceeding, there are checkpoints resulting in the arrest of the cell cycle when the presence of
DNA damage is detected. DNA damage could be the result of intrinsic factors such as telomeric
failure, metabolic by-products, and DNA replication errors2. Alternatively, the cause of damage
could be from extrinsic sources such as UV radiation, carcinogens, and DNA lesions. Whilst the
DNA is under repair, a host of events must occur to prevent the activation of CDKs until the
process is complete. Specifically, in fission yeast, key targets of the G2 DNA damage
checkpoints are Cdc25 and Wee162.
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1.4 Presence of redundant phosphatases with Mih1: Ptp1 and PP2A
1.4.1 Applications of tyrosine phosphorylation
Since tyrosine phosphorylation regulates a plethora of cellular events and is required for
maintaining homeostasis, significant changes in tyrosine phosphorylation are often associated
with diseases involving metabolic disorders, cancers, and cardiovascular diseases63. Moreover,
phosphorylation of tyrosyl residues have been implicated in several cellular processes that
include cell growth, differentiation, and oncogenic transformation The dynamics of tyrosine
phosphorylation is tightly controlled by the opposing pair of protein-tyrosine kinases (PTKs) and
protein-tyrosine phosphatases (PTPs)64. PTPs typically contain a 240-250 amino acid catalytic
domain, which contains an essential cysteine residue, that specifically recognizes
phosphotyrosine (pTyr) residues65. This high-level of specificity means that PTPs must be
closely regulated and thus, are utilized by the cell to mark the initiation or termination of cell
signals.

1.4.2 Ptp1B in humans
Protein-tyrosine phosphatase 1B (PTP1B) is an abundant and widely expressed nonreceptor phosphatase that was first purified from human placenta by Charbonneau and colleagues
(1989)66. Since PTP1B regulates several signalling pathways, it is under tight control to avoid
random and aberrant signalling from occurring. Therefore, the PTMs and sub-cellular
localization of PTP1B is important for modulating its function. PTP1B is localized to the
cytoplasmic face of the endoplasmic reticulum (ER) because of its hydrophobic C-terminal67.
This trait imposes a geometric constraint on PTP1B which restricts its access to substrates and, in
effect, regulating its function via localization. On top of this regulation, numerous PTMs also
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regulate PTP1B including phosphorylation, oxidation, nitrosylation, sulfyhydration, and
sumoylation63. Importantly, when PTP1B is phosphorylated on tyrosine residues – PTP1B is
phosphorylated in the presence of insulin on Y66, 152, and 153 – this results in increased
phosphatase activity. Additionally, PTP1B can also be phosphorylated on serine residues which
occurs during mitosis and conditions of stress68.

1.4.3 Pyp3 in fission yeast
In 1992, Millar et al. observed that even in the absence of cdc25 (in a temperaturesensitive wee1 mutant), dephosphorylation of Y15 was still occurring59. Therefore, Millar et al.
considered the plausible chance that a second CDC25-like gene existed in fission yeast. As a
result, they found that a PTPase was encoded that showed a weak resemblance to Cdc25,
equivalent to the level seen comparing Cdc25 and PTP1B. On such basis, this new PTPase gene
was named pyp3 as it was more reminiscent of the proteins Pyp1 and Pyp2. Interestingly, the
Pyp3 protein was isolated and showed the ability to dephosphorylate and activate Cdc2 in vitro.
Furthermore, Pyp3 over-expression showed identical results caused by the over-expression of
Cdc25 where early initiation of mitosis was demonstrated. In summation of the data above, it
suggested that Pyp3 was both structurally and functionally a member of the PTPase family.

1.4.4 Ptp1 in budding yeast
Concurrently, in 1991, Guan and colleagues were interested in studying the regulation of
tyrosine phosphorylation in the budding yeast model organism69. By designing PCR primers that
matched conserved amino acid sequences of mammalian PTPases, they were able to identify the
yeast PTP1 gene. The authors then purified Ptp1 from Escherichia coli through single affinity
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chromatography and determined Ptp1 hydrolyzed artificial phosphotyrosine-containing
substrates in vitro at roughly 1000 times faster than phosphoserine-containing substrates.
Additionally, it was demonstrated that when increasing the expression of PTP1 or any of the
other homologs of PTP1 in other organisms (i.e. pyp3 in fission yeast), this suppressed the
temperature-sensitivity observed in cdc25-22 cells, whereas deleting these genes exacerbated the
defects of cdc25-22 cells, suggesting the conserved function of Ptp1 in dephosphorylating
Cdk167,69,79. In 2016, study of Ptp1 in budding yeast was continued by Kennedy and colleagues
to further detail its role in dephosphorylating Cdk1. In this study, the authors were able to show
that asynchronously growing ptp1∆ cells exhibited higher levels of Cdk1-Y19 phosphorylation
proving a role in vivo. In addition, Kennedy et al. (2016), were able to show that Ptp1 was able
to dephosphorylate Cdk1-Y19, through an in vitro phosphatase assay, confirming its specificity
towards this residue.

1.4.5 Structure and Functions of PP2A
Protein phosphatase 2A (PP2A) is known as a major serine/threonine phosphatase that
has been linked genetically and biochemically to a large set of biological functions including
DNA replication, transcription, signal transduction, metabolism, cellular growth, and mitosis71–
74

. With such a myriad of functions, PP2A phosphatases can be found in all organisms whilst

conserving their structure across all eukaryotes. This heterotrimeric holoenzyme is a combination
of three different subunits: a structural scaffolding (A) subunit, a regulatory (B) subunit, and a
catalytic (C) subunit. In mammalian systems, the B-type subunit’s functionality can be carried
out by one of three different types of proteins, B55 (Cdc55 in budding yeast), B56 (Rts1 in
budding yeast), and B72 (B’’). Studies have demonstrated that the substrate specificity and
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subcellular localization of PP2A is heavily dictated by the B subunit. These two attributes of
PP2A are what allows for the diverse regulation of activities that PP2A provides in the cell71. In
budding yeast, the C subunits are encoded by three genes, PPH21, PPH22, and PPH375,76.
Despite individual knockouts of these genes having no adverse phenotypes, it has been shown
that deletion of both PPH21 and PPH22 results in reduced growth rates and is synthetically
lethal upon the deletion of the third gene, PPH376. Thus, these results reinforce the importance
and necessity of PP2A activity in cell viability. The A subunit in budding yeast is encoded by
TPD3 and is required for the association of the C subunit73.

