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EVALUATING THE ROLE OF THE FISSION YEAST
CYCLIN B CDC13 IN CELL SIZE HOMEOSTASIS

Jessie M. Rogers

ABSTRACT

Most cellular proteins retain a stable concentration as cells grow and divide, but there are
exceptions. Some cell cycle regulators change in concentration with cell size. In fission yeast,
Cdc13 (cyclin B), an important activator of the core cell cycle kinase Cdc2 (CDK1), increases in
concentration as cells grow. It has been proposed that the concentration of such cell cycle
regulators serves as a proxy for cell size and makes cell cycle progression dependent on cell size,
thereby contributing to cell size homeostasis. The underlying mechanisms for the size-dependent
scaling of these cell cycle regulators are poorly understood. Here, | show that Cdc13 protein
concentration, but not mRNA concentration, increases with cell size. Furthermore, only the
nuclear, but not the cytoplasmic, fraction of Cdc13 increases in concentration as cell size
increases. Computational modeling along with half-life measurements suggests that stabilization
of Cdc13 in the nucleus plays an important role in establishing this pattern. Taken together, my
results suggest that Cdc13 scales with time, and therefore only indirectly—not directly—with
cell size. This leaves open the possibility that Cdc13 contributes to cell size homeostasis, but in a
different way than originally proposed.
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Jessie M. Rogers

GENERAL AUDIENCE ABSTRACT

Cells maintain their size very efficiently, but how they manage to do so is not well
characterized. It has been suggested that cells sense their size by the size-dependent
concentration changes of cell cycle proteins. | have investigated how cyclin B may serve as such
a proxy for cell size in fission yeast. My data suggest that fission yeast cyclin B indirectly scales
with cell size through an unknown time-based mechanism. Given the highly conserved
phenomenon of cell size regulation and cell cycle proteins, it is likely these findings will be
applicable to other eukaryotes with potential medical implications in humans.
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Purpose of Thesis

Research Background

Cell size homeostasis is universal across all kingdoms of life. From prokaryotes to
eukaryotes, regardless of whether single-celled organisms, or the differentiated cells of
mammalian tissues, it is a characteristic feature for cells of a certain type to display a consistent
size (Miettinen et al., 2017). Despite the universal occurrence, it is currently largely unknown
how cells maintain their size. The universal occurrence of this phenomenon suggests that size
matters; indeed, smaller or larger cells outside of this consistent size norm routinely have

decreased viability. Cell size changes are also observed in diseases, including cancer.

Research Question

Whereas most intracellular components remain at a constant concentration as cells grow
and divide in constant conditions, some proteins involved in cell cycle regulation have been
shown to change their concentration with cell size (Facchetti et al., 2019; Keifenheim et al.,
2017; Patterson et al., 2019; Schmoller et al., 2015; Zatulovskiy et al., 2020). As a general rule,
inhibitors of cell cycle progression tend to decrease, and activators of cell cycle progression tend
to increase with cell size (Chen et al., 2020; Schmoller and Skotheim, 2015). This scaling
behavior has been proposed to contribute to cell size homeostasis by coupling cell size and cell
cycle progression, so that cells divide when they have reached a particular size. The mechanisms
behind these protein concentration changes are largely unclear. While a decrease in
concentration can be explained by a dilution mechanism where a fixed amount of mRNA or

protein produced in one phase is subsequently diluted by cell growth (Schmoller et al., 2015),



what causes concentration increases is unknown. The fission yeast cyclin B, Cdc13, is a highly
conserved activator of cell division that increases in concentration as cells grow. In my research,
| have addressed if and how the concentration of Cdc13 responds to cell size. This has

implications for its potential role in cell size homeostasis.

Research Aims
My aim is to determine the mechanisms that allow Cdc13 concentration to increase
synchronously with cell size:
= My first sub-aim is to establish at which step of gene expression the Cdc13
concentration increase occurs. This will be discussed in Chapter 3.1.
= My second sub-aim is to determine whether Cdc13 accumulation correlates with
cell cycle stage, cell size, or time after cell division. This will be discussed in
Chapters 3.2 — 3.5.
= My third sub-aim seeks to identify the molecular mechanisms that allow the
concentration of Cdc13 to increase over the course of the cell cycle. This includes
an investigation of several theoretical possibilities including scaling of
degradation rate or the inability to reach steady-state due to long protein half-life,
which are computationally and experimentally investigated. This will be covered
in Chapters 3.5 - 3.11.
Fission yeast (Schizosaccharomyces pombe) is an ideal model for this research for several
reasons. Its rod shape, easy genetic manipulation, and conserved core cell cycle machinery
facilitate quantitative analyses and the interpretation of these results (Facchetti et al., 2017). Size

control in fission yeast is orchestrated by the coordination of mitotic entry with cell size, and it is



a well-established model for cell cycle regulation and growth. Furthermore, a large portion of

current size homeostasis research is performed in fission yeast.

Research Significance

An intrinsic value of this research lies in the ubiquitous nature of the phenomenon that it
examines: cell size regulation is conserved across all kingdoms of life. Yet, we know little about
the underlying regulation. This gap in knowledge is intriguing, and my project proposes to
address this question through direct, single-cell analyses of Cdc13, an activator of cell division
and potential regulator of cell size. Given the highly conserved phenomenon and highly
conserved role of Cdc13 in cell cycle regulation, it is likely that my findings will be applicable to
other eukaryotes, with a range of practical applications. This includes medical implications in
humans. For example, cancers may abolish size regulation to speed up growth, and reestablishing
control may slow down growth. There is increasing research on potential cancer drugs that
specifically target the G2/M transition (Crncec and Hochegger, 2019), and a better understanding
of how this transition is triggered will be a benefit. Understanding how protein concentration can
be kept constant or scale with cell size is also important for the reliable construction of complex
synthetic circuits in host cells that are used in industrial production of products such as chemicals

or medications (Bertaux et al., 2018; Dies et al., 2016; Paijmans et al., 2017).



Chapter 1. Introduction

1.1. The cell cycle: growth and division

The cell cycle is a highly conserved sequence of carefully timed events that orchestrate
DNA replication and cell division in eukaryotes in a precise manner (Crncec and Hochegger,
2019; Nurse, 2000). The sequential timing of events is critical. At the most basic level, cell
division needs to be initiated only after genome duplication has occurred and at a specific cell
size. Within noisy internal and external environments, the cell cycle is able to maintain this event
sequence in a reliable manner. Cancer cells routinely have defects in cell cycle regulation, and
some current therapies are targeting this defective regulation (Sherr and Bartek, 2017).

The cell cycle is divided into four phases: G1, S, G2, and M (Figure 1A). Transitions
from one state to the next are regulated by the expression and subsequent degradation of cyclins,
the activating partners of cyclin-dependent kinases (CDKSs) (Figure 1B). The G1, S, and G2
phases comprise ‘interphase’ and are distinguished from cellular division (M phase). The first
phase of interphase, G1, is a period of active cell growth and transcriptional preparation for the
next phase, S, during which the genome is duplicated. G2 is the last phase of interphase and the
second period of growth with additional preparation for mitosis. M, the final stage of the cell

cycle, consists of genomic division (mitosis) and cellular division (cytokinesis).
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Figure 1. Cell cycle and CDK regulation in cell cycle progression. A. The cell cycle is divided into interphase
(G1, S, and G2) and mitosis (adapted from Hochegger et al., 2008). B. CDK/cyclin activity profile during a
mammalian cell cycle (adapted from Hochegger et al., 2008). C. Cdc2 (CDK1) regulation at the G2-M transition.
Cdc2 forms a stable complex with cyclin B. The Weel kinase inhibits Cdc2 activity by Thr-14 and Tyr-15
phosphorylation. The Cdc25 phosphatase removes the phosphorylation from Cdc2 and thereby activates
Cdc2/cyclin B. The Cdc2/cyclin B complex forms positive feedback loops with Weel and Cdc25 to stay in the
active, dephosphorylated state once activated (adapted from Hagan and Grallert, 2013). D. Upper: linear schematic
of S. pombe Cdc13 (cyclin B) protein motifs and functional regions, including predicted nuclear localization signals
(NLSs) and a potential nuclear export signal (NES). Lower: prediction of Cdc13 protein disorder using IUPRED,
aligned to upper linear schematic. This illustrates the N-terminal disordered part that contains the destruction box
(D-box), which serves as recognition signal for the APC/C, as well as the cyclin fold that mediates binding to Cdc2.
Both: Eukaryotic Linear Motif (ELM) resource was used to predict the NES motif and protein disorder
(http://elm.eu.org/).

It is known that cell size regulation occurs at both the G1/S and G2/M transitions in
eukaryotes. Fission yeast size control takes place at the G2/M transition in an unperturbed cell
cycle (Wood and Nurse, 2015); size control in budding yeast (Saccharomyces cerevisiae) and
human cells mainly takes place at the G1/S transition (Johnston, 1977; Jorgensen and Tyers,
2004; Turner et al., 2012). However, each of these organisms also uses size control at the other
transition in some situations (Garmendia-Torres et al., 2018; Martin-Castellanos et al., 2000).

Cell cycle progression is controlled primarily by phosphorylation events catalyzed by

cyclin-dependent kinases, CDKs (Holt et al., 2009; Swaffer et al., 2016). CDKSs are regulated



through regimented binding to various cyclin proteins. Fission yeast and budding yeast have a
single CDK (referred to as Cdc2 and Cdc28, respectively), whereas mammalian cells have
several CDK proteins that play a role in the cell cycle (Malumbres and Barbacid, 2005). The
fission yeast vegetative cell cycle is controlled by only four cyclins (Coudreuse and Nurse, 2010;
Fisher and Nurse, 1995; Gutierrez-Escribano and Nurse, 2015), but other eukaryotes, including
budding yeast, can have more. Cyclins typically contain an unstructured N-terminal region,
which contains motifs required for their cell cycle-dependent degradation, as well as a C-
terminal conserved cyclin fold which mediates binding to CDK (Figure 1D). For simplicity and
specificity to my project, | will focus on describing the fission yeast cell cycle, although the
general concepts are highly conserved and applicable to a wide range of eukaryotes.

The fission yeast cell cycle is controlled by its single CDK, Cdc2, required for both the
G1/S and G2/M transitions. DNA replication (G1/S transition) and mitosis (G2/M transition) are
triggered by Cdc2 bound to the B-type cyclins, Cig2 and Cdc13, respectively. Cdc2 complex
formation with two additional cyclins, Cigl and Pucl, has a minor role in G1 (Fisher and Nurse,
1995). Apart from cyclin-binding, Cdc2 is regulated by phosphorylation (Crncec and Hochegger,
2019). Cdc2 is activated by the addition of a phosphate group at a conserved threonine residue
(Thr-167 in fission yeast). This particular phosphorylation enhances binding to Cdc13 (Gould et
al., 1991). In addition, Cdc2 is regulated through phosphorylation at Thr-14 and Tyr-15 residues.
The Weel and Mik1 kinases inhibit Cdc2 kinase activity by phosphorylation at these residues,
whereas the Cdc25 phosphatase activates Cdc2 at mitotic entry by dephosphorylating these
residues (Figure 1C) (Rhind and Russell, 2012; Wood and Nurse, 2015). Cells in which Thr-14
and Tyr-15 are mutated and cannot be phosphorylated are inviable without any additional

background mutations (Gould and Nurse, 1989; Norbury et al., 1991), demonstrating the



importance of this regulation. In summary, the two key activators of Cdc2 for mitotic entry are
the cyclin Cdc13 and the phosphatase Cdc25, and the two key inhibitors of Cdc2 throughout
most of interphase are the Weel and Mik1 kinases.