1.4.6 Regulators of PP2A: Cdc55 and PP2A
Given the multiple roles that PP2A undertakes in the cell, regulation of this holoenzyme
must be closely monitored. One way that PP2A is regulated is through PTMs of its C subunits
via reversible phosphorylation and methylation which mediates its ability to form
heterotrimers77. Additionally, direct phosphorylation of the regulatory subunits of PP2A is
another mechanism for regulating PP2A activity. Multiple pSer/Thr residues have been found on
Cdc55 and Rts1 that can be phosphorylated, such as Thr242 by Cdk1, which inactivates PP2A
activity. In terms of mitosis, both Cdc55 and Rts1 play a key role in regulating the G2/M
transition. Knowing that phosphorylation of the conserved Y19 residue on Cdk1 triggers mitotic
entry, recent studies have shown that inhibition of PP2ACdc55 is required for the activation of
Cdk187. This is because PP2ACdc55 regulates the phosphorylation status of Y19 indirectly by
either dephosphorylating Mih1, which promotes Cdk1 activity, or dephosphorylating Swe1,
which opposes Mih1 and inhibits Cdk1 activity61. Similarly, PP2ARts1 has also been shown to
play a role in regulating the phosphorylation of Cdk1 as rts1∆ cells exhibit significant increases
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in Y19 phosphorylation. Additionally, in combination with mih1∆ ptp1∆, this triple delete
mutant is inviable but is rescued upon the deletion of Swe1 arguing a role for PP2ARts1 in this
regard.

1.5 Regulation of mitotic PP2A activity by PTPA
1.5.1 PP2A phosphatase activator (PTPA) in humans
In 1990, Cayla et al. were very aware of the active and important role that protein
phosphatases have on the control of the cell cycle78. To find regulators of PTPases, Cayla et al.
(1990) purified and identified a protein from Xenopus laevis ovaries that can change the residue
specificity of PP2A and stimulate in vitro phosphotyrosine activity. Therefore, this new 40kDa
protein was termed as a phosphotyrosyl phosphatase activator (PTPA). PTPA recently has also
been demonstrated to not only play a critical role in determining residue specificity of PP2A but
also in its assembly process72. This is because PTPA prompts the stabilization of the active site
and helps facilitate the loading and chelating of catalytic metal ions. All of which are necessary
for the acquisition of residue specificity of PP2A activity.

1.5.2 Rrd1 and Rrd2 in budding yeast
Although PP2A is mostly known for its functions as a pSer/Thr phosphatase, its metaldependent form has been shown to have broadened substrate specificity as it enables the
dephosphorylation of pTyr-containing substrates and para-nitrophenyl phosphate (NPP)79–81.
Further supporting this function is the finding that PTPA can transiently activate pTyr
phosphatase activity in vitro78. PTPA has been found to be a gene that is highly conserved
throughout evolution, suggesting an important role for this protein82,83. In a functional analysis

12

conducted by Rempola et al. (2000), they found two novel yeast genes to two open reading
frames (ORFs), YIL153w and YPL152w, that were 38% and 37% identical, respectively, to
human PTPA84. Consequently, as deletion of these ORFs led to, among other phenotypes,
rapamycin-resistance, these proteins were termed as RRD1 and RRD2 for rapamycin-resistance
deletion85. This resistance often has been associated to potential roles involving the PP2A
phosphatase. On the basis that the double deletion of both RRD genes is synthetically lethal,
Rempola et al. (2000) concluded that one of the potential targets of Rrd2 is PP2A because overexpression of PP2Ac rescues this lethal phenotype. Shortly after this study, Fellner et al. (2003)
conducted experiments involving the Rrd proteins to determine the elusive mechanism by which
determines the specificity of PP2A in vivo81. In this study, the authors presented that both Rrd
proteins are required for generating pSer/Thr-specific PP2A in vivo. In addition, on the basis that
PTPA can convert the pSer/Thr PP2A into a pTyr phosphatase in vitro and that wild-type PP2A
and PTPA interactions have been documented through a PTPA-affinity chromatography
experiment, Fellner et al. (2003) wanted to further confirm this interaction82. Thus, through
immunoprecipitation of MYC-tagged PTPA along with PP2Ac, they also observed the same
interaction as seen by Cayla et al. (1994)82. To date, there has yet be any data supporting a role
for these Rrd proteins in broadening the substrate specificity of PP2A in vivo.
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Table 1: Human and budding yeast genes
A list of human and budding yeast genes discussed in this thesis.

Function

Human

Budding yeast

Wee1 tyrosine kinase

WEE1, MYT1

SWE1

Cdc25 protein phosphatase

CDC25

MIH1

B-subunit of PP2A

B55 (4 isoforms)

CDC55

B-subunit of PP2A

B56 (6 isoforms)

RTS1

Protein tyrosine phosphatase

PTP1B

PTP1

PP2A phosphatase activator

PTPA

RRD1, RRD2
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2.0 Rationale, Hypothesis, and Objectives

2.1 Rationale
Findings from Kennedy et al., (2016) resulted in the identification of two new phosphatases
participating in regulating the dephosphorylation of Cdk1-Y19, Ptp1 and PP2A61. Their work
successfully determined that deletion of either of these phosphatases leads to increased levels of
Cdk1-Y19 phosphorylation and that via an in vitro phosphatase assay have been shown to be
specific against this tyrosine residue. Although PP2ARts1 plays a genetic role in dephosphorylating
Cdk1-Y19, its modality in performing this function is still largely unknown. Previous in vivo
studies have demonstrated that PP2ARts1 is specific against S/T-P residues which strongly suggests
the possibility that PP2ARts1 is acting indirectly whereby it activates a downstream PTPase to
dephosphorylate Cdk1-Y1986,87. Alternatively, based on in vitro experiments showing that PP2A
gains phosphotyrosine-specificity when co-incubated with mammalian PTPA, it is possible that
PP2ARts1 may acquire such activity against phosphorylated tyrosine residues by associating with
PTPA78,85 (a list of all the proteins discussed in this thesis can be found in Table 1). Thus, this
thesis explores these two competing models for how PP2ARts1 regulates Cdk1-Y19
dephosphorylation.
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2.2 Hypothesis
I hypothesize that both RRD1 and RRD2 genetically interact with Mih1, Ptp1, and Swe1
and are required to give PP2ARts1 phosphotyrosine specificity to induce mitotic onset. In parallel,
I will also explore the possibility that PP2ARts1 indirectly dephosphorylates Cdk1-Y19 by
activating downstream PTPases.