Although the fission yeast cell cycle already runs on a small number of key regulators
compared to other organisms, it can be further simplified in the laboratory: cyclins other than
Cdc13 are non-essential, and the cell cycle can run with Cdc2/Cdc13 alone. This minimal
regulation was further simplified by the Nurse lab using what they call the minimal CDK
network (MCN) strain (Coudreuse and Nurse, 2010). The MCN strain lacks the three cyclins
Cigl, Cig2, and Pucl. The remaining cyclin, Cdc13, is fused to Cdc2, minimizing the possibility
that Cdc2 will form complexes with other cyclin proteins that play a role during meiosis or in
other cellular processes. Coudreuse and Nurse discovered that this Cdc13-Cdc2 fusion protein
successfully drives the fission yeast cell cycle in the absence of Cigl, Cig2, and Pucl, and even
in the absence of Cdc2 phosphoregulation at the Thr-14 and Tyr-15 residues (Coudreuse and
Nurse, 2010; Gerard et al., 2015). This was striking, because normally loss of Cdc2

phosphoregulation leads to cell death (Gould and Nurse, 1989; Lundgren et al., 1991).

1.2. Importance of cell size homeostasis

Cells across all kingdoms of life—from single-celled bacteria to the specialized cells in
plant and animal tissues—display the common characteristic of maintaining a consistent cell size
(Figure 2A) (D'Ario and Sablowski, 2019; Ginzberg et al., 2015; Liu et al., 2018; Lloyd, 2013;
Taheri-Araghi et al., 2015). Although different types of cells have different sizes, cells of a
specific type maintain size within a narrow range. The specific size of different cell types is
adapted both to their function and to the environment in which they operate. For example, it

seems intuitive that pathogenic prokaryotes without many defensive systems may adopt a larger
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size to prevent being engulfed by immune cells. Also, highly mobile cells such as red blood cells
may adopt a smaller size for efficient trafficking. Cell size is adaptable and depends not only on
the cell type but also on current nutrient conditions or other features of the environment
(Johnston, 1977; Yao et al., 2012; Young and Fantes, 1987). It has been routinely observed that
cell size gets smaller in a nutrient-limiting environment, mainly due to the fact that these cells
use their energy and biosynthetic capacity for cell survival and maintenance, not for optimal

cellular function (Ginzberg et al., 2015).
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Figure 2. Cell size homeostasis is a universal property that keeps size within a range that is optimal for
function. A. Cells of a certain type display a typical size range, shown here for both unicellular organisms and
differentiated cells of multicellular organisms. S. aureus cells are typically around 1 um in diameter. S. pombe cell
length is between 7 and 14 pm. Mammalian rod cell length is between 20 and 35 pum. HeLa cancer cells have a
diameter of around 40 um. B. Cellular size is optimized for cell function. C. Failure of size control mechanisms can
lead to reduced cellular fitness and disease.



Metabolism is generally connected to cell size, and at the most basic level metabolism is
affected by the surface-to-volume ratio. Miettinen and Bjorklund’s work in human cells revealed
that maximal mitochondrial activity was only possible at intermediate cell sizes (Miettinen and
Bjorklund, 2016). Membrane transport capacity can become limiting at larger cell sizes
(Schmoller and Skotheim, 2015; Sun et al., 2020). DNA can also become limiting in large cells.
Very large cells are typically polyploid, which increases their synthesis capacity and supports
their metabolic needs. Without polyploidization, large cells become less functional and senesce
as the functional components in the cytoplasm become dilute (Neurohr et al., 2019; Zhurinsky et
al., 2010). It has been shown in budding yeast that cell size increases during aging, ultimately a
reason for a limited lifespan of these cells (Mortimer and Johnston, 1959; Neurohr et al., 2019).
In budding yeast and human cell lines, overly large cells proliferate slower (Demidenko and
Blagosklonny, 2008; Goranov et al., 2013; Lengefeld et al., 2020; Neurohr et al., 2019). Small
cells on the other hand age slower and are thus more long-lived (Lengefeld et al., 2020; Yang et
al., 2011). Some more aggressive cancers are defined by their smaller cell sizes. However, small
cells can also be functionally impaired, as was shown by Ruvinsky et al. (2005) in pancreatic
beta cells that produced less insulin when small. Overall, both excessively large and small cells
are impaired in their functionality. Hence, optimal cell proliferation and function depend upon
the appropriate regulation of cell size (Figure 2B), and altered cell size impairs cellular
physiology (Figure 2C). Very little is known about how cells are able to gauge their size or

effectively regulate their size.

1.3. Cell size homeostasis in dividing cells

Cells can vary their size by changing growth rate, changing cell cycle length, or by

dividing asymmetrically. Differentiated cells do not divide, and therefore must regulate size by



regulating their growth (Figure 3). For large cells, this may mean a switch to catabolic processes
to reduce their growth. Small cells may receive growth signals and take up nutrients to build

biomass and grow.

Cell

Rt cell division Cell growth rate Cell
division affects size _ affects size
. » size <« growth
trigger
size-dependent size-dependent
division trigger growth rate

Figure 3. Cell size homeostasis through changing the rate of cell growth or triggering size-dependent division.
Cell size is affected by cell growth and timing of cell division. Cell size may influence cell growth and cell division
to accomplish cell size homeostasis (adapted from (Schmoller, 2017).

In contrast, actively dividing cells go through a meticulous balancing act between cell
growth and cell division to ensure that a cell divides only after reaching twice its starting size
(Figure 3) (Cadart et al., 2018; Fantes et al., 1975). In such a situation, cell size can be adjusted
by appropriately changing the cell division time. Growth and division are intricately coupled and
have further been shown to be dependent on cell size itself (Fantes and Nurse, 1977; Johnston,
1977; Nurse, 1975). Cells that have not yet grown enough will remain in their current cell cycle
phase until they reach a size that allows them to progress. In contrast, cells that have exceeded
the size threshold can proceed to the next cell cycle stage as soon as cell cycle regulation permits
it.

One of the first experiments to recognize cell size as a prerequisite for cell division was
conducted by Hartmann in amoeba (Hartmann, 1926). Cytoplasmic amputation of amoeba
pseudopods delayed mitosis until a normal cell size was regained. Furthermore, repeated

amputations delayed mitosis indefinitely as cell size was never regained. This was a simple yet
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elegant experiment that began to define cell size as an important determinant for entry into

mitosis.

Ground-breaking experiments in the 1970s, particularly those of Peter Fantes, established

the field of size homeostasis in fission yeast. These experiments showed that if a cell was born

small, it spent more time in the next cell cycle and grew more before the next division than a cell

that was born large (Fantes and Nurse, 1977; Hartwell and Unger, 1977). In this way, cells can
effectively recover from an altered size during the subsequent cell cycles (Fantes and Nurse,
1977; Wood and Nurse, 2013). Fantes depicted this behavior by plotting birth length (cell size)
against size added before the next division, which is now called a “Fantes plot” (Figure 4). The
observation that the cell cycle duration is influenced by the size of the cell upon entry into the
cell cycle has since been confirmed in a large variety of organisms and cell types (Dolznig et al
2004; Ferrezuelo et al., 2012; Garmendia-Torres et al., 2018; Ginzberg et al., 2018; Liu et al.,

2018; Xie and Skotheim, 2019). Based on this, there appear to be size thresholds embedded
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within the canonical cell cycle phase transitions. However, what allows cells to trigger cell cycle

transitions in a size-dependent manner is largely unknown.
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Figure 4. The Fantes plot illustrates cell size homeostasis. A characteristic representation of the negative
correlation that exists between S. pombe cell size at birth and cell size added during the subsequent cell cycle
(adapted from (Fantes and Nurse, 1977). Cells born small spend more time in the following cell cycle and grow
more than larger cells by adding more cell length. Cells born large grow less and divide quicker. In this way, a cell
population maintains a uniform size range. Above a certain cell size at birth, the size threshold for the next division
is already reached and a minimum cell cycle time leads to an amount of growth that is independent of cell size.
Filled squares represent normally growing cells. Open squares represent cells released from a late mitotic arrest.

1.4. Proposed size homeostasis models

1.4a. Conceptual mechanisms

There are several conceptual mechanisms that have been proposed to describe how cell
size homeostasis might be established in dividing cells. The “timer” theory suggests that cells
grow for a certain amount of time before division (Wood and Nurse, 2015), which, however, is
not what Fantes observed in unperturbed fission yeast growth. Yet this type of regulation may

contribute to cell size homeostasis in some cell types, including mammalian and bacteria cells
12



(Cadart et al., 2018; Soifer et al., 2016; Wallden et al., 2016). If this is the only mechanism of
size regulation, then cell size can be maintained only if cells grow linearly, not when they grow
exponentially. In exponential growth (larger cells grow faster than smaller cells), larger cells
would keep becoming larger. It has been shown for fission yeast and many other organisms that
cell growth is likely exponential rather than linear (Cermak et al., 2016; Cooper, 2006; Dolznig
et al., 2004; Pickering et al., 2019). The point has been debated, though, because the two
conditions are experimentally hard to distinguish. If growth is indeed exponential, then size
homeostasis cannot be accomplished by a “timer” mechanism. (This is because growth rate
differs between small and large cells during exponential growth and a pure “timer” would
steadily divert these cells from the population mean.)

As an alternative, particularly in bacteria, an “adder” mechanism has been proposed,
where cells add a certain amount of biomass before the next division (Chandler-Brown et al.,
2017; Harris and Theriot, 2016; Schmoller, 2017). This does not allow for immediate size
control; rather cells would only slowly approach the correct size after deviations following
multiple cell divisions (Facchetti et al., 2017).

In contrast to the “timer” and “adder” theory, the “sizer” theory suggests that cells divide
upon reaching a defined size (Wood and Nurse, 2015). This is consistent with the narrow range
in cell sizes at division. Unlike a “timer” mechanism, a “sizer” mechanism would actively
prevent large cells from growing too large and allow small cells to accumulate biomass and
volume before dividing again. A sizer mechanism is the only method which can effectively
maintain size control within a single generation following alterations in size (Facchetti et al.,
2017). Following decades of research, it has become apparent that fission yeast utilizes a sizer

mechanism: cells divide at a consistent length (~14 pm) with minimal deviations (Fantes and

13



Nurse, 1977), keep consistent surface area (Pan et al., 2014), and maintain active size control to
fix errors, often within a single generation (Fantes and Nurse, 1977).

The sizer mechanism requires a molecular proxy to “sense” cell size, but how cell size is
sensed is still a matter of debate. What exactly does a cell “sense” as a measurement of its size?
Fission yeast, which are rod-shaped, may utilize length, volume, or surface area as means of
measuring size (Facchetti et al., 2019; Wood and Nurse, 2015), but many cells do not have such
a uniform shape. An indirect possibility for measuring cell size may be through biomass
accumulation (Knapp et al., 2019). Any mechanism will require some sort of molecular sensor
that detects size and conveys that information to the cell cycle machinery.

To investigate potential mechanisms underlying size homeostasis, researchers have
completed mutagenic screens, particularly in yeasts, to discover genes of interest in the process
of size homeostasis (Nurse, 1975; Scotchman et al., 2021). To date, the vast majority of fission
and budding yeast single mutants have only demonstrated a change of mean cell size but not a
disruption of size homeostasis (i.e., not highly variable cell sizes within the population) (Chen et
al., 2020; Coudreuse and Nurse, 2010; Di Talia et al., 2007; Schneider et al., 2004). There are
only a select few mutants which have demonstrated a true effect on size homeostasis via a
disruption of cell size distribution in the form of increased size variability (Chen et al., 2020;
Moreno et al., 1994; Moreno and Nurse, 1994; Scotchman et al., 2021). The observation that the
majority of mutants do not change cell size variation suggests the existence of redundant

mechanisms to ensure that cell size homeostasis does not fail.
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1.4b. Molecular perspective

1.4b.1 Localized regulators may act as direct size sensors

A few proteins in fission yeast have been proposed to serve as direct sensors and
transducers of cell size. The kinase Pom1 indirectly inhibits CDK, and Pom1 is concentrated at
cell tips and becomes more dilute towards the center of the cell. This gradient of Pom1 from cell
tip to cell center was proposed as a geometric sizer (Martin and Berthelot-Grosjean, 2009;
Moseley et al., 2009; Padte et al., 2006). Martin and Berthelot-Grosjean (2009) and Moseley et
al. (2009) discovered that in the middle of the cell Pom1 interacts with the Weel pathway by
indirectly activating the CDK-inhibitor Weel and therefore acting as an indirect G2/M transition
inhibitor. Fission yeast grow by tip extension, and the model proposed that Pom1 activity is
higher in the cell center in smaller cells and lower in larger cells, and therefore larger cells are
more likely to divide. This was an elegant proposal, but studies have since shown that the Pom1
gradient may be too noisy to function as a size-control mechanism (Saunders et al., 2012). Also,
cells without Pom1 are still able to maintain effective size homeostasis (Turner et al., 2012;
Wood and Nurse, 2013). This particular model is very specific to fission yeast, although general
sizer models applicable for eukaryotes have since been developed based on this model (Deng et
al., 2014; Pan et al., 2014; Wood and Nurse, 2015).