2.3 Objectives
i) Objective 1: Determining whether if the Rrd proteins genetically interact with the known
phosphatases and kinase
ii) Objective 2: Identifying downstream PTPases of PP2ARts1 and if an interaction is observed
with known phosphatases and kinase
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3.0 MATERIALS AND METHODS

3.1 Strain and plasmid construction
All the relevant strains used, and their respective genotypes can be found in Table 2. All
yeast strains are derivatives of W303-1a. All deletion or mutations were checked using
immunoblotting, PCR, or phenotype assessment. The sequences of all the primers that were used
can be given upon request. Strains were constructed by genetic cross (strains isolated through
microscopic tetrad dissection) and transformation. For all PCR reactions, the reaction mixture
consisted of 1X HF Buffer, 0.2mM DNTPs, 2% DMSO, 1mM of each oligonucleotide used, and
Phusion polymerase (NEB). The templates for creating marker cassettes are detailed below and
used at 0.1ng/µL. PCR checking of all incubation of yeast cells in 20mM NaOH at 100°C for 15
minutes, followed by a quick spin maximum speed in a microcentrifuge, 5 minutes of vortexing,
and a second quick spin. 0.5µL of the supernatant was used as a DNA template for each 25µL
reactions. PCR reaction conditions were as follows: 35 cycles / 20 seconds per kB of DNA,
denaturation at 98°C, extension temperature at 72°C, and annealing temperature at 60°C. For
plasmid amplifications, bacterial strains TG1 and DH5 α were used.
mih1∆::kanMX, rts1∆::kanMX, and oca2∆::kanMX were constructed amplifying kanMX
off pFA6a-kanMX6 and deleting MIH1, RTS1, and OCA2, respectively88. rrd2-AID::kanMX
was constructed amplifying kanMX and AID off pAID1 and integrating the resulting fragment
into RRD289. mih1∆::LEU2 was constructed using pIP33 (P. Sorger, Harvard Medical School,
Bostone, MA). leu2::pGDP1-OsTIR1-LEU2 was constructed by digesting pTIR4 and pTIR6
with Stu1 and Nde1, respectively, to integrate at LEU2 (plasmid was a gift from T. Eng and D.
Koshland, UC Berkeley, CA)89. mih1∆::natMX and ptp1∆::natMX were constructed amplifying
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natMX off pAG25 90. arr2∆::URA3 was constructed by amplifying URA3 off PAR74791. The
oligonucleotides used to make new and unpublished strains can be seen in Table 3.

3.2 Physiology
Unless stated otherwise, cells were grown in yeast extract peptone media with 2%
dextrose (YPD) at 25°C. 100ng/mL α-factor (Biosynthesis) was used to arrest cells in G1.
Following the arrest, cells were washed three times and suspended in YPD. Cells were rearrested in 100ng/mL α-factor.

3.3 Serial dilution assays
When performing serial dilution assays, cells were grown to saturation in YPD at 25°C.
10-fold dilutions were then spotted using a multi-pronged serial dilution fork (DAN-KAR) onto
specified plates and incubated at the indicated temperatures for one or two days. Afterwards, the
plates were then imaged using BioRad imager system (BioRad). When indicated, strains were
also plated onto YPD+Auxin (indole-3-acetic-acid ; Sigma-Aldrich) was used at 500µM.

3.4 Time-courses
Cells were grown at 25°C until an optical density (OD600) between 0.6-0.8. Afterwards,
the cells were arrested for three hours with 100ng/mL α-factor. After checking that the cells have
been arrested under a microscope, the cells would be washed three times and resuspended in
YPD. Cells would then be re-arrested with 100ng/mL α-factor at t = 60min or 1hr and samples
would be taken at the indicated time-points. Addition of auxin in liquid media was done at
500µM.
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3.5 Western blots
Cell extracts for western blots were prepped by bead beading frozen pellets at a cell
density of 3.0 x 107 cells using the Mini-Beadbeater (BioSpec Products) into 1X SDS sample
buffer (2% SDS, 80mM Tris-Cl pH 6.8, 10% glycerol, 10mM EDTA, 0.02% bromophenol blue,
1mM Na3VO4, 1mM PMSF and 5mM NaF) and an equal volume of acid washed glass beads
(BioSpec Products) for 45-60 seconds. Samples were run on 12.5-15% protein gels and
transferred to nitrocellulose membranes. These membranes were then stained with Ponceau S to
assess protein loading, blocked for at least 30 minutes in tris-buffered saline (TBS) + 0.1%
Tween-20 (TBS-T) and 4% fat-free milk powder (Carnation), or 2% BSA, at room temperature
and incubated overnight at 4°C in a primary antibody solution. The use and construction of
rabbit α-Swe1, α-Rts1, α-Mcd1, α-Pds1, α-Clb2, α-Clb5, and α-Cdk1 have been previously
discussed in prior studies61,92,93. The mouse monoclonal α-Rrd2 primary antibody (a gift of Egon
Ogris, Medical University of Vienna, AT) was used at a dilution factor of 1:2500 in 4% milk +
TBS-T. Blots were then washed using TBS + 0.1% Tween-20 (TBS-T) for 25 minutes (5 x
5min) at room temperature and incubated in a secondary antibody solution (HRP-coupled αmouse or α-rabbit ; BioRad) for at least 30 minutes at room temperature. Blots were washed with
TBS-T for at least 30 minutes at room temperature and incubated in Clarity Western ECL
(BioRad). Blots were then imaged using the ChemiDoc XRS+ System (BioRad).
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4.0 RESULTS
4.1 Addition of auxin leads to rapid degradation of rrd2-AID
mih1∆ ptp1∆ is a double-mutant that has been shown to be viable and healthy61,92.
Deletion of either or both these genes leads to an increase in Cdk1-Y19 phosphorylation.
Additionally, the entry into mitosis is delayed and the duration of mitosis is also lengthened.
Furthermore, when Kennedy et al. (2016) deleted the gene RTS1 along with mih1∆ ptp1∆, they
discovered that this triple-mutant is inviable and synthetically lethal. Despite showing that
PP2ARts1 genetically regulates Cdk1-Y19 phosphorylation and is a phosphatase, they were
unable to show if this regulation was occurring in a direct or indirect manner.
Notably, PP2ARts1 substrates have been thought to be phosphorylated specifically on
S/TP residues in vivo71–74. Interestingly, past work showing that PP2A can obtain
phosphotyrosine-specificity in vitro in either specific reaction conditions or in the presence of
PTPA, which is encoded by Rrd1 and Rrd2 in budding yeast78,83,85. Moreover, in support of these
results, previous work in our lab has determined that deletion of either RRD1 or RRD2, exhibit
increased levels of Cdk1-Y19 phosphorylation (Kennedy et al., 2016; data not shown).
Therefore, if the absence of both Rrd proteins would phenocopy the defects in growth and delays
in mitosis displayed by rts1∆ cells, this would provide evidence that Rrd1 and/or Rrd2 change
the substrate specificity of PP2ARts1 to target phosphotyrosine (Figure 4-1A). However, since the
rrd1∆ rrd2∆ mutation is synthetically lethal, simply deleting both genes was not an option81.
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Figure 4-1
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Figure 4-1. Potential regulation pathways of PP2ARts1: Direct vs Indirect. (A) Rrd proteins are
required for PP2ARts1 to acquire phospho-tyrosine specificity against Cdk1-Y19. (B) PP2ARts1
activating a downstream tyrosine phosphatase, denoted by X, which dephosphorylates Cdk1-Y19.
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To avoid this lethality, conditional knockout of one of these genes must be achieved. To
do so, I utilized an auxin-inducible degron (AID) system paired with an integrated OsTIR1 which
is a system known to directly and rapidly deplete targeted proteins (Figure 4-2)89,94. This system
consists of three key components: 1) the plant hormone auxin (indole-3-acetic acid, IAA) which
promotes the degradation of auxin transcriptional repressors through a ubiquitin proteasome
pathway, 2) the auxin-receptor (Transport Inhibitor Response 1, TIR1) that is exogenously
expressed via an integrating plasmid to form the ubiquitin ligase complex, and 3) Arabidopsis
thaliana IAA17 protein which is used as an AID-tag. By incorporating these components into
my strains, I created rrd1∆ rrd2-AID OsTIR1, so that I can rapidly degrade Rrd2-AID and assess
the short-term consequences of the loss of Rrd1 and Rrd2.
By utilizing the AID tag system and tagging Rrd2 in an rrd1∆ strain, I am able to assess
the immediate consequences of inactivating Rrd2 and thus, allowing the observation of cells that
phenotypically behave like “rrd1∆ rrd2∆” cells, which inviable81,89,94. Prior to performing a
serial dilution assay to determine the growth defects in the absence of the Rrd proteins, I wanted
to test the efficacy of the AID system. To determine the efficacy of the degradation of Rrd2-AID,
I performed a time-course where I induced the indicated strains with auxin and collected samples
at the specified time-points after which I then observed the rate of degradation of rrd2-AID in the
samples through a western blot (Figure 4-3). In both time-courses, as quickly as after 5 minutes
post-induction with auxin, Rrd2-AID levels are significantly lower. Notably, similar to results
obtained by Lianga et al. (2018) for Pds1-AID and Leitao et al. (2019) for Rts1-AID, ~10-15%
of the Rrd2-AID protein is produced and is significantly much lower compared to wild-type
(Figure 4-3B) 93,95. This is important to note because when compared to endogenous Rrd2 levels,
Rrd2-AID levels are significantly lower suggesting a partial loss-of-function. Regardless, I
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utilized this system for the rest of my experiments as it is the strain that most resembled a “rrd1∆
rrd2∆” strain.
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Figure 4-2
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Figure 4-2. Degradation of Rrd2-AID using AID system.
Stepwise diagram depicting the AID system: 1) Addition of auxin, 2) In the presence of auxin,
Tir1 is recruited, and 3) AID-tagged protein (Rrd2-AID) is degraded by ubiquitin proteasome.
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Figure 4-3
27