Fission yeast Cdr2 is another cell cycle regulator that appears to respond to size in a
direct way. Cdr2 inhibits Weel and thereby activates Cdc2 (Lundgren et al., 1991). Cdr2 is
localized in clustered nodes on the plasma membrane at the center of the cell and its
concentration has been shown to not only increase with size (Pan et al., 2014), but also to be a
direct measure of S. pombe surface area (Facchetti et al., 2019; Pan et al., 2014). While division

in cells with intact Cdr2 seems to correlate well with cell surface area, division in cells without
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Cdr2 correlates more with cell volume. Importantly though, even upon removing Cdr2, size
homeostasis is still retained (Facchetti et al., 2019), similar to the situation for Pom1 removal

(Wood and Nurse, 2013).

1.4b.2 Soluble regulators may act as indirect size sensors

An increasingly studied mechanism for timing cell division with respect to cell size is the
cell size-dependent accumulation or depletion of other, soluble cell cycle regulators. Most
proteins and MRNAs keep a constant concentration as cells grow (Figure 5), i.e. they increase in
number in direct proportion to cell size (Padovan-Merhar et al., 2015; Sun et al., 2020). If the
numbers did not increase along with the cellular volume, the concentration would plummet. This
could easily cause signaling pathways and overall cell functions to deteriorate. While the
concentration of the majority of biomolecules remains constant during cell growth, there are
exceptions. These include cell cycle regulators and several transcription factors (Facchetti et al.,
2017; Marguerat and Bahler, 2012; Schmoller et al., 2015). These proteins seem to be under a
different expression mechanism which allows them to change their concentration. Importantly,
cell cycle regulators display size-dependent concentration changes across various organisms,
including bacteria, yeasts, plants, and animal cells (Ginzberg et al., 2015; Jones A. R. et al.,
2017; Jones et al., 2019; Jorgensen and Tyers, 2004).

Since these proteins are crucial regulators of cell cycle transitions, they offer a unique
size-dependent proxy to trigger cell cycle events and division at the correct cell size. These
proteins seem to either act either directly via correlation with cell size or indirectly through time
to signal division at the appropriate size (Patterson et al., 2019; Rhind, 2018). Although these

proteins have primarily been studied separately, there is convincing evidence to suggest that
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multiple cell cycle activators and inhibitors may present overlapping mechanisms to ensure
effective size homeostasis as a collaborative network (Chen et al., 2020; Facchetti et al., 2019).

Examples of cell cycle regulators whose concentrations change with cell size are budding
yeast Whi5, as well as fission yeast Cdc25 and Cdc13. Budding yeast Whi5 acts through a
dilution model to promote size homeostasis. Whi5 concentration changes in sync with cell size
such that there is a high concentration in small, newborn budding yeast cells, which dilutes out
with cell growth (Barber et al., 2020; Qu et al., 2019; Schmoller et al., 2015). Small cells with a
high Whi5 concentration do not progress to the next cell cycle phase until they grow large
enough to pass the low Whi5 concentration threshold to initiate the phase transition (Liu et al.,
2015). Whib5 has a functional ortholog in mammalian cells, the retinoblastoma protein Rb. Rb
appears to function in a similar manner with dilution by cell growth increasing the likelihood of
cell cycle progression (Zatulovskiy et al., 2020).

Fission yeast Cdc25 and Cdc13 show the opposite trend to Whi5: they accumulate at
larger cell sizes and promote cell cycle progression. Keifenheim et al. (2017) showed that cdc25
displays a size-dependent increase in mMRNA concentration. The researchers suggested that the
corresponding increase in the Cdc25 protein concentration initiates division once a certain
size/concentration is reached. It is currently unknown how the size-dependent mRNA
concentration increase is achieved. However, when Cdc25 is prevented from activating Cdc2,
cells are still able to maintain normal cell size control, suggesting that factors other than Cdc25
contribute to size homeostasis (Coudreuse and Nurse, 2010).

Cdc13 is the other prominent protein in fission yeast whose concentration increases with
increasing cell size (Alfa et al., 1989; Booher et al., 1989; Kamenz et al., 2015). Cdc13, or

cyclin B in other organisms, is a highly conserved activator of cell division. In fission yeast,
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Cdc13 is necessary and sufficient to drive mitosis (Fisher and Nurse, 1996), and can under
certain conditions drive the entire cell cycle in the absence of other cyclins (Coudreuse and
Nurse, 2010). Cdc13 is an ideal candidate for size regulation because it conveniently degrades at
the end of every cell cycle, reaccumulates in sync with cell size, and is a direct activator of Cdc2.
These traits are consistent with cyclin B behavior in mammalian cells, as well (Bailly et al.,
1992). Patterson et al. (2019) used a computational model to show that Cdc13-dependent size
control can work in silico. They also showed that reducing Cdc13 concentration through Cdc13
temperature-sensitive mutants led to longer cells (Patterson et al., 2019). It is unknown if Cdc13
indeed acts in size homeostasis, and if Cdc13 may act as a division trigger in the absence of other

canonical couplers between cell size and division such as Cdc25 (Figure 5).
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Figure 5. A model of size-dependent accumulation of Cdc13 establishing cell size homeostasis. Cdc13 is a good
candidate for involvement in size homeostasis because it degrades at each cell division and subsequently
accumulates as cells grow. Most proteins remain at a constant concentration across growing cell sizes, yet Cdc13
concentration increases with size. My project addressed if Cdc13 concentration directly reflects cell size—which
would make it an excellent candidate for regulating cell size homeostasis—or reflects time after division.
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1.4c. Size homeostasis: a global, integrated perspective

Based on our current understanding, size homeostasis is intricate and likely difficult to
understand, even in fission yeast with its presumably relatively simple regulation. Potential cell
size homeostasis regulators may measure size in different ways: length, volume, surface area, or
indirect variations of these. Further still, additional regulators likely remain to be discovered.
Removing regulators of cell size typically does not affect cell size homeostasis, such that the cell
population still maintains a narrow cell size distribution. It therefore seems unlikely, based on the
current literature, that size homeostasis is achieved through a single mechanism alone.

Recent work in budding yeast has uncovered that various cell cycle activators and
inhibitors, many more than previously thought, scale in their expression with size (Chen et al.,
2020). In general, the mRNA of mitotic activators was found to scale positively with cell size
while that of cell cycle inhibitors scaled negatively (Chen et al., 2020). This was the first
observation of widespread changes of cell cycle regulators with size. Importantly, such a
mechanism could provide redundancy and offer a protective advantage for cells. This
observation is consistent with the fact that size control is rarely broken. Most single gene
deletions do not cause size homeostasis defects, and only recently Wood and Nurse discovered
within a deeper mutagenic screen several candidates that affected size distribution upon deletion
(Scotchman et al., 2021). Therefore, it is very likely that size control mechanisms act
redundantly or in tandem with each other. The scaling of cell cycle genes with size may be a
critical regulatory feature of such a multilayered network. These new observations reinforce the
question: how does this scaling occur? This is what I have begun to address for Cdc13 in fission

yeast.
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Chapter 2. Materials and Methods

2.1. Yeast strains, culturing, and treatments

Table 1. S. pombe strains.

Strain Mating | Genotype Source Figures
type

JY001 | h- wildtype Nurse lab Fig. 7, 12A/B

JY002 | h+ wildtype Nurse lab Fig. 7

SL762 | h- leul Z<<natR<<Padh31-tetR-tdTomato Watanabe lab | Fig. 6, 13

ST946 | h- cdcl3+-internal-sfGFPcp Lab stock Fig. 7, 12A/B/E

ST947 | h+ cdcl3+-internal-sfGFPcp Lab stock Fig. 7

SW132 | h+ mad3+-ymEGFP Lab stock Fig. 7

SW132’ | h+ mad3+-ymEGFP Lab stock Fig. 7

SW627 | h+ mad3+-ymEGFP Z<<natR<<Padh31-tetR- This study Fig. 6,13
tdTomato

SW628 | h+ cdcl3+-internal-sfGFPcp This study Fig. 6, 13
Z<<natR<<Padh31-tetR-tdTomato

SW643 | h- cdcl3+-internal-sfGFPcp This study Fig. 6, 10, 13
Z<<natR<<Padh31-tetR-tdTomato

SW646 | h- cdc2-asM17 cdcl3+-internal-sfGFPcp This study Fig. 8,9
Z<<natR<<Padh31-tetR-tdTomato

SW647 | h+ cdc2-asM17 mad3+-ymEGFP This study Fig. 8
Z<<natR<<Padh31-tetR-tdTomato

SW650 | h+ rad21+-ymEGFP Z<<natR<<Padh31-tetR- | This study Fig. 12C/D
tdTomato

SW651 | h+ mad3+-ymEGFP Z<<natR<<Padh31-tetR- This study Fig. 6, 10, 13
tdTomato

SW658 | h+ Z<<natR<<Padh31-tetR-tdTomato This study Fig. 8

SW662 | h- leu<<Pcdc13+-internal-sfGFP This study Fig. 15
Z<<natR<<Padh31-tetR-tdTomato

SW668’ | h+ Z<<natR<<Padh31-tetR-tdTomato This study Fig. 16
rpl42::cyhR(sP56Q) urgl<<Purgl-cdc13+-
internal-sfGFPcp

SW669 | h- leu<<Pcdc13-cdci34: internal-stGFPcp This study Fig. 15
Z<<natR<<Padh31-tetR-tdTomato

SW672 | h+ Z<<natR<<Padh31-tetR-tdTomato This study Fig. 16
rpl42::cyhR(sP56Q) urgl<<Purgl-mad3+-
ymEGFP

Fission yeast cultures were grown in Edinburgh minimal medium (EMM) (MP

Biomedicals # 4110012) (Petersen and Russell, 2016) at 30°C and harvested during exponential
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growth phase, typically at a concentration of 1.0 x 107 cells/mL. Leucine (0.2 mg/mL) or uracil
(0.05 mg/mL) were added to media when required for auxotrophic strains or urgl promoter
expression. “Pre-conditioned” medium (i.e., medium in which cells had grown to log phase, but
from which cells have been removed) was added at a 1:1 ratio during Cdc13 and Mad3 live-cell
imaging or culture for sSnRNA FISH.

Cdc13-sfGFP strains contain an internal circularly permuted superfolder GFP, integrated
between Ser-177 and Val-178 (Kamenz et al., 2015). Mad3-GFP strains contain a C-terminal
yeast codon-optimized monomeric enhanced GFP (Sheff and Thorn, 2004; Watson et al., 2008).
Strains containing the tetR-tdTomato marker with a nuclear localization sequence were used for
nuclear segmentation during imaging (Sakuno et al., 2009).

Synchronization in S-phase was achieved by adding 12 mM hydroxyurea (MP
Biochemicals LLC, 210202305) to the culture medium and incubating for 3 hours. To arrest at
G2 phase a strain expressing an “analog-sensitive” version of Cdc2, cdc2-asM17 (F84G), was
utilized (Aoi et al., 2014). The ATP-analog 3BrB-PP1 (Toronto Biochemicals, A602985), which
specifically targets Cdc2-as, was added to the culture medium at a final concentration of 2 mM.

Incubation was continued for 3 hours.

2.2. SmMRNA FISH

The smRNA FISH method was adapted from a protocol by the Zenklusen lab and similar
to Heinrich et al. (2013). Briefly, 2.0 x 10® cells were fixed by a 30-minute incubation with 4 %
paraformaldehyde (Fisher, 04042-500). Cells were washed three times with 10 mL of buffer B
(1.2 M sorbitol, 100 mM potassium phosphate, pH 7.5; precooled at 4°C) and stored overnight at
4°C in 1 mL buffer B. Cells were resuspended in spheroplast buffer (1.2 M sorbitol, 2700 mM

potassium phosphate, 20 mM vanadyl ribonuclease complex, 20 uM B-mercaptoethanol) and
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digested with 0.2 mg/mL 100T zymolyase (US Biological, Z1005) at 30°C for about 1 hour. The

cells were washed three times with buffer B, incubated for 20 minutes in 0.01 % Triton/1x PBS,

and washed again three times in buffer B. Cells were then washed with 10 % formamide/2x SSC

(saline-sodium citrate).

Table 2. sSmRNA FISH Cal610 probes. Probes targeting mad3-ymEGFP were specific for the ymEGFP sequence.

Cdc13 probes targeted the endogenous cdc13 sequence. Probe sequences are oriented 5' - 3'.

yMEGFP (Mad3) Cdc13
probe 1 cagtgaataattcttcacctt aactcgtcaagatgctggtt
probe 2 tcaaccaaaattgggacaaca taggggaaaagtcctgttct
probe 3 gaccattaacatcaccatcta tctagctctagacagtgact
probe 4 ccttcaccggagacagaaaat ggcaagagcttttgagactt
probe 5 gtcaatttaccgtaagtagca atagcctttgaccgaatcta
probe 6 atggaactggcaatttaccag aacgtgaaggggtagtacgg
probe 7 aaagtagtgactaaggttggc acgaattctgtcggggattg
probe 8 tgttgtttcatatgatctggg taggtgctggcegagttaaac
probe 9 ctggcatggcagacttgaaaa tttttgcacgggcaatatgg
probe 10 | gttctttcttgaacataacct gaagacacagtggctttctt
probe 11 | agttaccgtcatctttgaaaa caacgcatgacgcttcttag
probe 12 | ttgacttcagctctggtcttg agtgtgtctgacatttgtgt
probe 13 | taactaaggtatcaccttcaa cacgacgggtactgacagaa
probe 14 | ataccttttaattcgattcta tcatctgttgcagggattat
probe 15 | cctaaaatgttaccatcttct aaacagaaggttggcgacgc
probe 16 | gagagttatagttgtattcca ttgaggtaacgaggggactg
probe 17 | gtcagccatgatgtaaacatt gttgcttgatccttatggaa
probe 18 | actttgataccattcttttgt cgcgttcatcaacatctttc
probe 19 | gttgtgtctaattttgaagtt catcccaatcttgagattcg
probe 20 | attgaacagaaccatcttcaa agggcatagtttcaatttcc
probe 21 | ttttgttgataatggtcagct aagctctttttgacgatcca
probe 22 | agactggaccatcaccaattg ccaatcggtaagtattccac
probe 23 | aagtaatggttgtctggtaac aacaaggcagcaatgccaac
probe 24 | ggataaacgagattgagtgga ccatccgccatatatacaaa
probe 25 | ctctcttttcgtttggatctt tcggcttgaagaatttecte
probe 26 | aattctaacaagaccatgtgg tcataggattcgggtaagca
probe 27 | ggtaataccagcagcagtaac agtcggcttttgagatacga
probe 28 | ttgtacaattcatccatacca ctgttgggaagggggataag
probe 29 ctttttggaggcatacttct
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probe 30 aatcttcatcagcgtcatcg
probe 31 gaattatcggcgactcgttt
probe 32 tatgcatctggcaatcttca
probe 33 atcggcaagtagctcaacat
probe 34 atattactccgactcatggt

Stellaris CAL Fluor red 610 FISH probes (Table 2) were used to target cdc13 or the
ymEGFP tag of mad3. The probe mix consisted of 2025 ng of probes mixed with 2 pL yeast
tRNA (Life Technologies, AM7119) and 2 pL salmon sperm DNA (Life Technologies, 15632-
011). Buffer F (20 % formamide, 10 mM sodium phosphate, pH 7.0) was added to the probe mix
and the mixture heated at 95°C for 3 minutes. 50 pL of buffer H (4x SSC, 4 mg/mL acetylated
BSA, 20 mM vanadyl ribonuclease complex) was added to the probe mix after cooling to room
temperature. Cells resuspended in the final probe mix were split into technical replicates and
incubated overnight at 37 °C. Following incubation, cells were washed with 100 uL 10 %
Formamide/2x SSC for 6 minutes and 100 puL 0.1 % Triton X-100/2x SSC for 6 minutes. Cells
were then incubated in 200 uLL 1 pg/mL DAPI in PBS for 10 minutes and washed with PBS.

Cells were imaged in Antifade Mountant SlowFade Diamond (Thermo Scientific,
S36967) on DEPC-treated microscope slides using a Zeiss Axiolmager with an sSCMOS ORCA-
Flash4.0 camera, Xcite FIRE solid state illumination and Zeiss 100x/1.45 oil objective. A 6 um
Z-stack was recorded using 0.2 um step size for all channels: brightfield, red, green, blue, and
cyan. For the red fluorescence channel, filters optimized to the probes were used (Chroma,
49306, Red#1 FISH).

The autofluorescence in the cyan channel and DNA fluorescence by DAPI, recorded in
the blue channel, were used to create cellular and nuclear outlines, respectively, using WEKA-

FISH, a custom F1JI script based on trainable Weka Segmentation (Arganda-Carreras et al.,
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2017). Images were further processed by FISHquant v3a (Mueller et al., 2013) to quantify the

number of MRNAs in each cell and nucleus.

2.3. Microfluidics fluorescence microscopy for protein quantification

Cells were diluted in the same type of medium in which cells had been grown to a final
concentration of 4.5 x 108 cells/mL. A strain lacking GFP expression (GFP-negative) was mixed
with Mad3-ymEGFP strains at 1:1 ratio to measure and subtract autofluorescence. The strain mix
was incubated at 30°C for 30 minutes prior to cell loading.

For imaging, cells were loaded into a CellASIC ONIX Y04C microfluidics plate. EMM
with required supplements was used as medium throughout the experiment and run at 6 psi. The
six media input wells of the microfluidics plate were run in symmetric pairs (1/6, 2/5, and 3/4) to
maintain homogenous flow direction. Multi-channel imaging was performed at 30°C using a
DeltaVision microscope with a pco.edge 4.2 sSCMOS camera, Olympus 60x/1.42 oil objective,
and EMBL environmental chamber.

Time-lapse images were taken every 5 minutes over the duration of 5 hours using ‘optical
axis integration’ (sum projection) over a 3.6 um z-distance. Images were deconvolved using
SoftWorx and analyzed using custom Fiji/lmageJ and MatLab scripts. Kymograph images were
created using a custom MatLab script, which rotates and aligns cells based on a manually set axis
along the length of the cell. TetR-tdTomato signal was used to segment nuclei, the brightfield
image was used to segment cells. Fluorescence intensity inside the nucleus, inside the cell, and in
the background (extracellular space) was measured.

For more accurate fluorescence measurement at a single time point, a 7.2 um z-stack of
images was recorded with 0.1 pum spacing. Images were deconvolved using SoftWorx, then

corrected for unequal illumination, axial chromatic aberration, and axial distance aberration

24



using custom Fiji scripts (Baybay et al., 2020). Nuclei and cells were segmented using the
Pomegranate macro (Baybay et al., 2020). For both time-lapse videos and z-stack images,
average fluorescence intensities from whole-cell, nuclear, or cytoplasmic volumes measured in
the GFP-negative cells in each replicate experiment were subtracted from the respective

intensities measured in Mad3-GFP and Cdc13-sfGFP expressing cells in that experiment.

2.4. Time-lapse fluorescence microscopy for protein quantification

Cells were first diluted in EMM media with any required supplements and loaded in a
lectin-coated (25 pg/mL, Sigma, L1395) Ibidi p-Slide 8-well glass bottom chamber (IBIDI USA
Inc, 80827) at a concentration of 7 x 10° cells/mL. A strain lacking any GFP expression (GFP-
negative) was mixed in at 1:1 ratio to measure and subtract autofluorescence. In order to add
drugs or change media during a live-cell imaging experiment, six images were taken in the
original medium. While cells were still on the microscope stage, the original medium was
carefully removed and new medium containing the treatment was added prior to resuming
imagining. Cycloheximide (CHX) (Neta Scientific, CMX-00083) stock was made in DMSO and
added to cells at a final concentration of 5 mg/mL. Latrunculin A (APEXBIO, B7555, provided
in ethanol) was added to cells at a final concentration of 2.5 uM. S- and G2-phase arrests were
accomplished by using hydroxyurea or 3BrB-PP1, respectively, as described above, and
immediately imaged without interruption.

Image deconvolution, analysis, and segmentation were completed as specified in Chapter
2.3. S- and G2-phase arrests and protein half-life time-lapse quantifications utilized additional
autofluorescence subtraction using GFP-negative cells: average fluorescence intensities from

whole-cell and nuclear volumes measured in the GFP-negative cells in each arrest experiment
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were subtracted from the respective intensities measured in Mad3-GFP and Cdc13-sfGFP

expressing cells in the same.

2.5. Cycloheximide treatment and protein half-life quantification by

immunoblotting

Cycloheximide (CHX) at a final concentration of 5 mg/mL was added to asynchronously
growing cultures or to cultures synchronized by 3-hour treatment with hydroxyurea (to arrest
cells in S-phase), and culture was continued at 30°C. 1.0 x 108 cells were collected at multiple
time points over the course of 6 hours following CHX addition. Samples were pelleted at 980 x g
for 3 minutes and resuspended in 1 mL 20 % TCA. Samples were finally centrifuged at
16,900 x g for 2 minutes, the supernatant removed, and pellets were frozen in liquid nitrogen. An
additional sample per time point consisting of 1.0 x 107 cells was collected and fixed in methanol
for analysis by microscopy. These samples were centrifuged at 980 x g for 3 minutes, the
supernatant removed, and the pellet resuspended in 1 mL 100 % methanol and stored at -20 °C.
These samples were later transferred into 1x PEM media (400 mM PIPES, 4 mM EGTA, 4 mM
MgSOs, pH 6.8) for imaging: samples were centrifuged at 900 x g at 4°C for 1 minute, washed
with 1 mL 1x PEM / MetOH (1:1 ratio) and recentrifuged. Cells were resuspended in 1 mL 1x
PEM and centrifuged again. Cells were then incubated in 200 uL 1 pg/mL DAPI in PBS for
10 minutes and washed with 1x PBS. Cells were finally resuspended in 200 pl of 1x PEM and
stored at 4°C prior to imaging.

Various decay models were fit in R to estimate Cdc13 half-life following CHX treatment
(Figure 12). First, a simple exponential decay was fit through all data points. This fit forces

degradation to 0, which may not be accurate if there is any leaky translation or a stable pool of
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fusion protein or GFP. | therefore alternatively incorporated an efficiency parameter—originally
used for MRNA decay by Chan et al.—which does not force degradation to 0 (Chan et al., 2018).
To additionally account for the possibility that CHX may not be effective immediately, | also

utilized the same fits with sample t = 0 removed.