Figure 4-3. Addition of Auxin leads to rapid degradation of rrd2-AID.
(A) rrd1∆ rrd2-AID OsTIR1 (ADR11082) was grown to log phase and subjected to auxin (t =
0min). Samples were taken for immunoblotting at the time-points indicated. α-Rrd2 antibody
used to blot against Rrd2-AID. (B) Wild type (ADR10331), rrd2∆ swe1∆ (ADR10971), and
mih1∆ ptp1∆ rrd1∆ rrd2-AID OsTIR1 (ADR11072) were grown to log phase and subjected to
auxin (t = 0min). Samples were taken for immunoblotting at the time-points indicated. α-Rrd2
antibody used to blot against Rrd2-AID.

28

4.2 RRD1 and RRD2 genetically interact with MIH1, PTP1, and SWE1
Because the deletion of these genes led to higher Cdk1-Y19 levels, I wanted to test if
RRD1 and/or RRD2 genetically interacted with the phosphatases, MIH1 and PTP1, and the
kinase, SWE1 which are known to participate in this pathway. To assess if there are interactions
that exist between these genes, I performed a serial dilution assay and assessed any differences in
viability and growth rate (Figure 4-4). In this assay, I spotted the indicated strains onto two
conditions, YPD and YPD+Auxin, to determine the effects of the loss of both Rrd proteins. From
this assay, I primarily observed that rrd1∆ rrd2-AID OsTIR1 showed defects in both growth and
viability in the presence of auxin especially when compared to the two negative controls, wild
type and mih1∆ ptp1∆, which exhibited no defects when plated onto both YPD and YPD+Auxin.
Importantly, I observed that deletion of mih1∆ ptp1∆ in these Rrd mutants, the cells became
more sick suggesting that RRD1 and RRD2 are genetically interacting with MIH1 and PTP1.
Moreover, it is important to take note of the partial rescue of viability that is observed upon the
deletion of SWE1 in both rrd1∆ rrd2-AID OsTIR1 and mih1∆ ptp1∆ rrd1∆ rrd2-AID OsTIR1.
rts1∆ cells are very sick when combined with mih1∆ but are rescued upon the deletion of
SWE196,97. Similarly, since the lethality of rrd1∆ rrd2-AID OsTIR1 and mih1∆ ptp1∆ rrd1∆
rrd2-AID OsTIR1 are partially suppressed upon the deletion of SWE1, this is evidence that RRD1
and RRD2 are regulating the same pathway regulated by SWE1 – the Cdk1-Y19 pathway. Lastly,
as the third and last negative control, I wanted to examine if the AID tag alone, without
expression of TIR1 via the TIR1-containing plasmid, had any unexpected effects. Even without
the expression of TIR1, mih1∆ ptp1∆ rrd1∆ rrd2-AID seems to have a slight growth defect. This
is unlikely due to rrd1∆ alone as no growth defects have been observed when RRD1 is deleted
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alone. This defect can likely be attributed to either the genetic interaction between mih1∆ ptp1∆
with rrd1∆ and/or the lower basal levels observed in Rrd2-AID strains (Figure 4-3).
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Figure 4-4
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Figure 4-4. Rrd proteins genetically interact with Mih1, Ptp1, and Swe1.
Ten-fold serial dilutions of wild type (ADR10331), mih1∆ ptp1∆ (ADR10852), rrd1∆ rrd2-AID
OsTIR1 (ADR11079), rrd1∆ rrd2-AID OsTIR1 swe1∆ (ADR11075), mih1∆ ptp1∆ rrd1∆ rrd2AID OsTIR1 (ADR11073), mih1∆ ptp1∆ rrd1∆ rrd2-AID OsTIR1 swe1∆ (ADR11072), and mih1∆
ptp1∆ rrd1∆ rrd2-AID (ADR11084). Cells were spotted onto the indicated plates, pre-grown and
grown at 25°C.
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4.3 Absence of Rrd proteins causes mitotic delays
mih1∆ cells display higher levels of Cdk1-Y19 phosphorylation and also show delayed
degradation of the mitotic cyclins Clb2 and Clb5, the anaphase inhibitor Pds1/Securin, and the
cohesin subunit Mcd1/Scc169,104-108. As aforementioned, by using the AID tag system I can
examine the short-term effects on cells that lack Rrd1 and Rrd2. Given that PP2ARts1 plays a role
in mitosis and that I hypothesize that Rrd1 and Rrd2 co-activate PP2ARts1, I wanted to investigate
if the absence of Rrd1 and Rrd2 could influence the progression of mitosis or delay the
degradation of mitotic substrates. To determine this, I compared cell cycle progression of mih1∆
ptp1∆ rrd1∆ rrd2-AID OsTIR1 (denoted as SWE1) and mih1∆ ptp1∆ rrd1∆ rrd2-AID OsTIR1
swe1∆ (denoted as swe1∆) cells after release from an arrest in the G1 phase of the cell cycle.
Both strains enter mitosis with similar timing, but there are significant delays in mitotic
progression in the SWE1 strain. The degradation of the mitotic cyclins Clb2 and Clb5, and the
anaphase inhibitor Pds1, are delayed by several hours (Figure 4-5). Looking at Mcd1, which is a
protein which peaks at metaphase of M phase, it is arguable that there is a small delay in the
SWE1 strain compared to swe1∆ suggesting that mitotic exit is slightly delayed. However, when
assessing the effects on the mitotic cyclins Clb2 and Clb5, there are significant delays in mitotic
progression in the SWE1 strain – particularly Clb2 displays a much more significant delay in
degradation. These results suggest that the duration of mitosis is prolonged in the SWE1 strain.
Importantly, these delays are rescued by the deletion of SWE1 which strongly suggests that Rrd1
and Rrd2 are playing an important role in regulating mitotic PP2ARts1 activity.
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Figure 4-5
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Figure 4-5. Absence of Rrd proteins causes mitotic delays.
mih1∆ ptp1∆ rrd1∆ rrd2-AID OsTIR1 (ADR11073 ; denoted as SWE1) and mih1∆ ptp1∆ rrd1∆
rrd2-AID OsTIR1 swe1∆ (ADR11072 ; denoted as swe1∆) were grown, arrested at G1 using αfactor and released into the cell cycle (t = 0hr). The cells are then re-arrested using α-factor at t =
1hr to re-arrest the cells in the following G1. Samples were taken for immunoblotting at the timepoints indicated. Rts1 and Cdk1 are used as loading controls. Asterisk (*) denotes that the bands
observed are background bands.
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4.4 Ych1 and Arr2 act independently of Mih1 and Ptp1
Currently, all in vivo data suggests PP2ARts1 to be only phospho-specific against S/T-P
residues which strongly suggests that PP2ARts1 regulates Cdk1-Y19 phosphorylation indirectly
by activating a downstream protein (Figure 4-1B)71–74. My strategy to explore the indirect
regulation is to mutate a candidate protein (or a combination of numerous proteins) with the aim
to phenocopy rts1∆: 1) synthetically lethal in combination with mih1∆ ptp1∆, 2) exhibit
suppression by swe1∆ and 3) be epistatic to rts1∆. Compiling high-throughput analyses of
proteins interacting with PP2ARts1 and comparisons of BLASTP sequences, I have created
mutants knocking out the following candidates: YCH1, ARR2, OCA2, SPD1103.
Out of the four candidate proteins, Ych1 and Arr2 were prioritized. Ych1 (yeast Cdc25
homolog 1) was prioritized as this phosphatase’s protein sequence is very similar to Mih1, which
is a member of the Cdc25p subfamily of PTPases and contains a rhodanese PTPase domain,
HCX5R, which is the active site of all Cdc25 PTPases (Figure 4-6)104,105. Similarly, although
Arr2 is classified as an arsenate reductase, this protein also possesses the rhodanese catalytic
motif seen in PTPase Cdc25111,112. From the BLASTP sequence alignment, it is evident that
Ych1 and Arr2 share sequence similarities making them prime candidates to explore (Figure 46) – though Ych1 and Arr2 are significantly smaller proteins compared to Mih1 that only
contains the PTPase domain108.
To further explore these two candidates, I deleted YCH1 and ARR2, and using genetic
crosses, created strains to compare the growth rates of serial dilutions of single mutants and
combinations of mih1∆, ptp1∆, ych1∆, arr2∆, and swe1∆ (Figure 4-7). This was done to
determine if either YCH1 and/or ARR2 play a role in dephosphorylating Cdk1-Y19. Deletion of
YCH1 and/or ARR2 (Lanes 1-3) cause no defects in growth of the cells. However, when these
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mutants are combined with mih1∆ ptp1∆ and incubated at high temperatures, a loss in viability is
observed (Lanes 5-7) demonstrating a synthetic genetic interaction with MIH1 and PTP1. The
reduction in viability is rescued upon the deletion of SWE1, suggesting that Arr2 and Ych1, like
Mih1 and Ptp1, function to regulate Cdk1-Y19 phosphorylation. This data suggests that Ych1
and Arr2 act in parallel to Mih1 and Ptp1 but cannot distinguish if they work downstream of
PP2ARts1 or in a pathway independent of PP2A. it suggests that these candidate PTPases are
either being activated downstream or are acting in parallel of PP2ARts1.
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Figure 4-6
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Figure 4-6. MIH1, YCH1, and ARR2 share structural motif.
Sequences obtained from Saccharomyces Genome Database (SGD). BLASTP sequence
alignment of MIH1 (SGD:S000004639), YCH1 (SGD:S000003435), and ARR2
(SGD000006404) showing biochemical similarities between MIH1 and two candidate proteins,
YCH1 and ARR2. Residues highlighted in yellow indicates high conservation among all three
proteins and residues highlighted in green indicates partial conservation between MIH1 and two
candidate proteins. Bolded and underlined indicates the rhodanese catalytic site present in the
PTPase Cdc25 (Mih1).
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Figure 4-7
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Figure 4-7. Ych1 and Arr2 act independently of Mih1 and Ptp1.
Ten-fold serial dilutions of ych1∆ (ADR11053), arr2∆ (ADR11054), ych1∆ arr2∆ (ADR11096),
ych1∆ arr2∆ swe1∆ (ADR11098), mih1∆ ptp1∆ ych1∆ (ADR11092), mih1∆ ptp1∆ ych1∆
(ADR11094), mih1∆ ptp1∆ arr2∆ (ADR11101), mih1∆ ptp1∆ ych1∆ arr2∆ (ADR11102), mih1∆
ptp1∆ ych1∆ arr2∆ swe1∆ (ADR11103). Cells were spotted onto the indicated plates, pre-grown
and grown at 25°C.
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4.5 Deletion of YCH1 has no effect on rts1∆ cells
Given the results in Figure 4-4 where mih1∆ ptp1∆ ych1∆, mih1∆ ptp1∆ arr2∆, and
mih1∆ ptp1∆ ych1∆ arr2∆ all exhibit growth defects, this can be due to either Ych1 and Arr2
acting in parallel of PP2ARts1 or that these two proteins are acting downstream of PP2ARts1. To
elucidate this question, I created strains in which I deleted YCH1 and/or ARR2 in combination
with rts1∆ and compared the growth of serial dilutions of the indicated strains by performing a
serial dilution assay (Figure 4-8). In this assay, I observed that when ych1∆ is combined with
rts1∆, the strain is unaffected when compared to rts1∆ alone suggesting that PP2ARts1 may be
upstream to Ych1. Similar to combinations with mih1∆ ptp1∆ (Figure 4-7), when SWE1 is
deleted, rts1∆ and rts1∆ ych1∆ are partially rescued, and to an equal extent. Interestingly, arr2∆
combined with rts1∆ leads to an increase in viability when compared to rts1∆ alone. These
growth defects I am observing with Arr2 may be due to a pathway independent of the Cdk1-Y19
pathway. But looking at how the phenotype of rts1∆ ych1∆ arr2∆ is like rts1∆ ych1∆, there is
the potential argument that Arr2 may be a negative regulator of Ych1 but no interaction between
these two proteins has yet to be made.
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Figure 4-8
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Figure 4-8. Deletion of YCH1 has no effect on rts1∆ cells.
Ten-fold serial dilutions of rts1∆ (ADR9538), rts1∆ swe1∆ (ADR9534), rts1∆ ych1∆
(ADR11126), rts1∆ ych1∆ swe1∆ (ADR11127), rts1∆ arr2∆ (ADR11128), rts1∆ arr2∆ swe1∆
(ADR11129), rts1∆ ych1∆ arr2∆ (ADR11130), rts1∆ ych1∆ arr2∆ swe1∆ (ADR11131). Cells
were spotted onto the indicated plates, pre-grown and grown at 25°C.
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Figure 4-6. SPD1 weakly interacts with MIH1, PTP1, and SWE1 but OCA1 does not
Like YCH1, OCA2 and SDP1 belong to a class of little studied tyrosine phosphatases.
OCA2 has been shown to encode a putative protein where upon its deletion, demonstrates
caffeine sensitivity109. This phenotype is characteristic of mutants of the cell-integrity
pathway110. Moreover, through a global analysis performed by Huh et al. (2003), they predicted
Oca2 as being a PTPase as well103. As per SDP1, this gene encodes a PTPase that has been found
to have dual-specificity for cysteine and tyrosine residues111. Therefore, I combined oca2∆ and
sdp1∆ with mih1∆ ptp1∆ and compared the growth rates of serial diluted cultures (Figure 4-9).
From this assay, mih1∆ ptp1∆ spd1∆ demonstrates a slight defect in growth as the colonies
appear to be smaller when compared to mih1∆ ptp1∆ alone whereas mih1∆ ptp1∆ oca2∆ appears
to show no phenotype.
I tested these proteins in parallel to Ych1 and Arr2 to determine if these enzymes also
played a role in dephosphorylating Cdk1-Y19. To do so, I performed a serial dilution assay in
which I observed no significant changes in growth or viability of the cells. Although the colonies
at the lowest concentration are slightly sicker in mih1∆ ptp1∆ spd1∆, if these Sdp1 was to be
involved in dephosphorylating Cdk1-Y19, its role would be minimal. Thus, I refrained from
continuing with these proteins any further.
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Figure 4-9
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Figure 4-9. SPD1 weakly interacts with MIH1, PTP1, AND SWE1 but OCA2 does not.
(A) Ten-fold serial dilutions of mih1∆ ptp1∆ (ADR10854), mih1∆ ptp1∆ swe1∆ (ADR10867),
mih1∆ ptp1∆ spd1∆ (ADR10936), mih1∆ ptp1∆ spd1∆ swe1∆ (ADR10844) (B) Ten-fold serial
dilutions of mih1∆ ptp1∆ (ADR10854), mih1∆ ptp1∆ swe1∆ (ADR10867), mih1∆ ptp1∆ spd1∆
oca2∆ (ADR10858), and mih1∆ ptp1∆ spd1∆ oca2∆ swe1∆ (ADR10806). Cells were spotted
onto the indicated plates, pre-grown and grown at 25°C.
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Figure 4-10
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Figure 4-10. Potential regulation pathways of PP2ARts1: Direct and Indirect. Combination of
both direct and indirect Cdk1-Y19 dephosphorylation by PP2ARts1.
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5.0 DISCUSSION