2.6. Denatured whole-cell extracts

Preparation of denatured whole-cell protein extracts using trichloroacetic acid (TCA) was
performed as previously described (Sewart and Hauf, 2017). Cell pellets were resuspended and
incubated in 500 uL water and 75 pL 0.22 M NaOH/0.12 M B-ME for 15 minutes on ice. 75 pL
of 55 % trichloroacetic acid (TCA) was added for an additional 10 minutes. Samples were
centrifuged for 10 minutes at 16,900 x g, supernatant was carefully removed, and the pellet
resuspended in HU buffer (8 M urea, 5 % SDS, 200 mM Tris HCI-pH 6.8, 1 mM EDTA, 0.01%
bromophenol blue, 100 MM DTT). 2 M Tris-pH 6.8 was added at a consistent volume across
samples to neutralize pH. Approximately 300 pL of glass beads (Sigma, G8772) were added and
cells were disrupted in a ball mill for 2 min at 30 / sec. Tubes were pierced with a 20-gauge
needle and cell extract was separated from the beads and collected in 1.5 mL Eppendorf tubes
via centrifugation at 2200 x g for 1 minute. Samples were heated at 75°C for 3 minutes prior to

immunoblotting.

2.7. Immunoblotting

Samples were separated on NUPAGE 4-12% Bis-Tris Mini gels (Thermo Fisher
Scientific, NP0324) with NUPAGE 1x MOPS-SDS running buffer (Thermo Fisher Scientific,
NP000102). Samples were transferred onto 0.45 um PVDF membranes (Immobilon-P,

Millipore, IPVH00010) for two hours using a semi-dry transfer system (Amersham Biosciences
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TE-70) and transfer buffer containing 10 % methanol. Membranes were washed with TBS /
0.25 % Tween- 20 (TBS-T) and blocked in TBS-T/ 4 % low-fat milk for 30 minutes at room
temperature.

Primary and secondary antibodies were diluted in TBS-T / 4 % low-fat milk. Mouse anti-
Cdc13 (cyclin B, Novus, NB200-576) diluted 1:2,000 was applied overnight at 4°C. Mouse anti-
GFP (Roche, 11814460001) diluted 1:1,000 was applied overnight at 4°C. Rabbit anti-Mad3
H2242 (Heinrich et al., 2013) diluted 1:500 was applied for 45 minutes at room temperature.
Secondary antibodies used: anti-mouse or anti-rabbit conjugated to HRP (Dianova, 115-035-003,
111-035-003). Signals were visualized via chemiluminescence using Supersignal West Dura
Extended Duration ECL (ThermoFisher, 34076), recorded on a Bio-Rad GelDoc system, and

quantified with Bio-Rad Image Lab software.

2.8. Forced asymmetric division

The protocol to force asymmetric divisions was adapted and modified from that used by
Daga and Chang (Daga and Chang, 2005). 2 mM 3BrB-PP1 was used for 3 hours at 30 °C to
arrest cdc2-as cells at the end of G2 phase. 25 pg/mL of MBC (methyl 2-benzimidazole
carbamate or Carbendazim, Sigma, 45368) was added for 5 minutes at 30 °C to depolymerize
microtubules and facilitate displacing the nucleus during centrifugation. To concentrate the cells,
the culture at a concentration of 1.0-1.5 x 107 cells/mL was centrifuged for 1 min at 2200 rpm
and cells were resuspended in half of the original media. 150 ul of this resuspension was loaded
into 1.5 mL tubes with about 1 mL of pre-solidified 1 % agarose in EMM and centrifuged for
4 minutes at 14,000 rpm at 30°C. Cells pelleted on top of this semi-solid mixture and were

resuspended in 150 pL of regular EMM without MBC or 3BrB-PP1. This resuspension was
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transferred to a new 1.5 mL tube and spun for 10 seconds at 6000 rpm. 10 pL of cell solution
from the bottom of the tube was loaded onto an agarose pad.

For agarose pads, 1.5 % low melt agarose (NuSieve, 50080) was dissolved in EMM by
microwaving 3 minutes with intermediate agitation. The melted EMM / agarose solution was
pipetted into a channel the height of a microscope slide (1 mm). Pads solidified at 30 °C during
1 hour prior to imaging. Prior to loading cells, pads were trimmed to the size of a cover slip and
placed in the center of an imaging slide. After addition of the cell suspension, a coverslip was
added and quickly sealed with clear nail polish to mitigate drying during the 4-hour time-lapse

imaging.

2.9. Computational model

An ordinary differential equation (ODE) model was used to simulate Cdc13 protein
accumulation during the yeast growth cycle. The model was adapted from Patterson et al. (2019)
and implemented in R. The model assumes exponential growth and a constant mMRNA
concentration of 0.35 molecules/fL across the cell cycle determined from Figure 6. Curves were
normalized to pass through 120 molecules/fL at 100 fL to keep Cdc13 concentration at division
consistent in all models. Different protein half-lives were used in the model to visualize
differences in Cdc13 accumulation dependent upon its half-life. Short and long half-life values
were based on realistic S. pombe half-lives: 25 min (determined from Figure 12 for Cdc13) and
3 hours, respectively. Both a wild-type cell cycle duration (150 minutes) and an extended cell
cycle duration (300 minutes) were simulated to demonstrate Cdc13 accumulation.

We modelled both time- and size-dependent Cdc13 accumulation during the cell cycle. A

time-dependent model assumes that both translation and degradation rates stay constant during
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growth and do not change with cell size. Cdc13 accumulation was modelled using the following
differential equation (Eq.1):

dCdc13
prante ksyn X MRNA — kgeq X Cdc13 Eq. 1

where Ksyn IS the protein synthesis rate, Kqeq the protein degradation rate, MRNA the mRNA
number, and Cdc13 the protein number.
To develop a size-dependent model either the protein synthesis rate (Eg. 2) or protein

degradation rate (Eq. 3) was scaled positively or negatively, respectively, with increasing cell

volume:
dCdcl13
Framie Ksyn X MRNA X V —kgeq X Cdc13 Eq.
dCdc13 Cdc13
dt = ksyn X MRNA — kdeg X v Eq 3

In addition, to simulate that Cdc2 might be influencing Cdc13 stability after Cdk/cyclin
binding, we modelled Cdc13 accumulation using different Cdc2 concentrations, 40 mol. / fL and
300 mol. / fL. We assumed that all Cdc13 was binding to Cdc2 as long as free Cdc2 was
available and that Cdc13 was stabilized when bound to Cdc2 (20 % of the degradation rate
otherwise assumed).

Modelling of nuclear and cytoplasmic Cdc13 concentrations (Figure 14) was performed

by Xiangyu Yao and Jing Chen.
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Chapter 3. Results and Discussion

3.1. Cdc13 protein, but not mRNA concentration, increases during the cell cycle.

| first wanted to confirm the increase of Cdc13 concentration with cell size and to
precisely describe the accumulation kinetics. To visualize Cdc13, | employed a strain expressing
endogenous cdc13 with a circularly permuted superfolder GFP internal tag (Cdc13-sfGFP). As a
control protein for the more common case when concentration stays constant, | used a spindle
assembly checkpoint protein, Mad3, with a C-terminal GFP tag. Similar to Cdc13, Mad3 is
enriched in the nucleus, which makes it an appropriate control. | confirmed using microfluidics
in asynchronous populations, both by quantifying 3D-segmented single cells (Figure 6A) as well
as by time-lapse imaging (Figure 6B), that Cdc13 protein concentration increases with cell size
over one cell cycle. This is in contrast to the control, Mad3, whose concentration remains

constant.
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Figure 6. Cdc13 protein concentration increases with cell size and cell cycle time. A. Cellular volumes and
cellular GFP concentration in single cells were measured. Autofluorescence, determined from measurements in cells
without GFP, was subtracted. Axes were shortened for viewing purposes, removing 22 cells from the Cdc13 dataset
and 8 cells from the Mad3 dataset. Cdc13-sfGFP: n1 = 1,318, n2 = 2,443 cells; Mad3-GFP: n1 = 478, n2 = 1,529
cells. B. Single cells were imaged over time. Cellular area and cellular GFP concentration were quantified. Data are
aligned to the time point of nuclear separation (dashed line). C. Kymographs of representative cells from (B).
Horizontal scale bar: 20 minutes, vertical scale bar: 5 pm.
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To investigate whether cdc13 mRNA also scales with cell size in single cells, | performed
single-molecule mMRNA FISH using cdc13-sfGFP and mad3-GFP strains. In general, cdc13 is a
high copy-number gene compared to mad3 with a mean mMRNA number per cell of about 20
compared with 4 for mad3 (Figure 7A). As expected (Padovan-Merhar et al., 2015; Sun et al.,
2020; Zhurinsky et al., 2010), mRNA numbers in single cells increased with increasing cell
volume for both strains (Figure 7A, top panels). Representative SmMRNA FISH images with small
and large cells from cdc13-sfGFP and mad3-ymEGFP strains illustrate this (Figure 7B). Unlike
the data presented for cdc25 in fission yeast (Keifenheim et al., 2017), | discovered that the
cdc13 mRNA concentration did not scale with cell size but stayed constant throughout interphase
(Figure 7A, middle). This was true both when quantifying the concentration in the entire cell and
in the cytoplasm (Figure 7A, middle and lower). To observe potential effects of the sfGFP tag, |
also used a wild-type strain and quantified endogenous untagged cdc13 mRNA. | did not observe
any major differences between the untagged and tagged cdc13 strains, although the mRNA
numbers were slightly lower for untagged cdc13 than for cdc13-sfGFP. Overall, the lack of
MRNA concentration scaling with cell size indicates that the regulation behind Cdc13 protein
scaling is post-transcriptional. My findings agree with a recent study which showed that the
cdc13 promoter is not required for the Cdc13 protein concentration to scale with size (Patterson

etal., 2019).
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Figure 7. cdc13 mRNA concentration remains constant with increasing cell size and cycle time. A. Upper
panel: Single cells were analyzed for mMRNA number using SmMRNA FISH. Probes for the cdc13 coding sequence
were used for cdc13 and cdc13-sfGFP; probes for GFP were used for mad3-GFP. Middle panel: mRNA
concentration was quantified by dividing the mRNA number by the approximate cell volume. Lower panel:
Cytoplasmic mRNA concentrations for each replicate. Middle and Lower: Lines show linear regression with 95 %
confidence interval as shaded area. Replicate experiments are shown separately in the middle and lower panels and
pooled for the upper panel. All: Axes were shortened for viewing purposes, removing 35 cells from the cdc13
dataset, 22 cells from the cdc13-sfGFP dataset, and 58 cells from the mad3 dataset. All data points were used to
calculate linear regression. B. Representative cells from (A). Mono-nucleated cells and a bi-nucleated cell are shown
for Cdc13.
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Interestingly, cdc13 mRNA concentration increases during a small time window around
cell division mostly in bi-nucleated cells (Figure 6A and 6B). Transcriptome analyses have also
reported a similar finding (Santos et al., 2015). The reason for this phenomenon is unknown. It is
possible this pulse in MRNA copy number aids initial protein synthesis after APC/C-mediated
Cdc13 degradation in mitosis. The transient increase may be driven by the cell cycle-specific

transcription factor Atfl (Bandyopadhyay et al., 2014).

3.2. Cdc13 concentration continues to increase in prolonged cell cycles,

independent of cell cycle stage.

When S. pombe cells are blocked in cell cycle progression, they continue to grow. Most
proteins remain at a steady concentration during this exaggerated cell growth, but the
concentrations of Cdc13 and Cdc25 have been reported to increase under these conditions
(Creanor and Mitchison, 1996; Kamenz et al., 2015; Moreno et al., 1990). A possible hypothesis
for this observation was that Cdc13 and Cdc25 may respond to the increasing cell size whereas
other proteins do not. | wanted to understand the kinetics of the increase and find out whether the
concentration plateaus — possibly at a concentration that depends on cell cycle stage.