Notably, Russell and Nurse (1986) showed that the deletion of CDC25 in fission yeast is
lethal as it caused the cells to arrest in G2, indicating the necessity of Cdk1-Y15
dephosphorylation64. However, upon deletion of MIH1, even though budding yeast cells
experience delayed mitotic onset and anaphase onset, these delays are only mild92. Such
behaviour led Kennedy et al. (2016) to pursue the possibility that at least one additional
phosphatase exists that is participating redundantly with Mih1 in this pathway61. This eventually
led to the identification of two phosphatases, Ptp1 and PP2ARts1, which work redundantly with
Mih1 to remove the inhibitory phosphorylation on Cdk1. Although Kennedy et al. (2016) found
that PP2ARts1 plays a role in dephosphorylating Cdk1-Y19, its regulation and mode of function
are still largely unknown. My objectives aimed to determine how mitotic PP2ARts1 activity
regulates Cdk1-Y19 dephosphorylation and whether it functions via a direct and/or indirect
pathway (Figure 4-1).

5.1 Rrd proteins play a role in dephosphorylating Cdk1-Y19
The growth assay presented in Figure 4-4 suggests that the Rrd proteins function with
Mih1 and Ptp1 to dephosphorylate Cdk1-Y19. This is evident by the severe growth defect when
rrd1∆ rrd2-AID OsTIR1 is combined with mih1∆ ptp1∆ and grown in media containing auxin.
The loss in viability is then partially rescued when SWE1 is deleted arguing that the lethality is
mediated through the Cdk1-Y19 pathway. It is important to note that PP2A has a plethora of
functions outside of its regulation of the Cdk1-Y19 phosphorylation which could account for the
partial rescue by Swe1 that is observed and the phenotype of rrd1∆ rrd2-AID OsTIR1 and rrd1∆
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mih1∆ ptp1 rrd2-AID OsTIR1 80-83. Notably, Rrd1 has other functions such as its involvement in
Tap42-phosphatase complexes which are integral for activating Tor proteins112. And given that
rrd1∆ rrd2∆ is synthetically lethal, this could explain why rrd1∆ rrd2-AID OsTIR1 strains are
sick in the absence of auxin. We also note that Rrd2-AID is expressed at lower levels compared
to untagged Rrd2 prior to auxin addition observed in rrd2-AID mutants when testing the efficacy
of the AID tag system (Figure 4-3), suggesting that the sick of rrd1∆ rrd2-AID OsTIR1 may be
due to partial loss-of-function of Rrd2. The premature degradation of the target protein even
without the addition of auxin due to the high expression rate of the TIR1-containing plasmid is a
limitation of the AID system113–115. Despite this limitation, the degradation of Rrd2 is significant
when comparing conditions with auxin (Figure 4-3) and only has a subtle effect on viability
when spotted on YPD (Figure 4-4).

5.2 Absence of Rrd proteins delays mitotic entry and anaphase onset/progression
In order to determine the effects of the mih1∆ ptp1∆ double-mutant, Kennedy and her
colleagues performed a time-course where they observed a mild delay in mitotic entry, a
prolonged mitosis, and an increase in Cdk1-Y19 phosphorylation which did not significantly
vary from the deletion of MIH1 alone69,99. Similarly, to evaluate the effects of the absence of Rrd
proteins on mitotic entry and progression, I performed a time-course comparing mih1∆ ptp1∆
rrd1∆ rrd2-AID OsTIR1 and mih1∆ ptp1∆ rrd1∆ rrd2-AID OsTIR1 swe1∆. From this timecourse, I observed that mitotic progression was significantly delayed in the mih1∆ ptp1∆ rrd1∆
rrd2-AID OsTIR1 strain and these delays were rescued upon the deletion of SWE1. I determined
this by comparing the delays in degradation of several anaphase-promoting complex (APC)
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substrates and mitotic cyclins between mih1∆ ptp1∆ rrd1∆ rrd2-AID OsTIR1 and mih1∆ ptp1∆
rrd1∆ rrd2-AID OsTIR1 swe1∆.
Given that a key characteristic of cyclins is that they are substrates which appear and
disappear in a periodic manner, making them great substrates to track the cell cycle99. From
Figure 4-4, I observed that mih1∆ ptp1∆ rrd1∆ rrd2-AID OsTIR1 is very sick in the presence of
auxin. Therefore, I wanted to determine if this defect in growth would correlate with
impediments in Clb2 and/or Clb5 degradation, suggesting delays in mitotic progression.
Comparing the Clb2 and Clb5 levels between the two strains, it is evident that there are delays in
both Clb2 and Clb5 degradation in mih1∆ ptp1∆ rrd1∆ rrd2-AID OsTIR1, which is rescued upon
the deletion of SWE1. This rescue by swe1∆ is very important as it strongly suggests that the Rrd
proteins are meditating this process through Cdk1-Y19 dephosphorylation. Notably, these delays
in mitotic cyclin degradation alone cannot give an approximation to where the delay in mitosis is
occurring.
To further explore this delay, I also blotted against APC substrates, Mcd1 and Pds1,
which are targeted for degradation by the APC upon anaphase onset116. Moreover, since cleavage
of Mcd1 triggers sister chromatid separation and destruction of Pds1 (also known as Securin)
inhibits anaphase by binding to Separin/Esp1, delay in degradation of either of these substrates
would be indicative of a delay in anaphase onset/progression102,108,123,124,125. Looking at Figure 44, it is evident that there is a slight delay in the destruction of Mcd1, suggesting that there is a
delay in anaphase onset. Furthermore, in addition to this delay, there is also a severe delay in
Pds1 as well. Together, the results suggest that the sickness seen in mih1∆ ptp1∆ rrd1∆ rrd2-AID
OsTIR1 is caused by a delay in the degradation of mitotic cyclins and APC substrates. And given
that these defects are rescued upon the deletion of SWE1, this strongly suggests that the Rrd

52

proteins are regulating this process through Cdk1-Y19 dephosphorylation. Future directions will
involve live microscopy to track spindle lengths to determine the stage of mitosis mih1∆ ptp1∆
rrd1∆ rrd2-AID OsTIR1 cells are delayed at.

5.3 YCH1 and ARR2 genetically interact with MIH1, PTP1, and SWE1
As previously stated, PP2ARts1 has only ever been proven to be a phosphatase phosphospecific against S/T-P residues suggesting that PP2ARts1 is likely dephosphorylating Cdk1-Y19
through an indirect pathway71–74(Figure 4-1B). Utilizing a candidate approach, I prioritized my
attention on Ych1 and Arr2 because both of these proteins are biochemically similar to Mih1
(Figure 4-6)104.
Although these proteins share structural motif with Mih1, firstly, I wanted to obtain
preliminary evidence suggesting that these candidate phosphatases may be involved in
dephosphorylating Cdk1-Y19. My approach was to look if either of these proteins showed
genetic interactions with MIH1 and PTP1. To determine this, I performed a serial dilution assay
making different combinations as indicated in Figure 4-7. Based on the results, I observed that
when either or both are deleted with mih1∆ ptp1∆, growth defects and loss of viability is present
which suggests that Ych1 and Arr2 are interacting with Mih1 and Ptp1. Notably, the sickness
exhibited by mih1∆ ptp1∆ ych1∆ arr2∆ is fully rescued upon deletion of SWE1, suggesting that
Ych1 and/or Arr2 are involved in mediating Cdk1-Y19 dephosphorylation.

5.4 PP2ARts1 is epistatic to Ych1
Since Figure 4-7 demonstrated that Ych1 and Arr2 are acting independent of Mih1 and
Ptp1, I next wanted to determine if these proteins are acting independently of PP2ARts1 or in the
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PP2ARts1 pathway. As such, my approach was to create different mutant combinations of ych1∆,
arr2∆, swe1∆, and rts1∆ and to observe how these proteins interacted with one another. To test
this, I performed another serial dilution assay (Figure 4-8) which I was interested in determining
if deletion of YCH1 and/or ARR2 would modify the phenotype of rts1∆. The rationale behind this
experiment was if the deletion of YCH1 and/or ARR2 would cause rts1∆ cells to be sicker, it
would argue that these proteins are working independently of PP2ARts1. However, if deleting
these phosphatases would not affect the viability of rts1∆ cells, it would argue the opposite, in
which these phosphatases function in the PP2ARts1 pathway.
Based on the results I obtained in Figure 4-8, I observed that although mih1∆ ptp1∆
becomes sicker upon the deletion of YCH1, the same cannot be said with rts1∆ cells, suggesting
that Ych1 requires PP2ARts1 to perform its function. Based on these results, it argues that
PP2ARts1 influences the function of Ych1. Interestingly, arr2∆ rts1∆ combined with swe1∆ leads
to an increase of suppression when compared to rts1∆ swe1∆ suggesting that the growth defects I
am observing with Arr2 may be due to a pathway independent of the Cdk1-Y19 pathway.