To test this, | arrested cells at either S phase using hydroxyurea or at the end of G2 phase
using the ATP analog 3BrB-PP1 in an analog-sensitive cdc2-as strain to inhibit Cdc2 (see
Methods). After 4 hours of arrest, the cells were indeed larger—up to 3—4 x the cell’s original
size during the arrests (Figure 8). The Cdc13 concentration continued to increase throughout the
arrests in most cells, whereas the Mad3 concentration stayed stable (Figure 8A and 8B). | also
observed that the Cdc13 protein concentration in S-arrested and G2-arrested cells was relatively
similar at similar cell sizes (i.e. in longer S-arrested and shorter G2-arrested cells). | conclude

from these data that Cdc13 protein continues to accumulate along with cell size even if the cell
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cycle is stopped. Furthermore, | did not observe any consistent concentration plateau, although
single-cell accumulation rates tended to slow down in larger S-phase-arrested cells (Figure 8A).
This may be due to the genome prevented from duplicating during the arrest and synthesis rate
being lower with an unreplicated genome. Regardless, | could not distinguish a characteristic cell

size or concentration at which this occurs.
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Figure 8. Cdc13 protein keeps accumulating in cells that do not progress through the cell cycle. Single cells
were imaged over time following either an S-phase (A) or G2-phase (B) arrest. Cells were arrested in S-phase by
hydroxyurea and in G2-phase by the ATP analog 3BrB-PP1 using a strain expressing analog-sensitive cdc2-as. A
and B. Upper panel: Cellular area and cellular GFP concentration were quantified. Autofluorescence, determined
from measurements in cells without GFP, was subtracted. Black lines represent average Cdc13 accumulation. Lower
panel: Kymographs of representative arrested cells. Horizontal scale bar: 30 minutes, vertical scale bar: 10 pm.
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3.3. Cdc13 does not accumulate in a size-dependent manner following asymmetric

cell division.

Although the Cdc13 concentration seems to increase with cell size, it is possible that this
is indirect, i.e., both Cdc13 concentration and cell size may increase with time, but independently
from each other. To experimentally distinguish between time- and size-dependent Cdc13
accumulation, I decided to induce an asymmetric cell division and then track the two daughter
cells as they accumulate Cdc13. In order to be able to trigger an asymmetric division without any
genetic manipulation, we used a protocol developed by Daga and Chang (2005). In this protocol,
cells synchronized in G2 phase are centrifuged in the presence of a microtubule drug. Without
microtubule stabilization, the force exerted by centrifugation can move the nucleus off center.
Since the cytokinesis machinery assembles where the nucleus is located, this can induce an
asymmetric division. Releasing the cells from the arrest immediately following centrifugation
forced cells into mitosis with asymmetric nuclei. In this experiment, each daughter cell starts
with the same concentration of Cdc13—which will be low right after mitosis due to APC/C-
mediated degradation. But importantly each daughter cell has a different cell size at birth. If
Cdc13 accumulation was size-dependent, the concentrations in the larger daughter cells should
increase faster. In contrast, if Cdc13 accumulation was time-dependent, the concentrations in the
two daughter cells should rise similarly or possibly even faster in the smaller daughter cell if the
same amount produced is confined to a smaller volume.

Not all cells in this experiment divided asymmetrically, and | focused on those cells with
an asymmetrically located nucleus at the time of nuclear division, which | followed through cell
division and the subsequent cell cycle (Figure 9A and 9B). An example of such a cell is shown in

Figure 9B. We quantified cell growth via cell area during the time course which revealed that
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both daughter cells grew little (Figure 9A). This is most likely a consequence of the excessively
large size of the mother cell after the G2 arrest and may suggest that these cells regulate growth
in response to cell size. However, we cannot rule out that this is an unintended consequence of
the imaging conditions: cells in this experiment are grown on agarose pads for an extended
duration, which may not supply the same amount of nutrients as liquid medium.

An additional complication in this experiment was that some cells that had an
asymmetrically positioned nucleus still eventually produced daughter cells of similar size based
on the area measurements (Figure 9A). There also appears to be an extended timeframe between
nuclear separation and cell division in these cells (46 minutes) compared to unperturbed cell
cycles (35 minutes), which might account for some of the asymmetry having been corrected by
the time of cell division.

Even when daughter cell sizes differed, the Cdc13 protein concentration increase in both
daughter cells was similar (Figure 9A). Accumulation rates of Cdc13 protein in the nucleus also
appeared comparable between small and large daughter cells (Figure 9B). In most cases, one of
the daughter cells divided earlier, but there was no clear correlation with cell size, suggesting
that size control is not perfect at least within the frame of one cell cycle. From the consistent
Cdc13 accumulation rates between small and large daughter cells, | conclude that the Cdc13
protein concentration does not directly respond to cell size. Instead, Cdc13 concentration and cell

size may increase synchronously, but independently, with the passage of time.
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Figure 9. Cdc13 accumulates at the same rate in differently sized daughter cells after asymmetric cell
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well as cellular and nuclear GFP concentration were quantified. Data are aligned to the time point of mother cell

nuclear separation (dashed line). The time point of cellular division (septation completed) is shown as a dotted line.
Daughter cell identities are identified via pink and purple traces. B. Kymograph of a representative asymmetrically
dividing cell, indicated by the bold boxes in (A). Horizontal scale bar: 13 minutes, vertical scale bar: 5 um. Data in

this figure were collected and partly analyzed by Mitchell Woodhouse, an undergraduate researcher who |

supervised.
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3.4. Uncoupling cell size from Cdc13 protein synthesis by slowing down cell

growth does not slow Cdc13 accumulation.

As an additional test whether Cdc13 protein concentration reflects cell size, | used
treatment with the actin inhibitor latrunculin A. This drug has been reported to inhibit cell
volume growth while mass continues to increase, likely due to a constant biomass synthesis rate
despite the forced halt in volume growth (Odermatt et al., 2020).

Odermatt et al. (2020) utilized a very high concentration of latrunculin A to fully inhibit
cell growth. 1 used a lower concentration in my experiment due to restraints from the solvent in
which the drug was dissolved. As a consequence, cells continued to grow—albeit at a slower rate
(Figure 10A and 10C). In fact, | observed two phases of growth in this experiment. Prior to the
first mitosis following latrunculin A treatment cells grew slower, but growth was further slowed
down after mitosis (Figure 10A and 10B). This may be a consequence of the abnormal mitosis
caused by the actin inhibition and incomplete cytoskeleton disassembly: cells are unable to
undergo cytokinesis and therefore remain bi-nucleated after mitosis (Figure 10B, lower panel). |
restricted my quantification to the period prior to nuclear separation where cells are still mono-
nucleated. However, Cdc13 clearly accumulated in the binucleated cells after nuclear division,
despite hardly any volume growth (Figure 10A,B), which supports the notion that Cdc13

concentration does not directly reflect cell size.
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Figure 10. Latrunculin A treatment demonstrates Cdc13 protein accumulation even when cellular growth is
inhibited. A. Single cells were imaged over time following latrunculin A treatment. Cellular area and cellular GFP
concentration were quantified. Control cells were untreated and continued to divide past the analysis timeframe. B.
Kymographs of representative cells from (A). Horizontal scale bar: 15 minutes, vertical scale bar: 5 um. Upper:
representative latrunculin A-treated Cdc13-sfGFP and Mad3-GFP cells prior and during the first division after
treatment started. Lower: representative latrunculin A-treated Cdc13-sfGFP cell during and after the first division
after treatment started. C. Quantification of cellular growth rate and GFP concentration accumulation rates using
linear regressions within the timeframe prior to nuclear separation. Box-whisker representations with single cells as
dots.
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Quantifying cell size, Cdc13, and Mad3 concentrations prior to the first nuclear division,
| found that both Cdc13 as well as Mad3 protein concentration increased during latrunculin A
treatment (Figure 10C). This was consistent with the mass increase observed by Odermatt et al.
(2020) during latrunculin A treatment. The rate of increase in the cellular and nuclear
concentration of Cdc13 was higher than in untreated cells (Figure 10C). Therefore, the data

strengthen my conclusion that Cdc13 protein concentration does not reflect cell size directly.

3.5. Computational modeling predicts that Cdc13 time-dependent protein

accumulation is facilitated by a long Cdc13 half-life.

The experiments described above suggest that Cdc13 protein concentration does not
directly reflect cell size, but instead both cell size and Cdc13 protein concentration increase
concurrently with time. To analyze the expectations from time- or size-dependent accumulation
(Figure 11A), we implemented an ordinary differential equation (ODE) model to simulate Cdc13
protein concentration increase during exponential fission yeast growth in single cells. The model
assumes a constant mMRNA concentration that was determined from my experimental results
(refer to Figure 7). The model explores accumulation under both a wild-type cell cycle duration
of 150 minutes and an extended cell cycle duration of 300 minutes to simulate the situation of

cell cycle arrests when mitosis is delayed.
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Figure 11. A continuous increase of Cdc13 protein concentration from cell birth to division requires a long
protein half-life or scaling of either protein synthesis or degradation rate. A. Two alternative models for Cdc13
accumulation: time-dependent vs. directly size-dependent. B-D. Simulations from ordinary differential equation
(ODE) models with protein synthesis (ksyn) and degradation rate (Kqeg) as free parameters. Cell volume growth is
exponential. The mRNA concentration is kept constant. Parameters are tuned so that Cdc13 protein concentration
curves pass through 120 mol./fL at 100 fL, which is a realistic Cdc13 protein concentration. Both a normal cell cycle
length (150 min) and a prolonged cell cycle (300 min) are shown. B. Time-dependent protein accumulation. Protein
half-life simulated as 25 minutes (light blue) or 3 hours (dark blue). C. Time-dependent protein accumulation.
Cdc13 protein half-life is prolonged by binding to Cdc2. Different concentrations of available Cdc2, 40 mol./fL
(fow) or 300 mol./fL (high), are simulated. Cdc13 half-life is 25 minutes for the free pool and 125 min for the Cdc2-
bound pool, D. Size-dependent protein accumulation. i) Synthesis rate increases with cell size. Protein half-life
simulated as 25 minutes. ii) Degradation rate decreases with cell size. Protein half-life begins at 25 minutes. All data
presented here were generated by Claire Morton, a high-school research mentee | supervised, with additional
support by Erod Baybay and Xiangyu Yao.

The time-dependent accumulation model assumes that translation and degradation rates
do not change with size, and the Cdc13 protein concentration increase is solely due to the
passage of time. Under this time-dependent model, Cdc13 concentration eventually approaches a
constant value and the time required to reach this value depends on its protein half-life
(Figure 11B). Therefore, Cdc13 would need to have a long protein half-life to show the
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continually increasing protein concentration over one cell cycle or longer that is experimentally
observed (Figure 11B). If Cdc13 had a short (25 min) protein half-life, Cdc13 protein
concentration would stop increasing well within the canonical fission yeast cell cycle duration
(Figure 11B).

Since Cdc13 binds to Cdc2, we considered the possibility that Cdc13 protein may be
stabilized by this interaction. Stabilization of proteins by complex formation is a relatively
common phenomenon (Ishikawa et al., 2017; Taggart et al., 2020). If stabilization of Cdc13 by
Cdc2 should account for its continued accumulation, Cdc2 should have a high concentration with
respect to Cdc13 (Figure 11C).

Alternatively, under the size-dependent accumulation model, Cdc13 accumulation could
be attained by scaling synthesis rate with cell volume (Figure 11Di) or by scaling protein
degradation rate inversely with cell volume (Figure 11Dii). Based on these theoretical

considerations, it seemed important to examine Cdc13 half-life.