5.5 Future Directions
Although the Rrd proteins (associated with PP2ARts1), Ych1, and Arr2 are arguably
playing a role in dephosphorylating Cdk1-Y19, I have no evidence proving it has the specificity
or activity against this phosphorylated residue. Therefore, to determine this, these proteins need
to be purified and subjected to an in vitro phosphatase assay evaluating the ability of these
proteins to dephosphorylate Cdk1. This will prove that these proteins are able to dephosphorylate
Cdk1-Y19 strengthening the argument for their potential roles of the Rrd proteins as either
necessary co-activators and/or Ych1 and Arr2 as downstream proteins activated by PP2ARts1.
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6.0 CONCLUSION

The goal of my thesis was to explore the two competing models for how PP2ARts1
regulates Cdk1-Y19 dephosphorylation. From my results, I obtained evidence arguing for the
direct pathway involving the Rrd proteins and the indirect pathway involving the activation of
downstream PTPases specific to Cdk1-Y19. In this study, it is evident that the Rrd proteins play
an important role in regulating Cdk1-Y19 dephosphorylation given the sickness observed in the
serial dilutions (Figure 4-3) and the delay in degradation of mitotic cyclins and APC substrates
(Figure 4-4). In an opposing manner, I also found upon deletion of YCH1 in mih1∆ ptp1∆, cells
became sicker suggesting that Ych1 was working independently of Mih1 and Ptp1 (Figure 4-7).
But given that ych1∆ rts1∆ cells were phenotypically indifferent from rts1∆ alone (Figure 4-8),
this argues that Ych1 may be acting downstream of PP2ARts1. Although it is inconclusive of
whether PP2ARts1 acts solely through a direct or indirect manner, my work has demonstrated the
acknowledgement of the possibility that PP2ARts1 may be mediating the dephosphorylation of
Cdk1-Y19 through a mix of both a direct and indirect manner (Figure 4-10). Given that the
Wee1 inhibitor AZD1775 is currently in phase I and II clinical trials as a potential
chemotherapeutic, my work will serve to better the understanding of how Wee1/Cdc25 is
regulated and if other proteins, such as PP2A, also play a role in this regulation. Therefore, my
work will be essential in determining new ways to design anti-mitotic treatments to enhance or
repurpose current and experimental cancer therapeutics.
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APPENDIX
Table 2: Yeast strains used in this thesis
All strains in this study are derivatives of W303 (ura3-1 leu2-3,112 trp1-1 his3-11 ase2-1 can1-100)

Strain

Mating type

Genotype

ADR21

MATa

ADR22

MATα

ADR4006

MATa

bar1∆

ADR9534

MATa

rts1∆ swe1∆

ADR9539

MATα

rts1∆

ADR10331

MATα

bar1∆

ADR10806

MATa

mih1∆ ptp1∆ spd1∆ oca2∆ swe1∆

ADR10844

MATα

mih1∆ ptp1∆ spd1∆ swe1∆

ADR10852

MATα

mih1∆ ptp1∆

ADR10854

MATα

mih1∆ ptp1∆

ADR10858

MATα

mih1∆ ptp1∆ spd1∆ oca2∆

ADR10867

MATα

mih1∆ ptp1∆ swe1∆

ADR10936

MATa

mih1∆ ptp1∆ spd1∆

ADR10971

MATa

rrd2∆ swe1∆

ADR11053

MATα

ych1∆

ADR11054

MATa

arr2∆

ADR11072

MATa

mih1∆ ptp1∆ rrd1∆ rrd2-AID OsTIR1 swe1∆

ADR11073

MATα

mih1∆ ptp1∆ rrd1∆ rrd2-AID OsTIR1

ADR11075

MATα

rrd1∆ rrd2-AID OsTIR1 swe1∆
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ADR11079

MATa

rrd1∆ rrd2-AID OsTIR1

ADR11082

MATα

mih1∆ ptp1∆ rrd1∆ rrd2-AID OsTIR1

ADR11084

MATα

mih1∆ ptp1∆ rrd1∆ rrd2-AID

ADR11092

MATa

mih1∆ ptp1∆ ych1∆

ADR11094

MATα

mih1∆ ptp1∆ ych1∆

ADR11096

MATα

ych1∆ arr2∆

ADR11098

MATα

ych1∆ arr2∆ swe1∆

ADR11101

MATa

mih1∆ ptp1∆ arr2∆

ADR11102

MATα

mih1∆ ptp1∆ ych1∆ arr2∆

ADR11103

MATα

mih1∆ ptp1∆ ych1∆ arr2∆ swe1∆

ADR11138

MATa

rts1∆ ych1∆

ADR11139

MATα

rts1∆ ych1∆ swe1∆

ADR11140

MATα

rts1∆ arr2∆

ADR11141

MATa

rts1∆ arr2∆ swe1∆

ADR11142

MATα

rts1∆ ych1∆ arr2∆

ADR11143

MATa

rts1∆ ych1∆ arr2∆ swe1∆
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Table 3: Oligonucleotides used in this thesis
All oligonucleotides that created new and unpublished strains.
Oligo

Sequence

35
Pringle
5'
check
36
Pringle
3'
check
1504
RRD1del UP
1505
RRD1del DS
1506
RRD1 UP
check
1732
YCH1del US
1733
YCH1del DS
1734
YCH1del DS
check
2071
RRD2AID US
2072
RRD2AID DS
2073
RRD2
DWN
check
2169
ARR2del US
2170
ARR2del DS

GGACGAGGCAAGCTAAACAG

TGGTCGCTATACTGCTGTCG

AAAGAACGCACATATGAACAAGCATTAAACGAGCAAAGAACAGCTGAAGCTTCGTACGC
TCATAATGCTTGTCATACACATTTATATGTTTAATTAATATACGACTCACTATAGGG
TGAGTCTCGTTCGCCTCTTT
GCCAGATAGAAGCAAAAGAGAAGTCAATTGCAAAAAAAATAGCTGAAGCTTCGTACGC
TCATGGCAAATATATGATCACGTGCGATTGTGTAAACCTGTACGACTCACTATAGGG
CTGAGTCTGGTCTGTTGCCT

TGAGATGAATAAAAAACATCATAAACCAATACCTTTTGAT
GTGTATATACAATGAGATAGCATCTATAAATGGACTTTTC
ATGGGGATTAGCAGAGGGGT

AAACTAATATTGAGGAAAACTTGACAATCCAGCAAGCGTAAGCTGAAGCTTCGTACGC
GACTTTTACATTAATGCTGGAACAATAAAGCTTGAGGAGCTACGACTCACTATAGGG
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2171
ARR2
check
DWN
2172
ARR2
check
UP
2173
OCA2del US
2174
OCA2del DS
2175
OCA2
check
UP
2176
OCA2
check
DWN
2177
SDP1del US
2178
SDP1del DS
2179
SDP1
check
UP
2180
SDP1
check
DWN

AAGTGTGACGGGAAGAAGGC

GGCCGCTCCTTAAAGACCAT

TGAAGGCAAAATACCAATAGAGTGCACGTTTCTTGATGCTAGCTGAAGCTTCGTACGC
AATGACAGAAAATATTCTTTGTAACGGCTGGTTCTCATAATACGACTCACTATAGGG
GTGAGAAGGGAGGVTGTCAC

GGTGTCGGTTCCTCTTTCGA

AATAACACATACGGCTGCGCACTTGTAGCCATAATCTCGCAGCTGAAGCTTCGTACGC
AAAGCCTCATTGAATGCTATATCTTTTTTTTTTTTCTCTCTACGACTCACTATAGGG
AGGGCGCACACTATTGGAAT

GACGAGTCACTTCCTGAGCC
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