3.6. Cdc13 protein half-life is short following translation inhibition.

In order to experimentally determine Cdc13 protein half-life, | used translational shut-off
by cycloheximide (CHX) and quantified protein abundance of untagged Cdc13, Cdc13-sfGFP,
and Mad3 by immunoblotting at different timepoints after addition of CHX (Figure 12A and
12B). Comparing Cdc13 and Cdc13-sfGFP allows me to detect any potential influence of the

sfGFP tag on Cdc13 half-life.
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Figure 12. Translation shut-off by cycloheximide reveals a short protein half-life for Cdc13. A. Immunoblot of
cycloheximide translation shut-off. Antibodies against Cdc13 and Mad3 were used. B. Fitting of the data in (A) with
different decay models. Solid lines indicate a simple exponential decay model. Dotted lines indicate decay models
excluding the 0-minute time point and renormalized to the 15-min time point. Dashed lines for Cdc13 indicate an
exponential decay model using the “efficiency parameter” described in Chan et al., 2018 (i.e., not assuming that the
concentration decays to zero). Mad3 half-life values obtained by the different fits ranged between 360 and 1810
minutes; those for Cdc13 half-life ranged between 16 and 40 minutes; those for Cdc13-sfGFP half-life between 18
and 50 minutes. C. Immunoblot of cycloheximide translation shut-off in asynchronous cells or cells which were
treated with HU for 3 hours to arrest them in S phase. Asterisks indicate cross-reacting bands using Cdc2 antibody.
D. Fitting of the data in (C) with different decay models. Cdc13 half-life values obtained by the different fits in
asynchronous cells ranged between 23 and 60 minutes and in S-phase-arrested cells between 37 and 50 minutes.
Refer to (B) for the description of the kind of models used. E. Quantification of cells in early mitosis, anaphase, or
interphase after methanol-fixation of DAPI-stained samples from the experiment in (C). (Cells were classified as
“mitotic” if the DNA was condensed and a spindle was visible, as “anaphase” when two DNA masses were present
in an unseptated cell, and as “septated” when two DNA masses and a septum were visible. All other cells were
classified as “interphase”.) Asynchronous: t0 = 761, t15 = 344, t30 = 629, t60 = 520, t90 = 632, and t180 = 322. S-
phase-arrested: t0 = 680, t15 = 676, t30 = 405, t60 = 487, t90 = 504, and t180 = 463.
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Previous data have shown that Mad3 has a long half-life of several hours (Esposito et al.,
under revision; Sczaniecka et al., 2008). Cdc13 degrades faster than Mad3 (Figure 12A). Fitting
the data to different underlying models (see Methods) indicated Cdc13 protein half-lives in the
range of 16-40 minutes. Although relatively unchanged, I did find a slightly longer half-life for
the tagged protein (18-50 minutes). To ascertain whether different degradation kinetics of Cdc13
protein and its SFGFP tag might affect the half-life estimates, | probed the membrane with
Cdc13-sfGFP samples with a GFP antibody to look for any GFP-sized band in these samples that
may suggest differential degradation, but could detect none (data not shown).

These data are broadly consistent with previous cycloheximide results for Cdc13 from
fission yeast (Esposito et al., under revision; Horikoshi et al., 2013). A previous large-scale study
found that Cdc13 was within the lowest 1% percentile of all S. pombe protein half-lives
(Christiano et al., 2014). This whole-cell short half-life surprisingly suggests that a purely time-
dependent accumulation model poorly explains the Cdc13 accumulation data.

| considered the possibility that my analysis might be biased by some cells still
undergoing mitosis following the CHX addition. These mitotic cells could artificially lower the
whole-cell half-life estimate via their rapid mitotic degradation of Cdc13. To understand if
mitotic cells were artificially decreasing the half-life, | added hydroxyurea 3 hours prior to CHX
addition in order to arrest cells in S-phase prior to the translation shut-off. Fitting decay models
to the asynchronous and S-phase-arrested data revealed no major difference in half-lives
(Figure 12C and 12D). I also visually scored methanol-fixed cells in both the asynchronous and
S-phase-arrested cultures to determine the fraction of mitotic cells at different timepoints
(Figure 12E). The results show that in the asynchronous culture, the small fraction of actively

dividing cells decreases within the first hour following CHX addition. In contrast, no mitotic
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cells were detected in the S-phase-arrested culture (Figure 12E). The fraction of mitotic cells
present in the early samples in the asynchronous culture is so small that | do not expect it to
greatly influence the overall half-life, consistent with the similar half-lives I estimated from
asynchronously growing or S-phase-arrested cells (Figure 12D). The Cdc13 protein half-life
measured in the S-phase-arrested samples was in the range of 37-53 minutes, and | conclude that

this represents the Cdc13 half-life in interphase.

3.7. Cdc13 protein accumulation occurs only in the nucleus.

My results thus far were enigmatic. Perturbing cell size suggested that Cdc13
accumulates with time and does not directly reflect cell size. However, the short protein half-life
measured in the translational shut-off experiments seemed inconsistent with a purely time-
dependent accumulation of Cdc13. | therefore considered whether cells may contain different
pools of Cdc13 with short and long half-lives.

Since Cdc13 accumulates in the nucleus, | found it pertinent to elucidate any potential
difference between the nuclear and cytoplasmic pools. | therefore analyzed nuclear and
cytoplasmic concentrations for both Cdc13-sfGFP and Mad3-GFP in the live-cell imaging
experiments from Figure 6. The Mad3 concentration was fairly constant in both the nucleus and
cytoplasm (Figure 13A and 13B, right). For Cdc13, however, accumulation was solely limited to
the nucleus, whereas its cytoplasmic concentration remained constant throughout most of
interphase (Figure 13A and 13B, left). | did observe a peak in cytoplasmic concentration just
prior to mitotic entry, which is most likely caused by nuclear export, since the whole-cell
concentration remains constant, but the nuclear concentration decreases during the same
timeframe (Figure 13B, left). The purpose of this transient nuclear export is unknown, but may

be a yet unexplained requirement for mitotic entry.
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Figure 13. Cdc13 protein accumulation with cell size is restricted to the nuclear pool. A. GFP concentrations in

single cells were measured both in the nucleus and the whole cell. Autofluorescence, determined from

measurements in cells without GFP, was subtracted. Cytoplasmic values were determined from these data (see
Methods) and values for nucleus and cytoplasm are shown. Axes were shortened for viewing purposes, removing 22
cells from the Cdc13 dataset and 8 cells from the Mad3 dataset. Cdc13-sfGFP: n1 = 1,318, n2 = 2,443 cells; Mad3-
GFP: n1 =478, n2 = 1,529 cells (same experiment as Figure 6A). B. Single cells were imaged over time. Nuclear
and cellular GFP concentrations were measured, and cytoplasmic concentration was determined from these data (see
Methods; same experiment as Figure 6B/C).
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3.8. Computational modeling predicts Cdc13 nuclear stabilization is sufficient to

explain nuclear accumulation.

The lack of cytoplasmic Cdc13 accumulation was unexpected: different cellular
compartments would be expected to have the same trend. Therefore, a post-translational aspect
of Cdc13 regulation likely is constrained to either the nuclear or cytoplasmic pool to only cause
nuclear accumulation over time. Again, we utilized computational modeling to understand
potential reasons for this discrepancy between nuclear and cytoplasmic pools. Building upon the
aforementioned model, Xiangyu Yao incorporated additional parameters to include nuclear
import and export, and allow for potentially different Cdc13 protein half-lives in the nucleus and
the cytoplasm (Figure 14A). This model allows it to simulate Cdc13 accumulation in the entire
cell as well as in the nucleus and cytoplasm. The model was fitted to the live-cell imaging data
(Figure 6 and 13) and to the requirement for a relatively short whole-cell Cdc13 half-life based
on the CHX data (Figure 12). An optimal parameter set is shown in Figure 14C and the model
simulation with these parameters in Figure 14B. The simulation fits the experimental data well.
As can be seen from the parameters, this solution requires stable Cdc13 protein in the nucleus
(low kgpn) and less stable Cdc13 protein in the cytoplasm (higher kqp). Because of the very stable
Cdc13 in the nucleus, this pool of Cdc13 reaches steady-state only slowly and therefore keeps
accumulating. Cdc13 in the cytoplasm, in contrast, reaches steady-state quickly and therefore
maintains a stable concentration. The whole-cell half-life is a composite of the half-life in the
nucleus and the cytoplasm, and in this particular simulation had a value of 113 min—which is
shorter than the half-life of Mad3, but still somewhat longer than the measured half-life of

Cdc13.
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= cell volume at the beginning of the cell cycle). Cytoplasmic Cdc13 concentration is determined by cytoplasmic
synthesis and degradation, as well as nuclear import and export. Nuclear Cdc13 concentration is determined by

import and export as well as protein degradation inside the nucleus. The APC/C-mediated degradation of Cdc13 is
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option to scale synthesis rate, degradation rate, nuclear import, or nuclear export with cell size using the parameters
o, B, v, and g, respectively. Right: schematic of core model parameters. B. Simulation of Cdc13 accumulation setting

all scaling parameters (o, B, v, and €) to be zero. Both the model simulation (red) and experimental data obtained
from experiments in Figure 6 (blue) are shown for whole cell, cytoplasmic, and nuclear Cdc13 pools. C. Optimal

parameters for the model which achieved a good fit to experimental data and are used in (B). All data presented here

were provided by Xiangyu Yao in the group of Jing Chen (Virginia Tech).
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An analytical examination of this model (not shown) suggested that the accumulation of
Cdc13 in the nucleus as well as stable cytoplasmic concentration can indeed be explained solely
by stabilization of Cdc13 inside the nucleus. Whether it will be possible to reconcile the short
protein half-life measured in the translational shut-off experiment with the requirement for very
stable Cdc13 in the nucleus, where most Cdc13 is concentrated, remains to be established. It is
important to be aware that the experimental half-life measurement may be inaccurate, because
CHX perturbs the entire cell physiology by causing a global translational shut-off. However, if
other techniques confirm a Cdc13 protein half-life that is so short that it seems inconsistent with
a strong stabilization in the nucleus, we need to consider more complicated models, e.g. where
one of the parameters (e.g. protein synthesis rate, protein degradation rate, nuclear import rate, or

nuclear export rate) changes over time.

3.10. The cdc13 coding sequence is necessary for nuclear localization and

accumulation.

The analysis so far suggested that the accumulation behavior of Cdc13 requires features
of the protein, such as its mitotic degradation, propensity for nuclear import and its stabilization
in the nucleus, but not necessarily specific gene expression features, such as regulation of
transcription or translation. To address the requirements for Cdc13 accumulation from a different
angle, | began to delve into what features of the cdc13 gene may contribute to Cdc13
accumulation. To do so, I inserted a second copy of cdc13-sfGFP at an exogenous locus while
the endogenous copy of cdc13 remained unaltered to provide cell cycle functionality. This
second copy included 100-150 base pairs of regulatory sequence upstream of the transcription

start site and downstream of the 3> UTR.
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Reassuringly, | saw the same nuclear but not cytoplasmic accumulation of Cdc13 in the
strain expressing Cdc13-sfGFP from the exogenous locus (i.e. having two copies of Cdc13 in the
genome) as | had seen using endogenously expressed single-copy Cdc13-sfGFP (compare to
Figure 6). The exogenous copy then allowed me to test deletion of certain regions of the cdc13
gene. In particular, I initially wanted to test whether the cdc13 coding sequence is important for
localization and accumulation, and | therefore replaced the coding sequence at the exogenous
locus with sfGFP (cdc134-sfGFP), keeping the endogenous cdc13 intact and functional to run
the cell cycle. I then followed these cells by live-cell imaging. Importantly, the strain where the
cdc13 coding sequence had been replaced with sSfGFP did not show any protein accumulation
over time (Figure 15A). Representative kymographs over the cell cycle for both cdc13-sfGFP
and cdc134-sfGFP illustrate the difference (Figure 15B). The cytoplasmic concentration in the
cdc134-sfGFP strain was considerably higher than that in the cdc13-sfGFP strain and the nuclear
concentration resembled that in the cytoplasm, suggesting the nuclear pool here is simply due to
diffusion through nuclear pores and that the strong nuclear enrichment of Cdc13-sfGFP is driven
by regulatory sequences within the protein, such as nuclear localization signals (see Figure 1D). |
observed a brief peak of sfGFP concentration in the cdc13A4-sfGFP strain just after nuclear
division. The cause of this phenomenon is unclear, but | speculate that this is a consequence of
the higher mRNA levels observed for cdc13 around that period in the cell cycle (Figure 7). Since
the construct uses the cdc13 promoter as well as cdc13 5° and 3° UTR, I assume that this peak in

MRNA concentration still occurs, which could be tested by smFISH.
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In summary, the replacement of the cdc13 coding sequence revealed that the promoter
and regulatory regions surrounding the coding sequence are insufficient to explain the
accumulation of Cdc13 throughout the cell cycle. Rather, the specific protein sequence of Cdcl13
is needed for both localization and protein accumulation of Cdc13. This agrees with our model
and supports a conclusion that nuclear stabilization seems a likely cause for nuclear

accumulation.

3.11. Cdc13 nuclear protein half-life is longer in live-cell imaging following either

gene-specific or translation shut-off.

In order to determine directly whether nuclear Cdc13 protein may be stable, I utilized live
cell imaging to monitor Cdc13 half-life following translation shut-off. In order to avoid potential
side effects from CHX, | used a gene-specific translation shut-off method that has shown
efficacy for other proteins (Rissland and Norbury, 2009; Watson et al., 2011). | inserted cdc13-
sfGFP and mad3-GFP at the urgl locus under the urgl promoter to be regulated by uracil, such
that the removal of uracil prevents transcription. Since cdc13 and mad3 mRNA half-lives are
short-about 3 and 5 min, respectively (Eser et al., 2016; Esposito et al., under revision) —this
should efficiently block Cdc13 synthesis. Using this system, I arrested cells in S-phase in the
presence of uracil, then washed out uracil, and imaged cells over time. | observed Cdc13 showed
some oddly variable expression behaviors and localization tendencies, most of which were
lessened during the S-phase arrest. This may be due to the seemingly essential cdc13 5> UTR
(Patterson et al., 2019) having been removed in this construct. Because | excluded cells with
abnormal localization, this restricted the number of cells available for analysis.

| noticed that both Cdc13 and Mad3 visually declined over the 4-hour time course, as

seen in single cell kymographs and the quantification of nuclear concentration (Figure 16A and
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16B). Since cells continue to grow in this S-phase-arrest, part of the reduction is due to dilution,
and part of it is due to protein degradation. To avoid the dilution effect, I quantified the total
signal in the nucleus over time (Figure 16C). Whereas Mad3 showed a long nuclear half-life
consistent with the long cellular half-life, I discovered that Cdc13 had an extended nuclear half-
life of about 113 minutes (Figure 16C). This half-life differs from that of my whole-cell CHX
experiments that showed a shorter half-life of around 30-50 minutes. These data are consistent
with nuclear Cdc13 being more stable and the half-life measured in whole cells being influenced

by a potentially shorter half-life in the cytoplasm.
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Figure 16. Promoter shut-off reveals slow decay of the nuclear pool of Cdc13-sfGFP. A. Cells expressing
Cdc13-sfGFP or Mad3-GFP under a uracil-regulatable promoter (Purgl) were treated with HU for 3 hours to arrest
them in S-phase, and then imaged over time following uracil removal to shut off expression. Nuclear GFP
concentrations were measured and autofluorescence, determined from measurements in cells after Cdc13 mitotic
degradation, was subtracted (see Methods). Data are aligned to the time point of uracil removal. B. Kymographs of
representative cells from (A). Horizontal scale bar: 15 minutes, vertical scale bar: 5 um. C. Simple exponential
decay curves (black, dashed line) were fitted to total nuclear signal per timepoint, normalized to the value at

50 minutes following treatment.
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To see if a longer nuclear half-life could also be observed after CHX treatment, |
additionally treated cells with CHX and followed them by live-cell microscopy. | obtained
similar data to the urgl promoter shut-off showing a slow decay of both Cdc13 and Mad3 in the
nucleus over the course of the treatment (Figure 17A and 17B). Furthermore, as these cells are
prevented from growing, | also compared small versus large cells to understand if there was any
change in nuclear half-life with cell size (Figure 17B). I did not detect an obvious nuclear half-
life difference between small and large cells (Figure 17C), which suggests the nuclear
degradation rate is most likely constant across cell sizes and does not inversely scale with cell
size (as has been explored theoretically in Figure 11). Both the Mad3 and the Cdc13 nuclear
half-life were longer in CHX compared to the urgl promoter shut-off experiment (Figure 17D),
potentially reflecting side-effects of CHX. Mad3 nuclear half-life was around 350 minutes and
that of Cdc13 around 230 minutes, considerably longer than determined by immunoblotting of

whole-cell extracts (Figure 12).
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B. Kymographs of representative cells from the experiment in (A). Horizontal scale bar: 25 minutes, vertical scale
bar: 5 um. Upper: Large cells at time of CHX addition. Lower: Small cells at time of CHX addition. C. Single cell

nuclear half-lives from the experiment in (A) across different cell sizes at the time of CHX addition. D. Simple
exponential decay curves (black, dashed line) were fitted to nuclear mean concentration data, normalized to the

values at time of CHX addition.
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Because of the discrepancy between live-cell imaging and the biochemical experiment, |
considered whether a long fluorescence maturation time for sfGFP might contribute to this
apparently longer half-life. This could be the case if sSfGFP continues to mature (and adds
fluorescence) after synthesis has been stopped. Jing Chen modeled the expected outcome either
with a realistic maturation time of 30 minutes or a drastic maturation time of 1000 minutes, but
neither proved sufficient to explain the ~6-fold increase in half-life between the bulk biochemical
and microscopic single-cell measurements (data not shown).

Both the urgl promoter and CHX experiments are consistent with the possibility that
there is a half-life discrepancy between the nuclear and cytoplasmic pools of Cdc13, with the
nuclear fraction being more stable. Unfortunately, | was unable to detect any obvious changes in
the cytoplasmic Cdcl13 concentration in either experiment (data not shown), most likely due to
the technical difficulty of imaging such a low concentration and the fact that levels may have
already declined following the time-gap required for switching media on the microscope stage
and re-starting imaging. Therefore, | have been unable to confirm a short cytoplasmic half-life by

live-cell imaging.

3.12. Conclusions

Here, | have quantified Cdc13 mRNA and protein concentrations across cell sizes during
normal and extended fission yeast cell cycles and have shown that only the Cdc13 protein
concentration increases along with cell size. Cdc13 mRNA concentration remains stable during
the cell cycle except for a brief moment during mitosis. This is in contrast to another CDK1
regulator, Cdc25, whose mRNA increases during interphase along with cell size. | also observed
that only the nuclear Cdc13 protein concentration, but not the cytoplasmic protein concentration

increases along with cell size. Combining my experimental results with those obtained by
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modeling, | suggest that the increase in Cdc13 concentration during the course of one cell cycle
or longer is due to stabilization of the Cdc13 protein in the nucleus. If correct, the Cdc13
concentration in cells does not directly reflect cell size but rather time since the last division.

Hence, if Cdc13 plays a role in size homeostasis it may act as a ‘timer,” not a ‘sizer.’

3.13. Discussion

If Cdc13 merely accumulates over time, and its concentration increase is not directly
related to cell size, then its impact as a major size control mechanism becomes questionable.
However, this model is not yet sufficiently substantiated. An immediate question that still
remains is whether Cdc13 nuclear concentration eventually reaches steady-state during
excessively prolonged cell cycles, such as an 8-hour G2-arrest, and whether these accumulation
curves would be consistent with Cdc13 half-lives that have been measured. | did not observe an
obvious leveling off of concentration during a 4-hour G2-arrest and cell sizes 4x longer than
normal (Figure 8). If discrepancies between Cdc13 accumulation curves and measured half-lives
remain, then other factors should be considered. For example, it is theoretically possible that
Cdc13 accumulation is additionally promoted by an increase of translation rate with cell size or
changes in nuclear import or export with either cell or nuclear size. Hence, | cannot yet entirely
exclude that Cdc13 concentration also reflects cell size at least in some situations.

Another open question related to my model is how Cdc13 becomes stabilized in the
nucleus. It is possible that binding to Cdc2 may offer protection from degradation and increase
stability within the nucleus (Figure 11D). In fission yeast Cdc2 requires Cdc13 for nuclear
import but not vice versa, and Cdc2 is therefore also enriched in the nucleus (Alfa et al., 1989;
Booher et al., 1989). It is also possible some yet unknown posttranslational modification of

Cdc13 that specifically occurs in the nucleus impedes degradation. Another simple explanation
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for a more stable nuclear pool of Cdc13 could be the exclusion of the cytoplasmic degradation
machinery from the nucleus. While it is known that the anaphase-promoting complex (APC/C)
triggers ubiquitination and degradation of Cdc13 in mitosis, what could account for its
degradation in interphase is unknown.

On a different level, moving away from the accumulation behavior of Cdc13, it would be
interesting to directly examine whether Cdc13 functionally plays a role in size homeostasis. It is
already known that fission yeast strains lacking known size control proteins, such as Cdr2 and
Poml, retain cell size homeostasis (Facchetti et al., 2019; Wood and Nurse, 2013). Cell size
homeostasis is also maintained in the minimal CDK network (MCN) strain, when the cell cycle
is purely driven by the Cdc13-Cdc2 fusion protein without the influence of other cyclins
(Coudreuse and Nurse, 2010; Gerard et al., 2015). This strain can be further modified by
mutating the Cdc2 phosphorylation sites, so that the influence by Cdr2, Pom1, Weel, and Cdc25
is eliminated (Gerard et al., 2015). It would be very interesting in such a strain to ask to which
extent cell division depends on the Cdc13 concentration, and how alterations in Cdc13 affect cell
size and cell size homeostasis.

Even if Cdc13 acts only as a ‘timer’, but not as a ‘sizer’, it may provide some basic level
of cell size control when other mechanisms fail. In such a strain, where other mechanisms have
been eliminated, it would be interesting to ask whether cell size homeostasis is maintained by
Cdc13 and whether the control provided by Cdc13 may be less robust (e.g. not be able to restrain
larger cell sizes)—as would be expected from a ‘timer.’

A recent screen for regulators of cell size homeostasis found that fission yeast size
homeostasis is strongly perturbed when mga2 is deleted (Scotchman et al., 2021). Mgaz2 is a

transcription factor involved in lipid metabolism. While the connection between Mga2 function
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and cell size homeostasis is unclear, it is exciting that Scotchman and colleagues have seen
highly variable nuclear Cdc13 concentrations in the mga24 background when cytokinesis was
blocked. It would be interesting to examine whether this is also seen without the cytokinesis
block and how well such different nuclear Cdc13 concentrations correlate with when cells enter
cell division. In other words, do mga24 cells show such different cell sizes, because they show
such different nuclear Cdc13 concentrations? If that is the case, the next obvious question would
be to ask how Cdc13 nuclear concentration is affected by the absence or presence of Mga2.

A lot of questions remain open, but to summarize, my data at this point suggest that
Cdc13 accumulation does not reflect cell size, but instead is time-dependent. The apparent
accumulation with cell size is most likely indirect, as both Cdc13 nuclear concentration and size
increase concomitantly. Furthermore, | suggest that Cdc13 accumulation is explained by nuclear
stabilization. However, | have not ruled out that other cell size-dependent mechanisms may
influence Cdc13 concentration. Further testing of my proposed model, as well as functional
assays on the role of Cdc13 in cell size homeostasis are required to ascertain if and how Cdc13

acts in cell size control.
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